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Résumé

Les canaux potassiques à rectification entrante (Kir) sont d’importants

régulateurs de l’excitabilité cellulaire. Dans le système nerveux central, ils contrôlent

l’excitabilité, participent à la signalisation électrique et à la transmission

d’information. Leur dysfonction est associée à l’épilepsie et aux paralysies

périodiques. Au niveau cardiaque, le canal potassique à rectification entrante ‘KI

détermine le potentiel de repos membranaire et contribue à la phase 3 du potentiel

d’action. Sa dysfonction est responsable d’arythmies chez les sujets atteints du

syndrome d’Andersen. Au niveau vasculaire, ‘Ki détermine le potentiel de repos

membranaire, régule l’influx de Ca2 et la signalisation intracellulaire dépendante du

2+Ca.

Quatre membres de la sous-famille Kir 2 (Kir2.1-4) contribuent au courant ‘K!

endogène. Cependant, la contribution de chacune de ces sous-unités au courant ‘KI

natif est inconnue. Les propriétés biophysiques des sous unités homomériques Kir2

ne reproduisent pas les propriétés du courant ‘KI cardiaque. De plus, l’expression

relative de Kir2 au niveau ARNm et protéique ne permet pas d’expliquer plusieurs

des ses caractéristiques.

Par l’utilisation de méthodes électrophysiologiques et biochimiques, nous

avons étudié l’association des sous-unités Kir2.4 et Kir2.l et montré qu’elles

s’assemblaient pour former un hétérornère Kir2.Ï/Kir2.4 fonctionnel possédant des

propriétés distinctes des sous-unités Kir2. 1 ou Kir2.4 exprimées seules. Ce fut une

des premières démonstrations de l’assemblage hétérométrique des sous-unités Kir2 et

de sa contribution au phénotype du courant potassique à rectification entrante

endogène. L’assemblage des sous-unités Kir2.l/Kir2.4 pourrait être

physiologiquement important, particulièrement au niveau du cerveau où les deux

sous-unités sont co-exprimées.

Nous avons par la suite comparé les propriétés de bloc par le Ba2 des canaux

homo- et hétéromères Kir2 exprimés dans des oocytes de Xenopus avec celles du

courant ‘K! endogène humain. Nous avons trouvé que le bloc par le Ba2 des
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hétéromères Kir2.x/Kir2.y n’était pas la simple résultante de la somme des réponses

individuelles des sous-unités et que les propriétés du bloc par le Ba2 de ‘KI étaient

p]us proches de celles des sous-unités co-injectées que de celles des sous unités

exprimées individuellement. Ces résultats suggèrent la possibilité qu’une portion de

‘K] endogène puisse résulter de ces assemb]ages hétéromériques.

Des stratégies électrophysiologiques et biochimiques additionnelles ont été

utilisées pour déterminer la composition des cellules endothéliales aortiques

humaines (CEAHs) en sous-unités Kir2. Nous avons démontré que les CEAHs

exprimaient les quatre types de sous-unités Kir2 mais que seules Kir2.2 et Kir2. 1

étaient fonctionnellement importantes, Kir2.2 apparaissant être le déterminant

principal de la conduction Kir dans ces cellules.

Nous concluons que les canaux hétéromères Kir2 pourraient représenter un

mécanisme important dans la détermination de la diversité des canaux potassiques à

rectification entrante fonctionnellement distincts et que l’importance relative des

différentes sous-unités Kir 2 pourrait varier selon le tissu.

Mots-clés: Kir2.l, Kir2.2, Kir2.3, Kir2.4, canaux potassiques, ‘KI courants à

rectification entrante, hétéromères, cerveau, coeur, endothélium aolïique, distribution

différentielle, canaux ioniques, expression fonctionnelle
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Abstract

Inwai-d rectifier potassium (Kir) channels are important regulators of cellular

excitability. Central neiwous system Kir channels participate in electrical excitability,

electrical signal]ing and information processing. Their dysfunction is associated with

epilepsy and paralysis. Cardiac inward rectifier current Ii sets the resting membrane

potential and contributes to phase 3 cardiac repolarization. Dysfunction of cardiac ‘KI

causes arrhythmias in Andersen’s syndrome. Vascular inward rectifier currents

determine the resting membrane potential, regulating Ca2 influx and Ca2 dependent

intracellular signalling. Four members of the Kir2 subfarnily (Kir2.1-4) contribute to

the background inward rectifier ‘Ki. Their relative contribution to native Kir culTents

is unknown. Homomeric Kir2 subunit assembly fails to reproduce cardiac ‘KI and the

relative expression of Kir2 mRNA and protein cannot explain a variety of ‘KI

features. Using electrophysiological and biochemical rnethods, we studied co

assembly of Kir2.4 and Kir2.1, finding that Kir2.1 and Kir2.4 co-assemble to form

functional Kir2.l/Kir2.4 heteromers with properties distinct from homomeric

channels formed by either subunit aJonc. This was one of the first demonstrations that

heteromeric Kir2 subunit assembly can occur and contribute to physiological inward

rectifier phenotype. Kir2.l/2.4 assembly miglit be physiologically important in

regions of the brain, where both subunits are co-expressed.

We then compared properties of Ba2 block of homo- and heteromeric Kir2

channels in Xenopus oocytes to human cardiac ‘KJ. We found that Ba2 block of

heteromeric Kir2.x/Kir2.y subunits is not the simple sum of individual subunit

responses and that Ba2 blocking properties of ‘KI are more sirnilar to co-injected

subunits than to each subunit expressed alone. These results suggest that a substantial

proportion of native ‘K! may resuit from Kir2 heteromultirner formation.

Complementary electrophysiological and biochemical strategies were used to

determine Kir2-subunit composition of human aortic endothelial ceils (HAECs). We

found that HAECs express alI four types of Kir2 subunits, but that only Kir2.2 and

Kir2.1 are functionally relevant, with Kir2.2 appearing to be the primary determinant

of Kir conductance.
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We conclude that heteromeric Kir2 channels may represent an important

mechanism to achieve diversity of functionally distinct inward rectifier channels and

that the relative importance of different Kir2 subunits varies among tissues.

Keywords: Kir2.1, Kir2.2, Kir2.3, Kir2.4, potassium channels, ‘KI, inward rectifier

current, heterornultimer, brain, heart, aortic endothelium, differential distribution, ion

channels, functional expression
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PART ONE:

INTRODUCTION AND REVIEW 0F
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CHAPTER I: INTRODUCTION TO

CELLULAR ELECTROPHYSIOLOGY
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Practically every process in the living being depends on electrical signalling.

Charged particles, ions, cross the ceil membrane through highly specialized

transmembraneous passages, so called ion channels. At the end of the I $th century,

Sidney Ringer demonstrated that a frog heart needs to be perfused with a solution

containing potassium, sodium and calcium ions in a certain stoichiometry in order to

keep on beating. A decade later, the “membrane breakdown” hypothesis of Julius

Bernstein (Bernstein, 1902; Bemstein, 1912) suggested that the negative resting

membrane potential of nerve and muscle ceils is determined by a membrane

selectively permeable to potassium (Kj ions. During excitation, positively charged

ions would move into the ceil owing to their higher concentration in the extracellular

solution than in the cytoplasm, causing a transient loss of the negative resting

membrane potential. 1952, Hodgkin and Huxley showed that membrane currents in

the giant squid axon were dependent upon membrane permeability changes to Na

and K in a time and voltage dependent manner, implying a feedback mechanism

between membrane voltage and transmembraneous ion movement (Hodgkin &

Huxley, 1952). Thus, ion channels control the membrane potential and in return their

state, open or closed, is controlled by the membrane potential.

During the twentieth century, many cellular roles were discovered for various

anions and cations. It is now firrnly established that electrical signalling of nerve and
+ +muscle cells depends on the transmembraneous movement of Na , K , Ca and Cl

ions through highly specialized ion channels. Complex interactions between inward

and outward ionic currents result in transient membrane depolarization and

subsequent repolarization. The ensemble of these changes in membrane potential is

called action potential (AP) and represents the means by which excitable cells

transfer information over large distances in short time intervals. A variety of non

excitable cells including blood ceils, cells of the immune system, osteoblasts,

fibroblasts and vascular endothelial cells, depend on the proper functioning of ion

channels in ceil signalling. In vascular endothelial cells (ECs), a complex interplay

between many different types of ion channels regulates intracellular Ca2 levels,

which is crucial to many physiological functions of ECs (Nilius & Droogmans,
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2001). However, current knowledge of the precise role of ion channels in various

tissues is stiil very limited.

Potassium channels p]ay a key role in regulation of cellular excitability. K

channels conduct K ions across the celi membrane down their electrochemical

gradient achieving flow rates of 10$ ions per second whule stili maintaining perfect

fidelity for K (MacKinnon, 2003). Their function is essential for the regular

automatic beating of the heart, proper functioning of the nervous system, memory and

rnood, secretion of hormones and enzymes and many other important physiological

functions. K channels set the resting membrane potential, keep fast action potentials

short, terminate periods of intense activity, time the interspike intervals during

repetitive firing, and generally lower the effectiveness of excitatory inputs to a celi

when open (Hille, 2001). Potassium channels are targets of rnany antiarrhythmic

drugs and are responsible for the pro-arrhythrnic actions of various antiarrhythmic

and non-cardiac drugs (Mitcheson et aÏ., 2000). In the heart, regional and transmural

differences in K channel expression and density contributes to regional

specialization in electrical function (Schram et aï., 2002b). Malfunctions of ion

channels have been implicated in the pathogenesis of a growing number of diseases

termed “channelopathies” (Abraham et aÏ., 1999; Marban, 2002; Kullmann, 2002).

Dysfunctions of Kt channels underlie diseases of the brain such as epilepsy and

episodic ataxia. In the heart, Kt channel dysfunction is the cause of various forrns of

the genetic and acquired long QT syndrome (LQTÏ, LQT2, LQT5-7) (Splawski et aï.,

2000; Plaster et aÏ., 2001) inducing potentially lethal cardiac alThythmias. In

Andersen’s syndrome, dysfunction of inward rectifier K channels is associated with

cardiac arrhythmias, periodic paralysis and dysmorphic bone features (Plaster et aï.,

2001). K channel dysfunction in the ear, the kidney, muscles and the pancreas is

associated with deafness, hypertension, myokyrnia and periodic paralysis and

hyperinsulinaemic hypoinsulinemia, respectively (Shieli et aÏ., 2000; Bichet et cil.,

2003).

A great variety of K currents has been discovered in various tissues and

species. Pharmacological and biophysical properties of these currents have been

studied with the help of the patch-clamp technique. However, such properties cou]d



only be explained on assumptions, since the molecular basis of these currents was

unclear. Additionally, the presence of overlapping ionic currents made the

characterization of specific K currents difficult. Application of channel blocking

compounds, specific ionic constituents of recording solutions and distinct recording

protocols were used to minimize potential confounding factors. Nevertheless, it could

not be excluded that such procedures also changed the properties of the current under

investigation.

In 1987, the first voltage-gated K channel subunit was cloned from the shaker

locus of DrosophiÏa melanogaster (Tempel et aï., 1987; Kamb et aï., 1987; Pongs et

aï., 198$) and characterized in Xenopus oocytes (Timpe et aï., 1988). One year later,

three more genes encoding subunits of voltage-gated K channels were cloned and

designated Shah, Shaw and Shal (Butier et aï., 1989). The following years saw an

alrnost exponential discovery of new potassium channel clones and regulatory (beta-)

subunits. In 199$, Roderick MacKinnon presented the crystal structure of a voltage

gated K channel from Streptomyces ïividans, KcsA, allowing important insight into

the structure-function relationship of K channels at the atomic level (Doyle et aï.,

199$). A series of publications following the crystallization of KcsA explained the

structural basis of K selectivity, ion conductance, channel inactivation and

mechanisms of pharmacological channel blockade on the atornic level (Morais-Cabral

et aï., 2001; Zhou et al., 2001b; Zhou et aï., 2001a; Roux & MacKinnon, 1999).

Whereas KcsA showed a K channel in the closed state, the crystallization of MthK

from Methanobacterium thermoautotrophicum captured a potassium channel in its

open state and allowed important insight into basic mechanisms underlying channel

opening and closure (Jiang et aï., 2002b; Jiang et aï., 2002c). The crystallization

study of the cytoplasmic pore of Kir3.1 (Nishida & MacKinnon, 2002), the entire

eukaryotic inward rectifier KirBac (Kuo et aï., 2003) and finally the cytoplasmic

region of Kir2.1 (Pegan et aï., 2005) illustrated the structural basis of inward

rectification. Most recently, the crystal structure of the voltage gated shaker channel

Kv 1.2 (Long et aï., 2005a) and its S4 voltage sensor (Long et aï., 2005b) clarified the

local environment of the voltage-sensor, its relation to the ion-conducting pore and

coupling of voltage-sensing and channel gating. Computational studies such as
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molecular dynamics simulations provided insight to gating movements on a

nanosecond timescale (Sansom et aï., 2002; Roux, 2005).

The first part of this thesis introduces the basics of electrogenesis in different

biological systems, focusing on the central nervous system, the heart and vascular

endothelia] ce]]s. A detailed section on the current knowledge of K channel structure

and the structural basis of their functioning is followed by a section on voltage-gated

and inward rectifier K channels. This part details the molecular basis, biophysical

and pharmacological properties as well as the functional role of major Ktcurrents in

different organ systems.

The second part of this thesis consists of original publications. The common

theme of the articles presented here is the contribution of distinct Kir2 subunits in

homo- or heteromeric assembly to native inward rectifier K-current in different

tissues.

The third part states the major nove] scientific contributions presented in this

thesis and discusses their scientific significance and potential limitations in the

context of current literature as well as potential future directions.
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I-1 The Action Potential in Neurons

Action potentials (APs) are pulse-]ike electricai messages that are rapidly

propagated along a specific conduction system. Historicaliy, APs and their underlying

ionic mechanisms were first investigated in the squid giant axon (Figure 1). Axonal

APs are very short, ]asting only a few milliseconds, and propagate electrically in an

ail-or-none Jike fashion. APs encode time and frequency but not amplitude or

duration of a signai. Axonai APs depend practicaliy solely on K and Na

conductances. At rest, the membrane potentiai of the axon is negative with typicai

vaiues between -40 and -95 mV (Hiiie, 2001). When an eiectrical stirnuius sucli as an

AP reaches the membrane, it depolarizes. Na channeis open and Na ions rush into

the ceii, further depoiarizing the membrane until the membrane potential reaches

values above O mV, an event termed “overshoot”. Na channels subsequently

inactivate and deiayed rectifier K channeis activate to conduct K ions out of the ceii

causing the membrane potentiai to return to its previous negative value. The transient

overshoot depolarizes the next stretch of ceii membrane and so the AP travels aiong

the axon to reach its effector site.

Larger axons differ from smalier axons in that they are covered by myelin, an

electrically insulating layer of guai ceils (Schwann ceils). The myelin sheath is

interrupted by the so-caiied “nodes of Ranvier”, axonai sections where there is no

myelin sheath and the density of Na and K channels is higher than in unrnyeiinated

axons (Hiiie, 2001). In myeiinated axons, ionic current can only fiow at these

interruptions. This causes the axonal AP to jumps from node to node, thereby

boosting the signal and speeding up its rate of transmission.
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Figure 1: Schematic diagram of action potential recordings from the squid giant

axon.

A. Schematic diagram of squid axon with stirnulator and two recording

microelectrodes a and b.

B. Action potential rneasured by electrodes a and b. Adapted from DeÏ CastilÏo &

Moore (1959) in Hille (2001).
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Figure 2A illustrates current recorded from a squid axon after depolarization

from a negative holding potential to a test potential of O mV. Upon depolarization, a

large transient inward current is seen that reverses- to- a large maintained outward

cuITent. Figure 2B shows tirne course of Na and K conductances (gNa and g)

during a depolarizing voltage step from a holding potential of -65 rnV to a test

potential of -9 mV. Conductances were calculated using the Hodgkin & Huxley

formula defining ionic conductances:

Na
Na

‘K

E-Eh

As shown in Figure 2B, middle panel, the sodium conductance increases

rapidly and decreases slowly after membrane depolarization, indicating that the

transient inward current shown in Figure 2A is a Na current that activates upon

depolarization and subsequently inactivates. The slowly activating and non

inactivating outward current shown in Figure 2A corresponds to a K current, as can

be seen in Figure 2B, lower panel. Figure 2A shows an original current recording

whereas Figure 2B displays calculated conductances under conditions different from

those of the experiment shown in A. The purpose of panel B is not to show actual

components of the cuiTent shown in panel A but simply to illustrate how the two

different ionic components contribute to the native current. Therefore, the time course

of currents shown in panels A and B is different.
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Figure 2: Action potential of the squid axon and underlying ionic conductances.

A. Depolarization of the squid axon from a holding potential from -65 mV w a test

potential of O mV at 3.8°C elicits a large, biphasic current. Adapted from Hille

(2001).

B. Calculated time course of Na and K conductances in the squid axon during

membrane depolarization from -65 mV to -9 rnV at a temperature of 8.5°C. Adapted

from Hodgkin (195$) in Hille (2001).
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The cardiac AP originates in the sinoatrial node (SAN). Propagation through

the atria causes atrial contraction. The AP traverses the atrioventricular node (AVN)

and then travels through the HIS-Puikinje system to reach the ventricles, where it

triggers the contraction of ventricular muscle ceils. In order to ensure appropriate

timing of cardiac contraction, cardiac action potentials vary between different cardiac

regions reflecting an adaptation to its specific function. Figure 3 illustrates cardiac

APs recorded from different cardiac regions.

A.

B.

figure 3: Schematic diagram of AP properties in different regions of the heart.

SAN
RA AV node

Atrium

-60 mV

His-Purkinje

1 sec.

-$0 mV

Adapted from Schram et aï. (2002b).
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In contrast to axonal APs, the cardiac action potential is determined by a

complex interpi ay between multiple depol arizing inward and repol arizing outward

culTents. A hallrnark property is its long duration. Whereas the action potential of

neurons lasts only a few miiiiseconds, the cardiac action potential can last up to

several hundred milliseconds.

Figure 4 iliustrates relative current contribution to representative atrial and

ventricular action potentials. Per definition, upward deflections denote outward

currents and downward deflections inward currents. Native ionic current will be

discussed in detail in chapter two. Five phases of the cardiac action potential can be

distinguished. Phase O is the initial upstroke during membrane depolarization, mainiy

due to inward Na current. following the rapid upstroke, the transient outward

potassium current, ‘to, shifts the membrane potential to a more negative potential

(phase 1) at which depolarizing, inward L-type (JCa,L) and T-type (JCa,T) calcium

currents activate, initiating phase two, which is also referred to as the plateau phase.

At the same time, the repolarizing K currents ‘I(Ur (ultrarapid delayed rectifier

potassium current) and ‘KACh (acetylcholine activated potassium current) conduct

potassium out of the ceil. It has to be noted that ion channel RNA and protein

expression differs between species and currents described here may flot be expressed

in ail tissues. Outward deiayed rectifier currents activate in late phase 2 and are active

throughout the late phase 3 until the membrane has reached its negative resting

potential. ‘KI is the main K-conductance in diastolic phase 4. It becomes active in

late phase 3 where its outward component contributes to phase 3 repolarization (see

also Figure 20). During phase 4, ‘KI is the main current governing the resting

membrane potential. Spontaneous diastolic depolarization in pacemaker ceils during

phase 4 is rnainly carried by the depolarizing inward pacemaker current Ii-, conducted

by Na and K ions, but in certain tissues also by the K current ‘KACh and the

outward component of the inward rectifier current ‘KI. As indicated in the upper two

panels of Figure 4, atrial APs have faster initiai repolarization, less positive plateau

potentials, a shorter plateau phase and slower phase 3 repolarization.
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Figure 4: Representative cardiac action potential waveforms.

Top panels show APs obtained from atrial (left) and ventricular (right) myocytes. The

five phases of the AP are labelled. The rate of change of the AP is directly

proportional to the sum of the underlying transmembraneous ion currents (lower

panels). Inward currents depolarize the membrane, whereas outward currents

contribute to repolarization. Compared with an atrial AP, the ventricular AP typically

has a longer duration, higher plateau potential (phase 2), and a more negative resting

membrane potential (phase 4). The presence of an ultra-rapid delayed rectifier

potassium (K) current (IKur) in atrial myocytes contributes to the lower plateau phase

in the atrial AP. Greater inward rectifier K current (IKI) in ventricular ceils provides

a faster phase 3 repolarization and a more negative resting membrane potential (phase

4). Adapted from Oudit et aI. (2004).



16

The sinoatrial node is the primary pacemaker of the heart. Sinoatrial APs have

a relatively positive maximum diastolic potential (MDP) of 50 mV, a small phase O

upstroke velocity (Vinax, < 2 VIs) (Bleeker et aÏ., 1980) and prorninent phase 4

depolarization to ensure SAN pacemaker predominance over distally located cardiac

regions (Schram et aï., 2002b). ElectricaÏ coupling of the SAN to the atrium is

complex and is designed to drive the large atrial muscle mass while protecting the

SAN from hyperpolarizing atrial stimuli (Coppen et al., 1999).

Isolated atrial myocytes have a MDP of around -70 mV (Yue et aÏ., 1997; Li

et aÏ., 2001), siower phase 3 repolarization and almost no spontaneous depolarization

(Schram et aï., 2002b). Spatial heterogeneity of atrial APs and APD within and

between the atria (Hogan & Davis, 1968; Spach et aÏ., 1989; Feng et aÏ., 1998; Fareh

et aÏ., 1998) plays an important mie in atrial re-entrant arrhythmias, mostly due to

shorter APD and ERP in the LA free wall than in the RA (Li et al., 2001). Rapid AP

conduction follows muscle fibre orientation (Spach, 1995) to the AV node.

APs from intact AVN have a MDP of approximately -64 mV, small

amplitudes and slow phase O upstrokes (Hoffman et al., 1959). AVN ceils have low

excitability and postrepolarization responsiveness (Merideth et al., 196$) and display

pacemaking activity (Munk et al., 1996; Watanabe & Dreifus, 1968). Phase 4

depolarization results in takeoff potentials of at -60 mV, and Vmax is <20 V/s (Billette,

1987). However, atrial electrotonic influences suppress spontaneous activity in AVN

cells (Kirchhof et al., 198$).

The His-Purkinje system directs the AP to the ventricles. Hence, Purkinje

celis (PC) are specialized for rapid conduction. MDPs of PCs are very negative at

around -90 rnV and Viax is high (—400-$00 V/s) (Davis & Temte, 1969; Kus &

Sasyniuk, 1975; Carmeliet, 1977; Nattel & Quantz, 198$). APD is relatively long at

slow rates (Carmeliet, 1977; Nattel & Quantz, 1988) and there is prominent

spontaneous phase 4 depolarization (Callewaert et aL, 1984). PCs can generate dmg

induced eariy afterdepolarizations (EADs) that trigger torsade de pointes arrhythrnias

(El Sherif et cil., 1996; Asano et aÏ., 1997).
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Ventricular myocytes have a MDP of -85 mV and a relatively positive plateau

of about +10 to 20 mV. Phase 3 repolarization is rapid. Similarly to atrial muscle

ceils, there is no significant phase 4 depolarization (Davis & Temte, 1969; Kus &

Sasyniuk, 1975; Litovsky & Antzelevitch, 1989). Prorninent regional and transmural

heterogeneity of ventricular APs is welJ established. In rat ventricle, APD is sliortest

at the apex and longest in the septum (Gornez et aÏ., 1997). In canine ventricular

myocardium, APs recorded from epicardium have a smaller overshoot, a more

prominent phase I followed by a notch (“spike and dome”) and a briefer APD than

endocardial celis, resulting in the T-wave in the ECG. MDP and Vrnax, however, are

sirnilar in celis from botli regions (Litovsky & Antzelevitch, 1988). A distinct celi

population lias been found in the midmyocardium and designated M-cells (Sicouri &

Antzelevitch, 1991; Drouin et aÏ., 1995). M-cell APDs increase at slow heart rates

and have a larger Vinax (P—300 Vis) than endo- or epicardial ceils (Sicouri &

Antzelevitch, 1991). RV M-cell APs have a smaller upstroke, a deeper notch and a

shorter duration than LV M-celI APs (Volders et aÏ., 1999). Transmural APD

heterogeneity lias been implicated in the generation of torsade de pointes ventricular

arrliythmias (Antzelevitch & Sicouri, 1994), especially under conditions that cause

prolongation of APD sucli as APD prolonging drugs, hypokalernia or slow heart rates

(Sicouri & Antzelevitcli, 1993). Figure 5 compares action potentials of ventricular

epicardium, midmyocardium and endocardium.
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Region MDP (mV) Vmax (Vis) Phase 3 Phase 4

repolarization depolarization

SAN -50 < 2 rapid

Atrium -70 150-300 slow no

AVN -64 < 20 yes

PC -90 400-$00 yes

Ventricle -85 200-300 rapid no

Table I: Actionpotential characteristics in different cardiac regions.
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Prominent spike and dome

Longer APD than Endo or Epi

Longer APD than Epi

Figure 5: AP properties of canine ventricular epicardium, midmyocardiurn and

endocardium.

A: Epicardium (Epi), B: midrnyocardium (M region), C: Endocardium (Endo).

Adapted from Schrarn et aï. (2002c). APs are reproduced from Sicouri &

Antzelevitch, 1991.
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I-3 Electrogenesis in Vascular Endotheliat Cetis

The mechanisms of electrical signalling in non-excitable ceils, such as

vascular endothelial cells (ECs) are less understood. A multitude of different ion

channels is found in endothelial ceils, rnany of which have flot been well

characterised and whose molecular basis is yet unknown (Nilius et aï., 1997; Nilius &

Droogmans, 2001).

Endothelial ceils provide the pathway for oxygen delivery from blood to

tissue. Control of permeability to metabolites, macromolecules and gas exchange ai-e

crucial for the proper functioning of celi rnetabolism (Born et aï., 199$). Modulation

of vascular tone regulates blood pressure (Cannon, 1998). Endothelial celis are

involved in control of blood coagulation, wound healing and angiogenesis

(Shimokawa & Takeshita, 1995; Luscher, 1994; Born et aï., 199$). In cardiovasculai

disease, the endothelium plays a key role in vascular pathology and as a target for

pharrnacotherapy (Angus, 1996; Garcia-Palmieri, 1997; Born & Schwartz, 1997; Tan

et aI., 2004; Deedwania, 2000). Endothelial ceil functions depend on both constitutive

EC properties and on active responses (“on demand”) of ECs to chemical, mechanical

or neuronal stimuli originating from the blood, tissue and coupling to neighboring

ECs or adhering blood ceils. Responses such as the ielease of vasoactive substances

by the endothelium depend upon fluctuations in their membrane potential and in the

intracellular Ca2 concentration. Hyperpolarization of the membrane potential

provides the main driving foi-ce for entry of extracellular Ca (Nilius et al., 1997;

Nilius & Droogmans, 2001). The role of ion channels in the transduction of these

signais is stilf controversial but it appears that they are involved in short-term EC

responses in the i-ange of seconds to minutes. Roles of ion channels have been

determined for release of pro- and anticoagulants, growth factors, and regulators of

vasotonus such as nitric oxide (NO), prostacyclin (PG1), platelet activating factor

(PAF), endothelium-derived hyperpolarizing factor (EDHF), release of von

Willebrand factor (vWF), tissue plasminogen activator (tPA), the anticoagulant tissue

factor pathway inhibitor (TFPI) and protein S (Nilius & Droogmans, 2001). Ion

channels ai-e involved in regulation of vascular permeability and angiogenesis.
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The resting membrane potential of ECs is negative when cornpared to blood

ceils and tissue cornpartments. Nowever, RMPs vary considerably between tissues

and conditions of ceil isolation and culturing and values between O and -$0 mV

having been reported (Takeda et aï., 1987; Daut et aï., 1994; Nilius et aï., 1997;

Yamamoto et aï., 1992; Zunkler et aï., 1995; Jow et aï., 1999; Hogg et aÏ., 1999).

Non-selective cation channels, cyclic nucleotide-gated channels (CNG),

hyperpolarization activated cyclic nucleotide-gated channels (HCN), K, Na, Ci and

the Na -K -ATPase contribute to the negative RMP, with K channels being the

most important conductors in most tissues (Oike et aÏ., 1993; Seiss-Geuder et aï.,

1992; Himmel et aï., 1993; Marchenko & Sage, 1994; Nilius et aï., 1997; Vargas et

aï., 1994; Voets et aï., 1996; Nilius & Droogmans, 2001). Functional studies

demonstrate that inhibition of K channels by pharmacological blockade or

depolarized membrane potentials resuits in inhibition of bradykinin-, acetylcholine

and flow-induced Ca2tinflux and NO release as well as flow-induced vasodilation

(Kwan et aÏ., 2003; Luckhoff & Busse, 1990; Wellman & Bevan, 1995). A bimodal

distribution of RMPs has been found in several endothelial ceil types. ECs mainly

expressing inward rectifier K- (Kir-) channels have RMPs between -60 to -70 mV

whereas celis with predominant chloride conductances have RMPs between -10 to -

40 mV (Nilius & Droogmans, 2001).

The most important functional task of ion channels in ECs is regulation of

intracellular Ca2 (Nilius & Droogmans, 2001). Hormones or growth factors bind to

their receptor which subsequently activates phospholipase C (PLC). PLC in turn

converts phosphatidylinositol-4,5-bisphosphate (PIP7) into inositol- 1,4,5-

trisphosphate (W3) and I ,2-diacylglycerol (DAG). These activate plasma membrane

channels including transient receptor potential channels (TRPC) and extracellular

Ca2 enters into the celi (Freichel et aÏ., 2005). The degree of filling of intracellular

Ca2 stores modulates Ca2 influx through a group of ion channel referred to as store

operated channels (SOC) and Capacitative Ca2 entry (CCE).

The Ca2 release activated Ca2 channel CRAC (Mendelowitz et aÏ., 1992) is

the major store-operated channel but other channels have been described (Luckhoff &

Clapham, 1992; Vaca & Kunze, 1995). Store-operated channels are believed to
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represent a major pathway for Ca2 entry during agonist stimulation (Nilius &

Droogmans, 2001). Charged stores prevent and discharged stores promote Ca2 entry

(Parekh & Penner, 1997).

Changes of intracellular Ca2 concentration through uptake of extracellular

Ca2 into depleted intracellular Ca2 stores are referred to as Capacitative Ca2 Entry

(CCE) (Nilius & Droogmans, 2001). CCE depends on various mechanisms including

Ca2 sequestration and buffering and is modulated by the plasma membrane Ca2

pump (Klishin et aï., 199$), the Na/Ca2 exchanger (Domotor et al., 1999; Graier et

aï., 199$; Paltauf-Doburzynska et aï., 199$) and changes in membrane potential

(Nilius & Droogmans, 2001). Other potential Ca2 entry channels are non-selective

cation channels (NSC), including receptor-activated cation channels (RACCs),

purinergic ligand-gated (P2X4-) receptor channel complexes, amiloride-sensitive

NSCs, redox state-regulated NSCs regulated, and mechanosensitive channels (Nilius

& Droogmans, 2001). When intracellular Ca2 reaches a maximum level, non

selective cation channels activate. Possible candidates underlying this functions are

the transient receptor potential channel (TRPC) related proteins TRPM4 and TRPM5,

which allow Na entry into the celi, thereby causing membrane depolarization which

in turn activates voltage-gated Ca2 channels (Bkaily et al., 1993; Bossu et aï., 1992a;

Bossu et aï., 1992b; Bossu et aï., 19$9; Vinet & Vargas, 1999) further increasing the

intracellular Ca2 concentration (Freichel et aÏ., 2005). Data supporting this signalling

cascade lias been obtained in T-lymphcytes (Badou et aï., 2005).

Two types of Ca2 signalling, short oscillations and bipliasic beliaviour can be

distinguished. Whereas oscillations are observed at low concentrations of agonists,

biphasic beliaviour is seen at higher agonist concentrations. Ca2 release from

intracellular Ca2 stores resuits in a transient Ca2 increase followed by an influx of

extracellular Ca2 resulting in a plateau-like phase. Dissociation of the agonist

terminates the Ca2 plateau (Figure 6). Increases in intracellular Ca2 then modulate

various EC responses such as NO release (Furchgott & Zawadzki, 1980; Graier et aï.,

1992; louzalen et al., 1996; Lantoine et aï., 1998), rapid synthesis and release ofPGI2

(Clark et aï., 1995; Frearson et cil., 1995; Patel et cil., 1996), production of PAF

(Korth et aï., 1995), synthesis and release of EDHF (Edwards et aï., 1998; Nilius &
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Droogmans, 2001), exocytosis of secretory granu]es containing vWF (Birch et al.,

1992), or tPA (Erneis et aÏ., 1997), decreased interaction between TfPI and

phosphatidylserine resulting in TFPI release (Valentin & Schousboe, 1996), release

of protein S from ceil organelles (Stem et aÏ., 1986) and regulation of vascular

perrneability (Nilius & Droogmans, 2001; Kajirnura & Curry, 1999; Moore et al.,

1998a; Moore et aï., 1998b).
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Figure 6: Two mechanisms of Ca2 entry into endothelial ceils.

Upper panel: EC stimulation with ACh causes a short transient Ca2 influx through

Ca release from intracellular stores. Middle pane]: Corresponding changes in

membrane potential. In the presence of 1 .5 mM external Ca2, influx of extracellular

Ca2 causes “plateau-like” membrane hyperpolarization stabilizing the driving force

for Ca2 entry (Iower panel). In the absence of extracellular Ca2 only the short Ca2

transient can be observed. Results obtained in the presence (*) and absence (#) of 1.5

mlvi externa] Ca2. Adapted from Nilius & Droogmans (2001).
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Potassium channels are ubiquitously expressed in eukaryotic and prokaryotic

celis (Jan & Jan, 1997). K channels contain a common, highly conserved segment

known as the K channel signature sequence (Heginbotham et aÏ., 1994) which forrns

a structural element now known as the selectivity filter (Doyle et al., 199$). The main

function of the selectivity filter is determination of ion seiectivity and rate of ion

conductance through the K channel pore (Morais-Cabral et aï., 2001; Zliou et ai.,

200 lb). Even thougli ail known K cliannels are related members of a single protein

family (MacKinnon, 2003), they are cuirently grouped into five classes: Voltage

gated potassium channels, inwardly rectifying potassium channels, potassium

channels wliose members miglit be a tandem fusion of 2 u-subunits of a more basic

design, the large-conductance channel Sio, and a fifth distinct class of Kt channels

which lias a 6TM segment linked in tandem witli a 21M segment. (Jan, 1999;

Gutman et aï., 2003). Details are surnmarized in Table II.

A standardized nomenclature for voltage-gated K channels, the Kv naming

system, was suggested more tlian a decade ago. Based upon their phylogenetic

relationship, channels sharing more than 65% sequence identity were assigned to one

subfamily (Chandy, 1991; Chandy & Gutman, 1993). A similar naming system, the

Kir naming system, was suggested for inward rectifier K channels (Doupnik et al.,

1995). Botli narning systems haves been widely adopted. A parallel nomenclature for

naming genes, the KCN naming system, was developed by the Human Genome

Organization (HUGO Nomenclature Committee) in 1997 (White et al., 1997). The

KCN naming system bas significant shortcomings since it ignores the structural and

pliylogenetic relationship of ion channels. As a consequence, the International Union

of Pliarmacoiogy (IUPHAR) has updated its Standardized K Channel Nomenclature

System based on phylogenetic relationships to include newly discovered ion channels

and add tlie Eag/Erg/Elk and KvLQT farnilies to the Kv system (Table II, Figures 7-

9) (Gutman et al., 2003).
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Type Gene Nomenclature Tissue distribution

Voltage-gated
Neurons, heart, retina, pancreatic islet

KchanneIs KCNA] Kvl.Ï
celis

(Shaker)

KCNA2 Kv 1.2 Brain, heart, pancreatic islet cells

Lymphocytes, brain, lung, thymus,
KC’NA3 Kvl.3

spleen

KCNA4 Kvl.4 Brain, heart, pancreatic islet

Brain, heart, kidney, lung, skeletal
KCWA5 Kvl.5

muscle

KCNA6 Kvl.6 Brain

Heart, pancreatic islet, skeletal
KCWA7 Kvl.7

muscle

Voltage- and

cGMP gated KCNA]O Kv 1.10 Aorta, brain, kidney

K channel

[3 subunits for Brain (Kv[3l.1)
KCNAB] Kvf31

Kv channels Heart (Kv[3l.2)

KCNAB2 Kvt32 Brain, heart

KCNAB3 Kv[33 Brain

Brain, heart, kidney, ske]etal muscle,
Shab KCNB] Kv2.l12.2

retina

Shaw KCNCJ Kv3.1 Brain, muscle, lymphocyte

KCNC2 Kv3.2 Brain

KC’NC3 Kv3.3 Brain, liver

KC’NC4 Kv3.4 Brain, skeletal muscle
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Heart, brain, liver, kidney, luna,
Shal KCND] Kv4. I

placenta, pancreas

KCND2 Kv4.2 Heart, brain

KCND3 Kv4.3 Heart, brain

Ether-a-go-go KCNH] EAG Brain

Human EAG KCNH2 hERG Brain, heart

KCNH3 BEC1 Brain

KCNH4 BEC2 Brain

MinK KCNE] MinK Kidney, uterus, heart, cochlea, retina

KCNE2 MiRP1 Heart

KCNE3 MiRP2 Kidney, colon, small intestine

Heart, cochlea, kidney, lung,
KvLQTJ KCNO] KvLQTÏ

placenta, colon

KCNQ2 KvLQT2 Brain, neuron

K7VQ3 KvLQT3 Brain, neuron

Outer hair ceils, inner car, central
KCNQ4 KvLQT4

auditory pathway

KC’NQ5 KvLQT5 Brain, skeletal muscle

Inward
KCNJ] KirlA-l.3 Kidney, pancreatic islets

rectifier

Heart, brain, smooth muscle, lung,
KCNJ2 Kir2.1

placenta, kidney, aol-ta

KCNJ3 Kir3. Ï Neart, brain

KCNJ4 Kir2.3 Heart, brain, skeletal muscle, aol-ta

KCNJ5 Kir3.4 Heart, pancreas

KCWJ6 Kil-3 .2 Cerebell um, pancreatic i slet
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KCNJ8 Kir6.ÎIuKATp-l Various

KCNJ9 Kir3.3 Brain

KC’NJ]] Kir6.2 Various

KcNJ]2 Kir2.2 Atrium, ventricle

KCNJ]3 Kir7.1 GI, kidney, brain

KCNJ]4 Kir2.4 Brain, retina, peripheral nerves

Sulfonylurea Sulfonylui-ea
SUR] Pancreas, neurons, skeletal muscle

receptor receptor 1

Sulfonylurea 2A Heart, skeletal muscle

SUR2 receptor 2 (2A, 2B : Brain, liver, skeletal and srnooth

2B) muscle

Two-p0te
KCNK] TWIK1 Brain, kidney, heaiï

K channels

KCNK2 TREK Brain, lung

KCNK3 TASK Heart, brain, pancreas, placenta

KCNK5 TASK2 Kidney

KCNK6 TWIK2, TOSS Eyes, lung, stomach, ernbryo

KCNK7 TRAAK Brain, spinal cord, retina

CTBAK-l Heart, brain, kidney

TALK-1,
Exocrine pancreas

TALK-2

Table II: Potassium channel genes, ancillary subunits and tissue distribution.

Modified from Shieh et aÏ. (2000).
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Kv5.1 [KCNF1 2p25]

Kv2.1 [KCNB1, 20q13]

Kv2.2 [KCNB2, 8q121
Kv6.1 [KCNG1,20q13]

Kv6.2 (KCNG2, 18q22]

K,6.3 [KCNG3, 2p21]

KvS.1 IKCNB3, 8q22]

K12.2 [EIk-2, KCNH3, 12q13J

Kv9.3 {KCNS3, 2p24)

K9.2 [KCNS2, 8q22J

Kv9.f [KCNS1, 20q12J

Kvl 2.1 [EIk-1 3]

Kv12.3 f EIk-3, KCNF414, 17q21]

KvlO.1 [Gag-1, KCNH1, 1q32]

KvlO.2 [eag-2, KCNH5, 14q24]

Kvll .1 [erg-1 KCNH2, 7q35]

Kvll.2 [erg-2, 17]

Kvll .3 [erg-3 2]

Kv42 IKCND2 7q31]

Kv4.3 [KCND3, 1 p13]

Kvl.7 (KCNA7, 19q13]

Kvl.4 [KCNA4, 11p14]

K1.6 [KCNA6, 12p13J

K1.5 [KCNA5, 12p13]

Kvi.8 [KvIiO, 19q13]

K1.3 [KCNA3, lp2l]

Cv7.1 [KVLOT1, KCNOI, llpl5J

Kv7.2 [KCNQ2, 20q13]

Kv7.3 [KNCQ3, 8q24]

Kv7.5 [KCNQ5, 6q14]

Kv7.4 IKCNQ4, 1p34]

Figure 7: Phylogenetic tree of Kv (6TM) channels.

Adapted from Gutman et aÏ. (2003).
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‘.1 [KCNJI6, 17q23]

Kr2.1 [KCNJ2, 17q23]

K2.4 fKCNJ14, 19q13]

Kjr2.2 [KCNJ12, 17p1l]

Kjr2.3 [KCN]4, 22q13]

Kjr3.1 [KCNJ3 2q24]

Kr3.3 KCNJ9, 1 q21]

• Kr3.4 [KCNJ5, 11q24J

Kjr3.2 [KCNJ6, 21 q22]

• Kjr6.1 [KCNJ8, 12p11J

Kjr6.2 [KCN]11, 11p15]

Figure 8: Phylogenetic tree of Kir (2TM) channels.

Adapted from Gutman et aÏ. (2003).

K2p4.1 [KCNK4, 11q13]

K21O.1 [KCNK1O, 14q31]

K2p2.1 [KCNK2, 1q41]

K2p17.1 [KCNK17, 6p21]

K2p16.f [KCNK16, 6p21]

K2P5.1 [KCNK5, 6p21]

K2p6.1 [KCNK6, 19q13]

K27.1 [KCNK7, 11q13]

K2p7.1 [KCNK1, 1q42]

K29.1 [KCNK9, 8q24]

K2p3.1 [KCNK3, 2p23J

K2p15.1 LKCNK15, 20q12]

K2p13.1 [KCNK13, 14q24]

K2P12.1 [KCNK12, 2p22J

Figure 9: Phylogenetic tree of K2P (4TM) channels.

Adapted from Gutrnan et aÏ. (2003).
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III-1 Introduction

Crystal structures of seven potassium channels have been obtained in the last

seven years from prokaryotic and eukaryotic ceils (Doyle et aï., 199$; Chang et al.,

199$; Jiang et al., 2002b; Bass et aÏ., 2002; Jiang et al., 2003a; Kuo et aÏ., 2003;

Long et ai., 2005a). In addition, partial structures such as the cytoplasmic TI domain

(Gulbis et al., 2000), the intracellular vestibule of the inward rectifier channel Kir2.1

and Kir3.1 (Pegan et al., 2005; Nishida & MacKinnon, 2002) and regulatory beta

subunits (Gulbis et aÏ., 1999) have been crystallized. Information obtained from these

studies has given important insight into the molecular basis of ion channel

conduction, ion selectivity and ion channel gating. Molecular dynarnics simulations

have provided further insight into how these structures achieve their respective tasks

on the atomic level on a timescale of nanoseconds (Sansom et aÏ., 2002; Domene &

Sansom, 2003; Holyoake et aÏ., 2004; Domene et aï., 2004; Faraldo-Gomez et al.,

2004; Sands et al., 2005). Section III-2 describes general principles of ion channel

structure and outlines structural differences between ion channels belonging to

different farnilies. Section III-3 outiines structural determinants of rapid ion

conductances in the context of high selectivity and mechanisrns of channel gating.
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III-2 K chanuel Structure is Modutar

Potassium channels consist of two transmembrane segments and a pore region

(Doyle et aï., 1998; Jiang et al., 2002b; Kuo et al., 2003; Long et al., 2005a). The

highly conserved K channel signature sequence TVGYG is located within the

selectivity filter in the pore region near the extracellular surface of the membrane,

between the pore lieux and the outer lieux (Heginbotharn et al., 1994; Doyle et al.,

1998). Whule it has been believed for a long time that voltage-gated K channels

consist of six transmembrane subunits, newer data suggests that the ion conducting

pore and the voltage-sensor are essentially two independent structural domains (Lu et

aï., 2001b; Jiang et aï., 2003a; Long et aï., 2005a; Long et aï., 2005b). This is in

analogy with the concept that diverse structural domains are attached to the conserved

K channel pore in a modular fashion according to the gating meclianism of the ion

channel (MacKinnon, 2003). The main difference between Ktion channels thus lies

within the auxiliary domain (Doyle, 2004). Other examples of auxiliary domains are

RCK domains (regulators of K conductance) attached to the MthK channel (Jiang et

aï., 2002b), the Ti domain of Kv-channels (Long et aï., 2005a) and the cytoplasmic

pore of Kir channels (Nishida & MacKinnon, 2002; Kuo et al., 2003; Pegan et aï.,

2005). The next section will discuss the structure of the ion conduction pore in detail.

For descriptive reasons, original terminology will be used. Thus the term “pore” will

refer to the ion conduction pore consisting of the turret (sec below), the pore u-lielix

and the selectivity filter (Doyle et aï., 1998).

111-2.1 The Ion-Conduction Pore

The crystallization of the bacterial KcsA channel in 1998 by the laboratory of

Roderick MacKinnon (Doyle et al., 1998) was a major scientific breakthrough. The

KcsA crystal shows a channel in its closed state. Four subunits assemble with four

fold symmetry about a central pore. Each subunit contains two transmembrane a

helices designated inner (doser to the ion pathway, corresponding to S6) and outer

helix (bordering the membrane, S5) and a tilted pore helix. The selectivity filter

containing the K channel key sequence TVGYG (Heginbotham et al., 1994) is
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located between the outer helix and the pore lieux. A short ïoop into the extracellular

space between S5 and the selectivity filter lias been termed “turret”. The C-terminal

negative end-charges of the tilted pore helix point towards the ion conducting

pathway. Two layers of aromatic amino acids, twelve in total, are positioned like a

cuff around the selectivity filter. Valine and Tyrosine side chains from the

Val-Gly-Tyr-Gly sequence of the selectivity filter interact with Trp residues of the

pore lieux. Hydrogen bonding between Tyr hydroxyls and Trp nitrogens (Tyr68,

Trp67 and Tyr68) and extensive van der WaaÏs contacts within the sheet anchor the

pore in the lipid bilayer like a “layer of molecular springs”, holding the channel open

(Doyle et al., 199$). It was proposed that this structure contributes importantly to

liow channels achieve selectivity for K over Na (Doyle et aï., 199$). However, data

obtained from molecular dynamics (MD) simulations indicates that loss of selectivity

still occurs wlien these residues are “frozen”, indicating that flexibility of the filter

does flot affect ion selectivity (Noskov et aÏ., 2004). The selectivity fi]ter of voltage

gated channels is essentially identical to KcsA with some small differences in a few

hydrophobic amino acid side chains within the hydrophobic core surrounding the

filter (Jiang et aï., 2003a). To attract cations, both the intra- and extracellular

entryways of the pore are negatively charged by acidic amino acids.

The selectivity filter opens into a 10 Â wide water filled cavity. Four inner

lielices (one from each subunit) are packed against each other to une the pore on the

intracellular side of the selectivity filter with a riglit handed bundle, a structure

refeiied to as the “inner bundle helix”. This structure forms an expandable

constriction (the “bundle crossing”) important for channel gating. Whereas the

selectivity filter is lined exclusively by polar amino acid side chain atoms belonging

to the signature sequence amino acids, the wall lining of the internal pore and the

cavity is predominantly hydrophobic (Doyle et cil., 199$). This is easily

understandable if one considers the specific functions of these structures. Whule the

outer pore and the selectivity filter attract, select and conduct Ktions at a rate of

approximately one ion per len nanoseconds, the central cavity has to overcome the

dielectric barrier (barrier to ion flow across the membrane), which is maximal at the

center of the membrane (Parsegian, 1969). The cavity overcomes the dielectric barrier
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by pointing the carboxyl ends of the four pore Œ-helices direct]y at the center of the

cavity, thus imposing a negative electi-ostatic potential via the lieux dipole effect

(Doyie et al., 199$; MacKinnon, 2003). Interestingly, in the ciosed state of KirBac,

the four pore helixes are misaligned. It has been suggested that the loss of the

combined dipole effect results in destahilization of the ion in the center of the cavity

thus impeding ion conduction. Weak, broken electron density in this area in the

KirBac crystal supports this notion (Kuo et al., 2003).

In KcsA, the inner lieux is tilted by about 25 degrees with respect to the

membrane and slightly kinked, narrowing the ion pathway below the cavity to a 3.5 À
wide tunnel creating a structure resembling an “inverted tepee”. In MthK, the inner

helices are bent at a linge point and opened wide, forming a tunnel of approximately

20 À in diarneter allowing an open connection between the cytoplasm and the water

filled cavity. This conformation is believed to represent the open channel

configuration. By generating a continuum between the central cavity and the

cytoplasm, the channel reduces the dielectric barrier of the membrane to equal the

size of the selectivity filter (Jiang et aï., 2002b). In prokaryotic K channels, a glycine

residue located just below the selectivity fi]ter (Gly$3) is believed to act as a “gating

linge” (Jiang et aï., 2002b; Jiang et aï., 2002c; Jiang et aï., 2003a). Mutation of this

residue in Kir3 channels reduces clannel conductance (Jin et al., 2002). Sequence

alignments show that this residue is not conserved in ail Kir farnilies, and instead a

different glycine residue corresponding to G1y143 in KirBac, which is more

conserved, might act as the gating linge (Kuo et al., 2003). if both glycines are

present, the channel might bend at either point (Doyle, 2004). In eukaryotic channeis,

a highly conserved triplet Pro-X-Pro sequence (Pro-Val-Pro in Kv 1.2, (Long et al.,

2005a)) serves the same purpose. Applying lateral force on the C-terminal extension

of the inner helices would place a torque on the gating hinge, thereby opening the

channel (Jiang et al., 2002c). Structure-based sequence alignment suggests that the

conformational changes underlying gating are conserved. Consistent with this notion,

functional studies in Shaker channels show that cysteines introduced at positions

“above” the hundle crossing can only react with suiflydryl reagents added to the

intracellular side of the membrane when the clannel opens (del Camino et al., 2000;
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Liu et aï., 1997; del Carnino et aï., 2000). Gate closure occurs while maintaining the

size of the cavity (Jiang et al., 2002b). This mechanism is consistent with the

“trapping” of cations in the cliannel pore (Armstrong, 1971; Holmgren et aï., 1996;

de! Camino et aï., 2000). However, more recent data indicates that in fully closed

channels, the volume of the cavity miglit be decreased (Kuo et aï., 2003). Data

obtained from KvAP and Kvl .2 show that the adjacent inner and outer helices

maintain an antiparallel relationship to one another, suggesting that they move as one

unit (Jiang et aï., 2003a; Long et aï., 2005a). An “activation gate” bas been

demonstrated in KirBac. In the closed state, the side chain of Phe146 blocks the ion

conduction pathway (Kuo et aï., 2003). Molecular dynamics simulations suggest that

a hydrophobic-lined pore acts as an effective gate, preventing water and ion

movement (Cliang et al., 1998). Based on sequence alignment, amino acids witli large

hydrophobic aromatic or aliphatic side chains are favoured in this position in Kir

(Kuo et aï., 2003) and other channels (Unwin, 1993; Unwin, 1995; Chang et al.,

1998).

An additional helical structure, designated “siide helix”, is present in the

transmembrane structure of KirBac. This amphipathic helix runs in parallel with the

membrane / cytoplasmic interface (Kuo et aï., 2003) and has also been demonstrated

in KcsA (Cortes et aï., 2001). In KirBac, the negatively charged end of the siide helix

interacts with a conserved Arg 148 side chain tethering the inner helix to the slide

lieux. Movement of the slide lieux would hence move the inner helix, suggesting a

role of the slide helix in cliannel gating. It was proposed that the slide helix couples

the initial gating signal to the activation gate Plie 146 of KirBac (Kuo et aï., 2003) in a

sirnilar fashion as the S4-S5 linker couples movernents of the voltage-sensor to the

inner lieux of voltage-gated K cliannels (Lu et aï., 2002; Jiang et aï., 2003a; Long et

aï., 2005a).
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Figure 10: Ribbon presentation of the KcsA K- channel.

A. Four subunits are shown in different colors. The extracellular end is on top.

B. The KcsA K channel with front and back subunits removed. The pore helices are

shown in red and selectivity filter in yellow; the e1ectron density along the ion

pathway is shown in a blue mesh. Adapted from MacKinnon (2004).
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111-2.2 Modular Cytop]asmic K Channel Domains

The major difference between K channels lies within the auxiliary

cytoplasmic dornain (Doyle, 2004). Ligand-binding dornains in ligand-gated channels

(Finn et al., 1996; Jiang et aÏ., 2001), long cytoplasmic pores in inwardÏy rectifying

channels (Nishida & MacKinnon, 2002; Kuo et aI., 2003) and voltage-sensors in

voltage-gated channels (Jiang et aï., 2003a; Long et al., 2005a) are attached to the

conserved K cliannel pore on the cytoplasmic side of the membrane in a modular

fashion. The function of these dornains is to translate the energy of the channel

activation signal into meclianical work on the activation gate causing the channel to

open or close.

111-2.2.1 RCK-Domains of Ligand-Gated IC-Channels

Regulators of K conductance (RCK-) domains are a commonly occurring

structural element of ligand-gated channels (Jiang et al., 2001). RCK domains are

prominent among pro- and eukaryotic channels and occur as single or tandem soluble

cytoplasmic proteins or as single or tandem units attached to the C- and I or N-

terminus of a K cliannel (Jiang et aï., 2002b).

In MthK, eight identical RCK domains form a gating ring on the cytoplasmic

side. One RCK domain is attaclied to one cliannel Œ-subunit through a polypeptide

chain whereas a second RCK domain cornes from the cytoplasm. The two surfaces

where two RCK subunits connect are unique so that one channel-attached RCK unit

lias to interact witli a cytoplasmic unit in order to form a ring. One of these two

interfaces is fixed whereas the other one is flexible. In this way, the gating ring is

assembled of four rigid units consisting of two RCK units attached to each other

through the fixed interface in a tilted left-handed bundie. Two neighboring flexible

interfaces forrn a cleft in which the ligand (Ca2) can bind. Near the Ca2 binding site

at the base of the cleft is a flexible hinge, allowing the rigid assembly to move.

Binding of Ca2 reshapes the cleft causing the rigid units to tilt thereby expanding the

diameter of the gating ring. This in turns pulls on the inner lieux causing the channel

to open (Jiang et aï., 2002b).



40

111-2.2.2 TIte Voltage Sensor: Coupling Etectricat Work to (‘hannet Gating

Voltage-gated K channels activate and deactivate as a function of the

membrane potential. Charged amino acids, “gating charges”, are electrornechanically

coupled to the gating mechanism of the ion channels causing channel opening or

closure when moving through the membrane electrical field. Gating charges can be

measured (Arrnstrong & Bezanilla, 1974) and correspond to approximately 12-14

electron charges crossing the membrane voltage difference in tetrameric K channels

(Schoppa et al., 1992; Seoh et al., 1996; Aggarwal & MacKinnon, 1996). Sensing of

the membrane potential and transmembraneous movement of gating charges is

accomplished by a structure known as the “voltage sensor”, which consists of four

transmembraneous segments 51 to S4. The 54 segment contains several charged

amino acids. 0f these, the first four arginines account for most of the gating charge

(Seoh et al., 1996; Aggarwal & MacKinnon, 1996).

111-2.2.2.1 Voltage-Sensor Structure: KvAP and Kvl.2

Crystal structures of voltage gated channels are available for KvAP (Jiang et

al., 2003a), a prokaryotic channel and of Kvl.2 (Long et aï., 2005a; Long et al.,

2005b), an eukaryotic channel. These show the Si and 52 segments looseiy packed

against the outer helix of the channel pore. In KvAP, the conventionai 53 segment is

divided into two individuai helices S3a and S3b connected by a S3-loop (Jiang et aï.,

2003a), a distinction flot made in Kv 1.2 (Long et al., 2005b). S3b and the N-terminal

end of the mainly hydrophobic S4 segment are tightly packed together in an anti

parallel relationship forming a mainly hydrophobic “helix-turn-helix” structure

termed the “voltage-sensor paddle”. The paddles are located at the outer perimeter of

the channel. Conserved arginine residues (Bezanilla, 2000), important for gating

(Seoh et aï., 1996; Aggarwai & MacKinnon, 1996), are iocated on the highly

conserved N-terminal part of the S4 segment. The voltage-paddles are flexibly

attached to S2 and 55, and are movabie with respect to the pore because of their

flexible attachment via the S3 loops. Acidic amino acids in the S2 helix could help to

stabilize positive charges on the paddles as they move across the membrane (Jiang et

al., 2003b). Several sait-bridges connect S3a to the C-terminal haif of S2. Exchange
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of sait-bridge pairs has been shown to be important for paddie movements between

closed and open states of the channel (Tiwari-Woodruff et al., 2000; Papazian et al.,

2002). Loss of Arg377 in Shaker channeis (which corresponds to Arg133 in KvAP)

results in ioss of channei functions (Bezanilla, 2000).

The C-terminai S4-segment is poorly conserved and connects to the S5

segment forming an amphipathic a-helix called the S4-S5 iinker. This structure runs

parallel to the membrane on its cytoplasinic side with hydrophobic residues facing the

membrane and hydrophilic amino acids pointing towards the inside of the celi. It

crosses over the top of the inner lieux of the same subunit and makes rnany amino

acid interactions with it. Multiple glycine residues allow the S4-S5 Iinker to bend at

various points making it a highly flexible lieux. The inner lieux in return bends at the

Pro-Val-Pro region and curves parallel to the membrane plane creating a “receptor”

for the S4-S5 linker. The interaction between S4-S5 and the inner pore lieux is

important to allow linkage of paddle movement to movement of the S5 helices while

maintaining free movement of the voltage-sensor in the membrane with respect to the

ion cliannel pore according to the gating state. The importance of this interaction is

empliasized by functional studies. Mutations in the S4-S5 linker or the Pro-X-Pro

sequence have profound effects on channel gating (Liu et aÏ., 1997; Schoppa &

$igwoiÏh, 199$; Hackos et aÏ., 2002; Yifrach & MacKinnon, 2002; Sukhareva et al.,

2003). To confer voltage-dependence to KcsA, botli the “S4-S5 linker receptor” on

S6 and the S4-S5 linker have to be transferred together with the voltage-sensor onto

the ion conduction pore of KcsA (Lu et aï., 2001b; Lu et al., 2002).

In KvAP, the voltage-sensor was captured in a non-native configuration

emphasizing its capability to undergo domain-like movements with respect to the

pore. lis great fiexibility suggests that il is essentially an independent dornain in the

membrane (MacKinnon, 2004). This notion is supported by data from Kvl.2.

Crystals of Kvl.2 show the voltage-sensors located at the corner of the pore “floating

as separate domains from the pore” (Long et al., 2005b). Aside the 54-55 linker, the

voltage-sensor makes contact with the ion-conduction pore in only two places: The

Si helix touches 55 in one place near the outer membrane surface and the S4 helix
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cornes in contact with the outer edge of S5. Most of the surface of the hydrophobic

sides of the pore and the voltage-sensor face the lipid of the membrane.

In sumrnary, voltage-sensors are independent, flexible domains within the

membrane loosely attached to the ion-conduction pore by the S4-S5 linker. In this

respect they represent, similar to ligand-binding dornains in ligand-gated channel, a

modular gating dornain. Segments S3 and the N-terminal part of the S4 segment form

a helix-turn-helix structure called the “vollage-sensor paddle” which carnes the

gating charges in form of four arginines. Interaction between the 54-55 linker and the

C-terminal S6 segment is essential for channel gating.
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111-2.2.2.2 How do Gating Charges cross the Membrane?

Electrophysiological data suggests that the S4 segment moves through the

lipid membrane thereby carrying gating charges through the electrical fieid (Swartz &

MacKinnon, 1997; Baker et al., 1998; Larsson et aï., 1996a; Yusaf et aÏ., 1996).

These charges are located on the first four arginine residues on the S4 segment,

Argi 17, Arg 120, Arg 123, Arg 126 and Arg294, Arg297, Arg200 and Arg303 in

KvAP and Kv 1.2, respectively. Experiments with biotin-tethered voitage-sensor

paddles showed that biotin is accessible to avidin from the intracellular side when the

channel is closed and from the extraceilular side when the channel is in the open state

indicating that biotin is being dragged ail the way across the membrane during

channel gating (Jiang et aï., 2003b).

Several models of transmembrane charge movement have been pubiished. The

common ground of these models is that the 54 helix is mostly (Elinder et aÏ., 2001) or

completeiy (Bezanilia, 2002; ibm, 2002; Gandhi & Isacoff, 2002) separated from the

membrane to protect the arginine charges from the low dielectric environrnent of the

lipid membrane (Long et al., 2005b). The canonicaÏ mode! (or stiding-heïix moUd)

suggests that movement of the 54 segment occurs in a protein-lined “canicuius”

formed by the inner and outer pore helices on one side and by the voltage-sensor’s

Si, 52 and S3 segments on the other side (ibm, 2002; Gandhi & Isacoff, 2002;

Bezanilla, 2002; Li-Smerin et aÏ., 2000). In this way, the charged amino acids of the

moving 54 segment are completeiy protected from the lipid environment. The

transporter mnodeÏ also proposes protection of the S4 segment between Si — 53 and

the channei pore domain. However, this modei suggests that instead of the S4

segment moving in the membrane, charges are moved over S4 by aiternateiy opening

and closing surrounding “crevices” to the internai and externai soiutions (Cha et aï.,

1999; Starace & Bezaniila, 2004). The paddle-mode” of KvAP indicates that

movement of the voltage-paddles within the membrane occurs while contacting the

Iipid membrane on one side and the channel protein on the other side (Jiang et al.,

2003b). The twisted S4 moUd is based on spin labelling experiments of KvAP in a

lipid bilayer. Here, the S4 heiices are at the protein-Iipid interface and not buried in a
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“caniculus” A flexible linker in the middle of S4 enabies one haif to rotate versus the

other allowing the positive charges to point inward towards the rernainder of the

protein. Differentiai rearrangement of the S4 segment would occur in response to

voltage changes (Cuello et aÏ., 2004).

Consistent with EPR data from KvAP in lipid membranes (Cueilo et al.,

2004), the Kv 1.2 crystal shows that Arg294 and Arg297 are iocated on the lipid

facing surface of the voitage-sensor while Arg300 and Arg303 face helices Si and 52

making sait bridges with acidic amino acids (Long et aï., 2005b), thus supporting the

paddle model. The S3 segment and the 54 segment move together as the voltage

sensor paddie with S3 providing rigidity to S4. S3 is facing the extraceiiuiar side of

the membrane with its top neyer penetrating deeper than the rnembrane’s outer leaflet

(Jiang et aï., 2003b). This position is energeticaiiy more stable than in the

hydrophobie core because of the presence of both hydrophobie and hydrophiiic amino

acids. S4 is facing the intraceiiular side of the membrane. During inward movement,

the paddle must counterbalance the energetic preference of S3 to stay at the

extraceiiuiar interface. It has been suggested that in this way the S3 segment might

serve as a “recoil device” causing the voitage-sensor to “spring open” during

depoiarization (Long et al., 2005b).

In summary, various models have been developed to expiain gating charge

movernent across the membrane. Recent crystai data is in support of the paddle

inodel. Two arginines on the voitage-sensor paddie are exposed to the lipid membrane

whereas the other two face the protein surface of helices Si and S2 indicating that ail

charge shieiding from the membrane and compensation by counter charges cornes

from the voitage-sensor itseif. When going from the ciosed to the open state, the

voltage sensor paddles travel through the entire membrane, moving gating charges

through the electric field. The S3 segment stabiiizes S4 and serves as a recoii device

causing the channei to “spring open”.

111-2.2.2.3 Mechanicat Coupling of Voltage-Sensor Movements to tite Pore

How does the voltage-sensor achieve the task of eiectromechanical coupling?

MacKinnon and colleagues proposed a rnodei suggesting that in the closed channel
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formation the paddles are held close to the cytosolic membrane interface through the

electric field irnposed by the negative resting potential. In this state, the inner and

outer helices are bent like in KcsA thereby closing the pore. When the membrane

depolarizes, the paddles move approxirnately 20 Â (assuming a membrane thickness

0f 35 Â) through the membrane. Transfer of the four arginine residues (each carrying

approximately one electron charge unit) across the membrane is in agreement with

the gating charge movement of 12-14 electrons in Shaker channels (Schoppa et al.,

1992; Seoh et al., 1996; Aggarwal & MacKinnon, 1996). An upward dispiacement of

the paddles would pull on the S4-S5 linker helices thereby decompressing the inner

helices and opening the pore. Closure of the channel involves bringing the positive

arginine charges inward, resulting in downward movement of the voltage-sensor

paddles pushing down the S4-S5 helices thus compressing the inner helices which

closes the pore (Jiang et al., 2003b; Long et al., 2005b).

111-2.2.3 The Ti Domai,t of Vottage-Gated K Clzannets

111-2.2.3.1 (‘rystat Structure

Eukaryotic Kv channels differ from prokaryotic channels by the presence of a

cytoplasmic Ti domain. The crystal structure of Kvl.2 shows the T1-Kv13-subunit

complex to be a 40 Â long rigid structure with four foid syrnmetry about the pore

axis. A a-helical Ti-Si linker spreads out radially from the pore creating 15 — 20 Â
wide side portais separating cytoplasmic from transrnembraneous domains. The side

portais provide room for the inner helix to move during gating and provide low

resistance perfusion pathways between the cytopiasm and the pore. Multiple

negatively charged amino acids attract cations (Long et al., 2005a), a mechanism

similar to the cytoplasmic pore of inward-rectifier channels (Nishida & MacKinnon,

2002; Kuo et aÏ., 2003).

111-2.2.3.2 Functionat Rote

Tl domains contribute to regulation of channel trafficking and determine

specificity of Kv channel subunit co-assembly. TI domains may be receptor sites for

regulation of Kv-channel activity by Kvf3-subunits (Li et aÏ., 1992; Shen &
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Pfaffinger, 1995; Schu]teis et al., 1998; Tu et aï., 1996; Kobertz & Miller, 1999; Li et

al., 1992; Papazian, 1999; Gulbis et aï., 2000; Zhou et aï., 200la; Tu et aï., 1996;

Kobertz & Miller, 1999; Papazian, 1999; Long et al., 2005a). A key role of the Ti

domain in N-type inactivation was suggested in 1990 (Hoshi et al., 1990; Zagotta et

aÏ., 1990). Electric charges on the large side portais between the Ti domain and the

pore rnight steer inactivation peptides of N-terminal channel domains or Kv

subunits (Long et aï., 2005a).

111-2.2.4 The Cytoptasmic Pore of lnward Recttfier Citait itels

111-2.2.4.1 Structure

The concept of a cytoplasmic pore protmding from the membrane into the

cytoplasm of Kir channels was first proposed by Lu et al. (1999) and later confirrned

by the crystal structures of Kir3.1 (Nishida & MacKinnon, 2002; Pegan et aï., 2005),

KirBac (Kuo et al., 2003) and Kir2.1 (Pegan et aï., 2005). Structures of Kir2.l, Kir3.1

and KirBac show marked similarity (Figure 12). Nearly 40 amino acids preceding the

first transmembrane domain and the approximately 200 first amino acids of the C-

terminal of inward-rectifier K channels are conserved (Nishida & MacKinnon,

2002). N- and C-terrnini form a globular cytoplasmic pore of E3-sheets with a

protruding Œ-helix. The cytoplasmic pore is between 7 and 10 À wide and

approximately 30 À long, thereby extending the ion pathway to about 60-88 À
(Nishida & MacKinnon, 2002; Kuo et al., 2003). The N-terminus runs in a groove

between two adjacent C-termini interacting with the C-terminus of the same subunit

through a short parallel f3-sheet. A more recent study reported this interaction to occur

between C- and N-termini of adjacent Kir2.l subunits (Pegan et aï., 2005), which is

in line with interactions between the C- and N-termini in Kir2 channel assembly

(Preisig-Muiler et aï., 2002). In Kir2.1, the distal end of the C-terminus was

disordered and could not be visualized suggesting that it is highly mobile and requires

the N-terminus, binding to PSD-95 or other cytoplasmic factors to obtain structural

stability (Pegan et aï., 2005; Cohen et aï., 1996). Flexible linkers connect the

cytoplasmic domain to the transmembraneous pore. Positively charged arginine and

lysine residues in the linker make it unlikely that K ions can enter the channel
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through gaps between the linkers (Kuo et aÏ., 2003). Contrary to the four-fold

synrnetry of the transmembraneous pore, two cytoplasmic dornains form an

asymmetric unit with two-fold symmetry about the pore axis, a configuration referred

to as dimer-of-dirners (Kuo et aÏ., 2003). The attempt to obtain a crystal of

heterorneric Kir3.2/Kir3.4 N- and C- termini also resulted in the formation of dirners,

however, these constructs were unstable over time and the experirnents were flot

pursued (Pegan et al., 2005). Two highly conserved pore-facing f3-sheet loop regions

(CD-loop and HI-loop, figure 11) forrn the narrowest part of the cytoplasmic pore,

acting like a girdle. In the HI-loop a section designated “G-loop” differs between

Kir2.l and Kir3.l. In Kir2.1, G1y300, Met3Ol, A1a306 and Met307 form two

hydrophobie rings, allowing openings of 2.8-5.7 À. Thus, four opposing G-loops

form openings which are too small for a hydrated Ktion to pass (Pegan et aÏ., 2005).

Conserved and backbone-flexible glycines anchor these ioops in the cytoplasmic

pore. Conformational differences between Kir2.1, Kir3. 1 (Pegan et al., 2005) and the

first reported Kir3.1 structure (Nishida & MacKinnon, 2002) suggest that these loops

are intrinsically flexible and can undergo large conformational changes during

conduction (Pegan et aÏ., 2005). This structure is crucial for channel modulation by

intracellular regulators and voltage-dependence of inward rectification (Bichet et al.,

2003).

111-2.2.4.2 Potential Functional Role

In contrast to the hydrophobic inner lining revealed by the crystal structures of

KcsA and MthK, the cytoplasmic pore of Kir channels is Iined by polar, negatively

charged amino acid (mostly Glu and Asp) interspersed with hydrophobic residues,

creating an overail negative electrostatic potential. Sucli an environment is consistent

with a role of the cytoplasmic pore in the mechanism of “long pore plugging” by

cytoplasmic polyarnines underlying inward rectification (Lopatin et aÏ., 1995). The

importance of the N- and C-termini for inward-rectification was already described by

Taglialatela and colleagues in 1994 (Taglialatela et aÏ., 1994). Residues important for

inward rectification of Kir2.1 are Asp172 in the inner helix (Lu & MacKinnon, 1994;

Stanfield et aÏ., 1994), and G1u224 and G1u229 in the cytoplasmic domain (Kubo &
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Murata, 2001; Taglialatela et al., 1995; Yang et al., 1995). In KirBac, equivalent

residues are 11e138, G1u187 and G1u258. The side chains of Glul$7 and G1u258 are

oriented towards the center of the ion conduction pathway forming two electrostatic

rings of negative charge 35 Â apart. This is too far apart for a single spermine

molecule t— 20 Â long) to overlap. Shape, charge and hydrophobicity determine

polyamine binding affinity and diffuse anionic charge appears to be a configuration

that favours binding of linear positively charged polyamines over compact Mg2 ions

(Kuo et aÏ., 2003). The degree of binding affinity for blocking cations is directly

related to the degree of inward rectification (Bichet et aÏ., 2003). The presence of

blocking particle binding residues in both the transmembraneous pore and the

cytoplasmic membrane led to the suggestion of a two-site blocking model. In this

model, the cytoplasmic pore miglit serve as an intermediate binding site, attracting

and increasing the concentration of polyamines, whereas the plugging site is in the

transmembrane segment of the pore (Kubo & Murata, 2001; Lopatin et al., 1995; Lee

et aÏ., 1999; Xie et al., 2002). The precise mechanism coupling rectification to

channel gating is presently unknown. It has been proposed that the C-terminus might

interact with the outer helix through the siide lieux, causing movement of the inner

lielices througli interactions with the outer lielices (Kuo et aÏ., 2003).

four charged amino-acids, Arg228, Asp255, Asp259 and Arg260, in the

Kir2. 1 cytoplasmic pore differentially modulate rectification properties. Charge

neutralization at Asp259 decreases rectification to a greater extent than at Asp255

whereas mutation of Arg228 and Arg260 produces only very littie changes in

rectification when respective mutant Kir2.1 cliannels were expressed in Xenopus

oocytes (Pegan et al., 2005).

Inward-rectification is caused by voltage-dependent block of the pore by

intracellular Mg2 and polyamines (Matsuda et al., 1987; Vandenberg 1987; Lopatin

et al., 1994; ficker et al., 1994; Lopatin et aÏ., 1995). Movement of Mg2 and

polyamines towards the extracellular space pushes a queue of K ions in front of the

blocker out into the extracellular solution. The movement of charges through the

transmembrane electric field is thought to underlie the voltage dependence of inward

rectification (Nishida & MacKinnon, 2002; Bichet et al., 2003). In addition, the
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interaction of the polyarnine amine group with Asp 172 in the pore cavity and with thc

selectivity filter might contribute to voltage-dependence of polyamine block (Pearson

& Nichols, 1998).

A wide variety of cytoplasmic factors regulating the activity of Kir channels

have been discovered. Phosphatidylinositol-4,4-bisphosphate (PW2) is essential for

Kir channels to open (Huang et al., 1998; Lopes et aï., 2002; Shyng et aÏ., 200Db). On

the whole celi level, PIP2 enhances Kir currents and its depletion causes current

rundown (Huang et al., 1998; Sui et al., 1998; Baukrowitz et aï., 1998; Shyng et al.,

2000b). PW2-binding domains have been identified in the C- and N-terminus (Shyng

et al., 2000b; Soom et aï., 2001; Lopes et al., 2002). When rnapped on KirBac, these

residues lie withïn a pocket built by the N- and C-termini just below the cytoplasmic

side of the pore (Kuo et al., 2003). Betagamma-subunits of G-proteins (GF3-y), pH,

ATP, Na, Mg2, arachidonic acid, and phosphorylation and oxidation / reduction are

important cytoplasmic regulators (Bichet et al., 2003). Kir3 channels are activated by

Gf3y (Logothetis et aï., 1987). The crystal structure of Kir3.1 shows four u-helical

prongs protruding into the cytoplasm with a C-terminal hydrophobic end (Nishida &

MacKinnon, 2002). These residues are well conserved within the Kir3 farnily

(Mirshahi et aï., 2002) and are believed to represent the binding site for G13y (Nishida

& MacKinnon, 2002). IntracelÏuÏar acidosis inhibits Kirl.Ï and Kir2.l channels

(Jiang et al., 2002a; Mao et al., 2003) via protonation of C-terminal histidines

(Chanchevalap et aÏ., 2000; Qu et al., 2000). Enhanced interaction between N- and C

termini at low pH (Qu et aï., 2000) might affect gating through interactions between

the C-terminus and the outer helix (Kuo et aÏ., 2003). A similar mechanism rnight

underlie Kir6.2 channel inhibition through ATP binding in an ATP binding pocket

(Trapp et aÏ., 2003) located in the F3-sheet connecting N- and C-terminus (Nishida &

MacKinnon, 2002; Kuo et aÏ., 2003). Proximity of C-terminal binding sites for Na,

Mg2t HP2 and arachidonic acid binding sites as well as protonation sites suggests

additive, synergistic and/or competitive mechanisms in the regulation of Kir channels

(Bichet et aÏ., 2003). The G-loop of Kir2.1 and Kir3.1 appears to be a functionally

coupled to PIP2 and / or G3’y binding (Pegan et aÏ., 2005).
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Figure 13: Overall architecture of inwardly rectifying K (Kir) channels.

A. Schematic drawing of a Kir channel subunit. Each subunit comprises two

transmembrane helices (Ml and M2), a pore-forming region containing the pore-helix

(P), and a cytoplasmic domain formed by the amino (N) and carboxy (C) termini.

B. View of the tetrameric structure of the KirBac 1. 1 channel from the extracellular

side. Monomers are individually coloured red, green, yellow and blue. A K1 ion

(white) indicates the conduction pathway. C. Side view of the KirBacl.l structure

showing the transmembrane domain of two subunits (green and blue) and the C-

terminal domains of their neighboring subunits (red and yellow). White spheres

represent K ions in the selectivity filter. Reproduced from Bichet et aÏ. 2003.

C
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III-3 Structurai Basis of Ion Chanizet function

A K channel transports K -ions across the membrane. To achieve this, it bas

to fulfill three essential tasks: 1.) Distinguish between different available ions and

allow only K ions to cross the membrane (selective ion conduction), 2.) Conduct K

ions rapidly (high conduction rate) and 3.) Switch between conducting and non

conducting states in response to cellular stimuli (gating) (MacKinnon, 2003).

Since the publication of the KcsA crystal structure, a multitude of studies have

investigated the atomic mechanisms of high K selectivity in the context of high

conduction rates and gating mechanisms. Methods applied include experimental

approaches, structural data, molecular dynamics simulations, electron spin resonance

and mass spectroscopy. for recent reviews see (Sansom et aï., 2002; Roux, 2005).

The following section will introduce structural determinants of K permeation

through K channels and then discuss how these relate to selectivity and high

conduction rate.

111-3.1. Basis of Ion Permeation

Two structures of the K channel are imperative for its function: 1.) the

se]ectivity filter (Doyle et al., 199$) and 2.) the water filled cavity at the center of the

membrane (Roux & MacKinnon, 1999).

In an aqueous solution, monovalent potassium ions are stabilized by eight

polarized water molecules that point their negative oxygen atoms in the direction of

the K1-ion. Four water moÏecules are located in a plane “above” and four “below” the

K-ion (Zhou et aï., 2001b) (Figures 10 and 14). In this state, the ion is said to be

“hydrated”. Molecular dynamics simulations and the crystal structure of KcsA have

identified seven K binding sites in the channel pore (Berneche & Roux, 2001)

(Figure 14). K is needed to maintain stabiÏity of the channel pore and prevent the

channel from assuming a non-functional “defunct” state (Loboda et aï., 2001; Zhou &

MacKinnon, 2003; Domene & Sansom, 2003; Domene et aï., 2004). Thus, it is

considered a structural element of the selectivity filter.
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Figure 14: Permeant ion binding sites in the KcsA K channel.

The outer site (Si), the upper inner site (53), the lower inner site (S4) and the diffuse

cavity site detected in the initial X-ray structure are shown (Doyle et al., 1998).

Furthermore, K can occupy the site where crystallographic water was previously

detected (S2), as well as two additional sites termed SO and Sext. The ions in Si, S2

and 53 are in contact with the main chain carbonyl oxygen atoms (Si, G1y77 and

Tyr7s; 52, Va176 and G1y77; S3, Thr75 and Va176) and only 1—2 water molecules,

whereas the ion in S4 is hydrated by 2—3 water molecules and makes intermittent

contacts with the carbonyl oxygens and the side chain of 1hr75. The ion in 50 is in

contact with Tyr7$ and is hydrated by 3—4 water molecules. The ion in Sext is almost

fully hydrated. Reproduced from Berneche & Roux (2001).
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The outermost position Sext is located on the extracellular side of the channel.

At this position, the K ion is fully hydrated by eight water molecules (Berneche &

Roux, 2001). SO is located at the extemal mouth of the channel. Negative charges

from the carbonyl oxygen atoms from the four Tyr78 (or G1y79 (Doyle et al., 1998;

Zhou et aÏ., 2001 b)) residues replace half of the ion’s hydration sheli, mirnicking four

water molecules thereby stabilizing the ion by acting as surrogate water (Berneche &

Roux, 2001). Sext and SO site were initially flot seen in the crystal structure of KcsA,

however, more recent high resolution x-ray data of KcsA bas revealed these two sites

as well (Berneche & Roux, 2001). Negative charges from four carbonyl oxygen

atoms from the G1y79 residues are directed straight into the extracellular solution,

providing an electronegative environment, which attracts extracellular cations. A

second layer of negative charges near the entryway is provided by carboxy

carboxylate pairs forrned by G1u71 and Asp$0 (Doyle et aï., 199$; Zhou et al.,

2001b).

Inside the selectivity filter, the K-ion is almost cornpletely dehydrated

(Berneche & Roux, 2001). Four layers of carbonyl oxygen atoms from the Gly-Tyr

Gly-Val residues and one layer of threonine hydroxyl oxygen groups create four Kt

ion binding sites near the center of a distorted cube ta “square antiprism”). These sites

have heen designated Si (Gly77 and Tyr7s), S2 (Va176 and G1y77), S3 (Thr75 and

Va176) and S4 (Thr75) with Si being closest to the external mouth of the ion channel.

Glycine residues in the TVGYG sequence are imperative for stmctural flexibility of

the selectivity filter (Berneche & Roux, 2005). It was suggested that sites Si — $4

stabilize the dehydrated Ktion by the negative charges of their surrounding eight

carbonyl groups (Zhou et ctt., 2001b). However, more recent data from MD

simulations indicates that the number of Ktcoordinating charges in the filter varies,

resulting in distinct selectivities of the various ion-binding sites (Noskov et aï., 2004;

Berneche & Roux, 2005). Oniy position S2 appears to stipply eight coordination

charges (Berneche & Roux, 2005) consistent with the highest selectivity for K at this

site (Aqvist & Luzhkov, 2000; Noskov et al., 2004) and its mie in C-type activation

(Berneche & Roux, 2005).



57

A seventh K binding site is found in the water-filled central cavity where the

K-ion remains stabilized by eight water molecule suspended at the center of the

cavity on the pore axis. Additional water molecules are present in the cavity but they

are disordered. The order of water in the K-hydration sheil is probably due to weak,

indirect hydrogen-bonding interactions from the hydroxyl group of ThrlO7 as welÏ as

the carbonyl oxygen atoms from the pore and inner helices with the hydrated K-ion

(Roux & MacKinnon, 1999; Zhou et aï., 2001b). Ordering of water molecules does

flot impede the movement of K-ions through the pore because rearrangement of

water molecules occurs faster than ion movement through the pore. The cavity

achieves a K-concentration of about 2M (Zhou et aï., 200 lb).

111-3.2. Mechanism of High Conduction Rate

The selectivity filter is where the driving force arising from the

transmembrane potential is predominant (Berneche & Roux, 2003; Jiang et aï.,

2002c). Rapid conduction in the context of selectivity for K is the hallmark feature

of K channels. Under physiologïcal conditions, K channels achieve conduction rates

of up to l0 K-ions per second, approaching the Jimit of free diffusion (MacKinnon,

2004). Dehydration, transfer and rehydration of a Ktion occur in about ten

nanoseconds (Morais-Cabral et aÏ., 2001). How can such a high conduction rate be

achieved whule stili maintaining perfect fldelity for potassium ions?

Two basic mechanisms account for the channel’s high conduction rates: 1.)

Reduction of the membranes dielectric field by the water filled cavity and 2.)

Conduction of K ions through the selectivity filter at near diffusion limits.

As proposed by Hodgkin and Keynes 50 years ago (Hodgin & Keynes, 1955),

Ktions move through the ion channel pore in a single file (Doyle et aÏ., 1998;

Morais-Cabral et aÏ., 2001; Zhou et aï., 2001b; Berneche & Roux, 2001; Shrivastava

& Sansom, 2000). The conduction rate of an ion channel is a function of how many

ions can pass through the channel per unit of time. A major obstacle to rapid ion

conduction across the membrane is electrostatic repulsion by the membrane dielectric

barrier. The water filled cavity concentrates K ions in the axis of the pore. Its

hydrophobic wall-lining (lie 100, Phe 103) from the inner helix prevents the
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interaction of water with the surface of the cavity which is therefore available to

stabilize the K ion. The order of water molecules is rnost likely imposed by weak

indirect hydrogen bonding mediated by the hydroxyl group of ThrlO7 and the

carbonyl oxygen atoms from the pore and inner helices. Roux and McKinnon showed

by modeling that 80% of ionic stabilization cornes from the pore helices and 20%

from the carbonyl group of ThrlO7 (Roux & MacKinnon, 1999). Exchange of

ordered water molecules occurs faster than conduction. Therefore, the hydration sheil

does not impede ion migration through the pore. In the open channel state, the water

filled cavity is in equilibrium with the intracellular solution, thus diminishing the

dielectric barrier to the distance of the selectivity filter. This is in accordance with

functional data showing that when TEA binds to the top of the cavity at more than

50% of the physical distance across the membrane, it crosses only about 20% of the

transmembraneous voltage difference, indicating that the selectivity filter imposes

80% of the transmembrane voltage field (Yellen et al., 1991).

K channels have “multi-ion pores”, which means that multiple permeant ions

are in the channel pore at a given time (Doyle et aï., 1998; Berneche & Roux, 2001).

Depending on the K-concentration, the filter adopts two different conformational

states, a conducting and a non-conducting one (Morais-Cabral et al., 2001; Berneche

& Roux, 2001). StructuraI data and data obtained from MD simulations has shown

that in the conducting state, two or three Ktions must be in the selectivity filter

(Morais-Cabral et aï., 2001; Zhou & MacKinnon, 2003; Berneche & Roux, 2001;

Berneche & Roux, 2005; Alïen & Chung, 2001). Computations indicate that three

Ktion configurations are [cavity, 53, 511 and [S4, 52, SOl. Electrostatic repulsions

oppose the sirnultaneous occupancy of the cavity and sites S4 or sites SI and SO

(Roux, 2005). if the filter is exposed to a low Ktconcentration as is the case in the

“closed state” where the filter “sees” the low (5 mM) extracellular K-concentration,

only one Ktion at either site Si or S4 is present in the filter (Morais-Cabral et aï.,

2001). In this state, a conformational change occurs, switching the channel into a

non-conducting state. In the context of a high K concentration (higher than 50 mM),

which is the case in the context of an open activation gate where the filter “sees” the

high (145 mM) cytoplasmic K concentration, an additionaï K ion enters the
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selectivity filter resulting in a configuration where two binding sites are occupied

causing the filter to “snap into the main configuration” (Zhou et aï., 2001b). Under

physiological conditions, Ktion occupancy in the selcctivity filter alternates between

energetically balanced S0-S2-S4 and S1-S3 configurations (Shrivastava & Sansom,

2000; Berneche & Roux, 2001; Domene & Sansom, 2003) which by itself does not

control ion throughput. The largest free energy barrier between these positions is

around 2-3 kcal/mol, approaching the limit of free diffusion (Berneche & Roux,

2001). An incorning ion from the cavity induces a concerted movement to the S4-S2-

50 configuration followed by dissociation of the outerrnost ion into site Sext and

subsequent dissociation from the channel (Roux, 2005). Electrostatic repulsion

between permeant ions is essential for rapid conduction. When two ions are in the

central cavity and one at site S3, a deep energy well impedes the outer ion to exit the

channel. When an ion approaches site S4, the ion at site S3 moves to S2 decreasing

the energy barrier between sites Si and SO to 1 kcal/mol. This causes site Si to

become unstable and the exit becomes barrierless, causing the outer ion to leave the

channel (Berneche & Roux, 2001). MD simulations have shown that the approach of

an ion on the intracellular site is energetically neutral whereas dissociation from the

channel is accelerated by electrostatic ion-ion repulsions (Berneche & Roux, 2001;

Berneche & Roux, 2003). The proposed model for ion conduction (Berneche & Roux,

2005) is therefore:

[S3, S1J—*[Cavity, S3, S1J—*[S4, S2, S0]#-*[S4, S2]÷->[S3, Si]

In summary, the cavity overcomes the dielectric barrier by concentrating K

ions at its center, ready to enter the selectivity filter thus limiting the dielectric barrier

to the length of the filtei-. Two permeant ions are constantly present in the filter. An

incoming ion causes a concerted movement of K-water-K-water within the filter

causing the outermost ion to exit due to electrostatic repulsion. The key mechanism

underlying high conduction is the concerted transition between the two ion state S3-

Si and the three ion state S4-S2-S0.
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Figure 15: Ion occupancy in the selectivity filter.

The selectivity filter is depicted as five sets of four in-plane oxygen atoms (the top is

outside the celi), with K ions and water molecules shown as green and red spheres,

respectively. K ions undergo coordination by eight oxygen atoms when in the 1,3

and 2,4 configurations. Movement along either the concentration-independent path

(bottom) or the concentration-dependent path (top) would involve octahedral

coordination by six oxygen atoms, two provided by the intervening water molecules.

Adapted from Morais-Cabral et aÏ. (2001).

1,3 7 2,4
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111-3.3 Current Concepts of Ion Selectivity

Ion selectivity is critical to survival of the ceil. Selectivity for K is about

1000 times higher than for Na thus practically exciuding conduction of Na ions

(MacKinnon, 2003). How does the K channel achieve such high selectivity for K

over Na?

Ion selectivity is controlled by the relative free energy of K and Na in the

pore and the extra- or intracellular solution (Roux, 2005). Potassium ions have an

atomic radius of 1.33 À while that of sodium is only 0.95 À. In 1972, Bezanilla and

Armstrong proposed the “snug-fit” hypothesis, suggesting that Nations cannot pass

through the narrowest part of the channel pore because they are too small to fit the

“coordination cage” provided by the channel as replacement for the water molecules

in aqueous solution. This hypothesis has subsequently been strengthened by

experimental data obtained from KcsA (Doyle et aï., 1998; Zhou et aï., 2001b)

suggesting that the structure of the selectivity filter is perfectly tuned to accommodate

Ktions, balancing energetic costs and gains (Doyle et aï., 1998; Hille et al., 1999). In

order to maintain the precise fit between Ktions and the coordinating carbonyl

groups of pore-lining residues, the filter must be rigid. Filter flexibility would allow

approach of its carbonyl oxygen atoms enabling it to assume an energetically

favourable configuration to compensate for the cost of dehydration of Nations

(Doyle et al., 1998) resulting in loss of selectivity for K. Rigidity of the selection

filter is accomplished by “molecular springs” anchoring the filter in the membrane.

Bonding of G1u71 with Asp$0 as well as a buried water molecule to the amide

nitrogen of G1y79 is believed to hold the filter in a stable position (Zhou et al.,

2001b). Additionally, side chains of Va176 and Tyr78 in the selectivity filter are

directed into the surrounding protein stabilizing the configuration of the selectivity

filter (MacKinnon, 2004).

The flexible nature of proteins (Zaccai, 2000; Allen et aï., 2004) has

challenged the “snug-fit” hypothesis (Noskov et aï., 2004; Roux, 2005). Structural

data (Morais-Cabral et aï., 2001) and MD simulation studies (Allen et aï., 2000;

Berneche & Roux, 2001; Shrivastava & Sansom, 2000; Shrivastava et aï., 2002;
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Domene & Sansom, 2003; Domene et aÏ., 2004; Noskov et aï., 2004; Berneche &

Roux, 2005) have shown that the filter can undergo significant conformational

changes (“filter distortion”) due to flexibility of the selectivity filter backbone at the

glycine residues (Berneche & Roux, 2005). Molecular dynamics simulations show

that filter distortion is sufficient to accommodate Na at littie energetic cost, resulting

in a loss of Ktselectivity (Guidoni et aÏ., 1999; Biggin et aï., 2001; Domene &

Sansom, 2003). However, alchemical free energy perturbation (FEP) computations

(Aqvist & Luzhkov, 2000; Berneche & Roux, 2001; Luzhkov & Aqvist, 2001) and

ion-flux measurements (Neyton & Miller, 1988; Nimigean & MilIer, 2002) indicate

that occupancy by Na in the selectivity filter is indeed energetically unfavourable.

How can this apparent paradox be resolved?

Current data suggests that ion channel sclectivity is achieved through

electrostatic interactions between ion-coordinating carbonyl groups of the selectivity

filter themselves as with the permeant ion (Noskov et aÏ., 2004). MD simulations

show that removal of carbonyl-carbonyl interactions in a flexible KcsA channel

results in loss of ion-selectivity for K over Na. Without these carbonyl-carbonyl

interactions, channel rigidity required to maintain K-selectivity would render the

channel practically non-functional. Interestingly, carbonyl-carbonyl repulsions have

only a very moderate effect on pore structure, which is mainly controlled by strong

interactions between permeant ions and the carbonyl groups of the filter. Even when

geometric restraints are optimized to accommodate a Na-ion, carbonyl-carbonyl

repulsions result in thermal fluctuations “rescuing” selectivity for K (Noskov et al.,

2004).

While MacKinnon and colleagues suggested that K ions have an equal

affinity to K binding sites with an average occupancy of 0.53 for each site (Morais

Cabrai et aÏ., 2001; Zhou & MacKinnon, 2003), data from MD simulations indicates

that selectivity of sites Sl to S4 is distinct (Aqvist & Luzhkov, 2000; Berneche &

Roux, 2001; Noskov et aÏ., 2004; Berneche & Roux, 2005) with highest selectivity at

site S2 and lowest selectivity at site S4 (Berneche & Roux, 2001; Noskov et aï.,

2004; Domene et aï., 2004). The cavity does not display any selectivity, however, the
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hydration type around cations appears to be different with only K having a complete

hydration shell (Zhou et ai., 200 lb;Zhou & MacKinnon, 2004).

In summary, permeant ion binding sites in the selectivity filter have distinct

selectivities for K over Na. Selectivity in the filter arises locally as a function of

carbonyl-carbonyl repulsion of ligands coordinating the permeant ion rather than due

to geometrical restraints. Electrostatic repulsion between carbonyl groups influences

ion-binding energetics but lias only littie effect on pore radius indicating that

seÏectivity is a robust feature of a dynamical fluctuating pore.

111-3.4 K Channel Gating

In order to control ion flux across the membrane, ion channels need to be able

to switch between a conducting and a non-conducting state, a process called “gating”.

Tliree gating states are known: “Activation” refers to the channel assuming an ion

conducting, open configuration. During “deactivation”, the channel pore is closed and

the channel does flot conduct. “Inactivation” denotes a non-conducting state in which

the pore is open. Two different kinds of inactivation have been described, C- and N-

type inactivation. C-type inactivation is slow and due to conformational changes of

the outer pore region (Yellen et al., 1994). N-type inactivation occurs rapidly, within

the order of milliseconds. Insertion of the cytoplasmic amphipathic N-terminal chain

of the channel protein itself or from attached Kv3-subunits occludes the cytoplasmic

channel pore. It is important to note that inactivation is a process distinct from

deactivation.

Current knowledge of gating processes is derived from structural data and MD

simulations. This chapter will briefly discuss structural changes involving the

transmembrane helices and the selectivity filter thouglit to underlie channel opening /

closure and C-type inactivation, respectively.

111-3.4.1 Structural Changes during Activation and Deactivation

The primary activation / deactivation gating event responsible for channel

opening or closure occurs by modification of the diameter of the ion conducting pore

near the cytoplasmic membrane (Jiang et al., 2002b; Jiang et aï., 2002c; Kuo et aï.,
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2003; Doyle, 2004; Domene et aÏ., 2005). Structural information about ion channel

gating first came from KcsA. Here, the inner helices are nearly straight, forming a

bundie (“inner lieux bundie”) near the intracellular solution thereby giving the

channel the appearance of an “inverted tepee”. At the inner lieux bundie, which is

formed by hydrophobic amino acids from the inner helices, the pore is as naiow as

3.5 Â, making it impossible for the K-ion to pass (Doyle et aï., 199$). In MthK, the

inner helices are bent at a hinge point (Gly$9) and splayed wide open (12 Â at its

narrowest point, Ala$$), so that the cavity becomes continuous with the cytoplasm

(Jiang et aï., 2002b). This conformation indicates that the inner lieux bundie must be

able to undergo conformational changes, i.e. open and close. This hypothesis is

supported by experimental data showing that thiol-reactive cornpounds and metal

ions applied to the cytoplasm can not access the pore in Shaker channels when the

channel is closed (del Camino et aï., 2000; del Camino & Yellen, 2001). The

structure of the hydrophobic “activation gate” lias been further elaborated in KirBac

(Kuo et al., 2003). Here, four phenylalanine residues (Phe146) form a tight

constriction completely occluding the ion conduction patliway wlien the inner lieux

bundle is closed. Bending of the inner helices occurs at glycine residues in

prokaryotic channels (Doyle, 2004) wliereas in Shaker channels a Pro-X-Pro

sequences corresponding to G1y143 in KirBac serves as the gating hinge (del Camino

et aÏ., 2000; Long et aï., 2005a). Glycine residues are more or less conserved and it is

believed that bending of the inner lielices can occur at various positions or even

several different positions depending on the state of gating (Doyle, 2004). MD

simulations have confirmed gating by movement of the inner helices (Sansom et aï.,

2002; Grottesi et aï., 2005; Domene et aï., 2005).
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111-3.4.2 fitter distortion migltt undertie C-type hiactivation

In 2001, Zhou et al. described that low potassium concentrations cause the

selectivity filter to adopt a non-conducting conformation involving residues Va176

and G1y77 (Zhou et aï., 2001b). As outlined in section 111.3.3, the backbone structure

of the selectivity filter is flexible. Reorientation of tlie Va176-G1y77 peptide link lias

been seen to undergo spontaneous reorientation in MD simulations of KcsA

(Berneche & Roux, 2000; Domene & Sansom, 2003), Kir6.2 (Capener et al., 2003)

and KirBac (Domene et aÏ., 2004), a behaviour that bas been termed “filter

distortion”. In KirBac, the corresponding Val 111 can flip and thereby widen the filter

towards its extracellular end. Ibis distortion functionally closes the channel by

directing the NH groups of Glyl 12 towards the lumen producing an electrostatic

barrier to permeant cations (Domene et al., 2004). Similar observations have been

made in Kir6.2. It was suggested that these distortions underlie “fast” gating in Kir

channels (Lu et al., 2001a; Proks et al., 2001; Bichet et al., 2003) and C-type

inactivation in Kv-channels (Liu et aï., 1996; Starkus et aï., 1997; Kiss et aÏ., 1999;

Berneche & Roux, 2005).

What are the structural changes underlying gating in the selectivity filter? In

KcsA, transition from the stable conducting to the stable non-conducting state takes

place in two steps. First, the backbone carbonyl oxygen of Val76 flips away from the

conduction pathway causing the amide plane Va176—G]y77 to undergo a 180 degree

reorientation, leading to the “intermediate state of marginal stability” (Berneche &

Roux, 2005) similar to Val76—Gly77 interactions initially described by Zhou et al.

(2001). However, Zhou et al saw only a 45 degree reorientation (Zliou et al., 200lb).

This intermediate state is readily reversible since the amide plane can rapidly return

to its original orientation (Berneche & Roux, 2000). As a second step, the amide

group of Thr75 forms a strong hydrogen bond with the carbonyl group of G1u7 1

while the carbonyl oxygen and side chain of Thr75 coordinate the K-ion in site 53.

Ibis ‘iocks” the selectivity filter in a state breaking the fourfold symmetry. The K

ion in site S3 remains well coordinated by seven or eight oxygen ligands, yet loss of

favourable interaction with the Va176 carbonyl creates a large energetic barrier
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preventing translocation of K from [Cavity, S3, S1I to [S4, S2, SOI (Figure 16)

necessary for rapid ion conduction resulting in significant reduction of Ktcurrents as

shown by MD simulations (Berneche & Roux, 2005). literesting1y, the state of

broken symmetry decreases K selectivity over Na (Berneche & Roux, 2005) which

is in accordance with experimental data showing that during C-type inactivation the

channel becomes transiently permeable for Na (Starkus et al., 1997; Starkus et aï.,

2000). The lifetime of the non-conducting state is about 0.14 ms.

What are the structural determinants of Va176—G1y77 reorientation?

Reorientation of Va176 is prohibited by K occupation of site S2 due to its

stabilization by eight carbonyl oxygens and can not occur in more than one subunit at

a time due to large free energy barriers or resulting excessive deformation of the

selectivity filter. The presence of glycine residues in the GYG sequence is imperative

for the transition to occur. Inter-subunit hydrogen bonds involving Tyr7$ and Trp6$

have been implicated in the “molecular spring” mechanism stabilizing the filter

(Doyle et aï., 199$). Even though these interactions are not essential for channel

selectivity (see section 111-3.3) (Noskov et al., 2004), they are involved in channel

gating. When Tyr78 makes strong hydrogen bonds with Trp6$ of an adjacent subunit,

the probability of Va176 and G1y77 reorientation is reduced (Berneche & Roux,

2005). Asp$0 to Arg$9 inter-subunit sait bridges have similar effects (Figure 16).

In summary, the selectivity filter of K channels can undergo a transition

involving Va176—G1y77 and Thr75—Val76 in KcsA resulting in “trapping” of K in

site S3. This turns the filter into a non-conductive state. Occupation of site S2 by K

prohibits reorientation. Va176 reorientation bears many similarities with and might

underlie C-type inactivation in Kv-channels as weÏl as “fast gating” in Kir channels.
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Figure 16: Gating in the selectivity filter of the KcsA K Channel.

For clarity, only two of the four subunits are shown and some side chains are omitted.

The dashed unes highlight the hydrogen bonds stabilizing the selectivity filter. Five

specific cation binding sites, hereafter refelTed to as SO to 54, are disposed along the

narrow pore of the KcsA K channel. The Figures in A and B correspond to the two

main intermediate states that enable fast ion conduction with K in sites Si and 53

(A) and in sites S2 and S4 (B). The latter configuration is enforced by the presence of

a third K-ion in the binding site SO located at the extracellular end of the selectivity

filter. The Figures in C and D illustrate the conformational transition of the selectivity

filter as observed in Bernèche & Roux (2000). The complete transition takes place in

two steps, respectively involving the Va176-G1y77 (C) and Thr75-Va176 (D) amide

planes in one of the four monomers. C: In a first step, the carbonyl group of Va176

points away from the pore (indicated by an arrow). D: In a second step, the carbonyl
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and side chain hydroxyl group (indicated by an arrow) of Thr75 closely coordinate

the ion in S3, whule the amide group forrns a strong hydrogen bond with the carbonyl

group of G1u7 1 (dashed une). Reproduced from Bernèche & Roux (2005).



CHAPTER IV: VOLTAGE-GATED

POTASSIUM CHANNELS

69



70

IV-1 The Detayed Rectifier Current ‘K

The delayed rectifier cuiTent ‘K is mainly responsible for late phase 2 and

phase 3 repolarization 0f the cardiac action potential (Apkon & Nerbonne, 1991;

Tseng, 2001; Kurokawa et aÏ., 2001). It was first described in 1969 by Noble and

Tsien (Noble & Tsien, 1969). In 1993, Wang, Fermini and Nattel demonstrated ‘K jfl

myocytes isolated from human atrium (Wang et al., 1993b). Studies conducted in

myocytes isolated from the ventricles of guinea pigs showed that ‘K consists of two

components ‘Kr and ‘Ks with distinct biophysical and pharmacological properties. One

year later, Sanguinetti and Jurkiewizc identified both ‘Kr and ‘Ks in guinea pig atrium

(Sanguinetti & Jurkiewicz, 1991) and in 1994, Wang et al. described ‘Kr and ‘Ks in

human atrium (Wang et al., 1994b). An ultra-rapidly activating delayed-rectifier

current was identified by Wang and colleagues in human atrium and designated ‘Kur

(Wang et aï., 1993c). Since ‘Kur is not found in human ventricle it is an interesting

target for pharmacotherapy of atrial arrhythmias sucli as atrial fibrillation.

IV-1.1 Biophysical Properties

‘Kr activates rapidly at membrane potential of -40 to -30 mV and plateaus at

voltages between +20 to +30 mV (Tseng, 2001). Its half activation voltage V112 is -14

mV (Wang et al., 1994b). Outward ‘Kr current peaks at around 0-10 mV and displays

inward rectification at potentials positive to +10 mV due to rapid inactivation that

occurs at a faster rate than current activation (Tseng, 2001). When the membrane

potential falls below O mV, ‘Ki recovers from inactivation and further repolarizes the

ceil membrane during phase 3 of the cardiac AP. Kinetics of ‘Ki activation and

deactivation differ between species (Tseng & Hoffman, 1989) and cardiac regions

(Gintant, 2000), possibly due to different channel subunit compositions or regionally

distinct intrinsic Œ-subunit gating properties (London et aï., 1997; Lees-MilIer et al.,

1997; Abbott et aÏ., 1999).

‘Ks activates slowly at potentials positive to O mV, lias a linear current-voltage

relationship and displays rapid current deactivation properties (Gintant, 1996; Wang
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et aï., 1994b). In human atrial myocytes, its haif activation voltage V112 averages

+ 19.9 mV (Wang et al., 1994b).

‘Kur activates near -30 mV and lias a haif-activation voltage of -4.3 mV.

Activation is very rapid, about two orders of magnitude faster than tlie rapid

component of the delayed rectifier K current and displays temperature-dependent

activation kinetics. The fully activated current-voltage relation shows outward

rectification. Inactivation is limited. Selective inhibition of ‘Kur prolongs APD in

human atrial myocytes by 66 ± 11% (Wang et al., 1993c).

IV-1.2. Pharmacology

‘Kr is selectively inhibited by methanesulfonanilides sucli as E4031 and

Dofetilide (Spector et aï., 1996; Carmeliet, 1992). A wide variety of other therapeutic

substances including antiarrhytlimic drugs of various categories (Numaguchi et aï.,

2000; Zhang et al., 1999; Walker et al., 2000; Buscli et al., 1998), prokinetic drugs

(Mohammad et al., 1997), antihistaminic agents (Suessbrich et aï., 1996; Zhou et al.,

1999), or antibiotics (Abbott et al., 1999), and psychoactive drugs such as fluoxetine

(Thomas et al., 2002) and haloperidol (Suessbrich et aï., 1997) block ‘Kr in a non

specific fashion, causing acquired long QT-syndrome possibly leading to potentially

fatal cardiac arrliythmias.

‘Ks is E-4031 resistant and selectively blocked by Chromanol 293B (Buscli et

aï., 1996) and L-735821 (Propenamide) (Cordeiro et al., 1998) in a frequency

independent manner (Varro et ai., 2000).

‘Kur is highly sensitive to 4-AP and Quinidine and is resistant to TEA, DTX,

Ba2 and atropine (Wang et al., 1995). In rabbit atrium, a depolarisation induced ‘Kur

is carried by C1 ions and is inhibited by the Cf-transport blocker DDS (Duan et aï.,

1992). In human myocytes, ‘Kur is a K selective cuiTent that is insensitive to DJDS.

Selective inhibition of ‘Kur by 50 jiM 4-AP causes a prolongation of atrial APD

without affecting AP morphology (Wang et al., 1993c).
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IV-1.3 Functional relevance of ‘K

IV-1.3.1 Rote of Cardiac ‘K

Regional variation of ‘K in the heart is well recognized. In the SAN,

deactivation of ‘K contributes to diastolic depolarization (Zhang et aï., 2000;

DiFrancesco, 1993; frisawa et al., 1993). In rabbits, a smaller ‘Kr component is found

in central SAN ceils compared with peripheral ceils possibly contributing to a more

positive membrane potential and longer APD (Lei et aï., 2001). Atrial ‘K consists of

both ‘Kr and ‘Ks (Sanguinetti & Jurkiewicz, 1991; Yue et al., 1996b; Wang et aï.,

1994b). ‘Kr density in the LA free-wall is higher than in the RA accounting for shorter

LA APDs and ERPs (Li et al., 2001). ‘Kur lias been described in atrial myocytes of

various species (Boyle & Nerbonne, 1991; Bou-Abboud et aï., 2000; Wang et aï.,

1993c; Yue et aï., 1996a) and is absent in the ventricles of hurnans and dogs (Li et aï.,

1996;Yue et al., 2000).

In the AVN, ‘Kr predominates over ‘Ks (Sato et aï., 2000). In AV nodal cells,

‘Kr activation contributes to repolarization and deactivation of ‘K, which is faster in

the AVN than in the ventricle (Howarth et aï., 1996), contributes to diastolic

depolarization (Hancox & Mitcheson, 1997).

In Purkinje ceils, ‘Kr 5 similar to atrial and ventricular IKr (Han et al., 2000).

In ventricular myocytes, a larger epicardial ‘Kr (Bryant et al., 199$; Main et al.,

1998), contributes to shorter APD in epicardial myocytes (Litovsky & Antzelevitch,

1988). Midmyocardial (M-) cells have larger ‘Kr (Bryant et aï., 1998) than endocardial

cel]s and smaller ‘Ks than epi- and endocardial celis contributing to longer M-cell

APD (Liu & Antzelevitch, 1995; Gintant, 1995). ‘Ks is larger in RV M-cells, possibly

explaining their shorter APD cornpared to LV M-cells (Volders et aï., 1999). Even

though ‘Kr appears to be larger in apical myocytes, smaller apical ‘Ks might contribute

to longer APD in apical myocytes (Cheng et aï., 1999).

Blockade of ‘K lengthens cardiac APD (Singh & Vaughan Williams, 1970;

Strauss et al., 1970; Jurkiewicz & Sanguinetti, 1993) exerting an antiarrhythmic

effect by increasing refractory wavelength. ‘Kr block occurs in a reverse use

dependent fashion (Hondeghem & Snyders, 1990), limiting its therapeutic usefulness.
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At faster heart rates, when I. block is desired to prolong APD and break the

tachycardia, block of ‘Kr is small. Conversely, at slow heart rates block is high and

APD is greatly prolonged, predisposing to early afterdepolarizations (EADs),

potentially triggering torsade de pointe ventricular arrhythmias in the His-Purkinje

system tEl Sherif et aÏ., 1996; Asano et aÏ., 1997).

Selective block of ‘Ks occurs in a frequency independent manner (Varro et aï.,

2000). Contradictory findings on the effect of selective ‘Ks blockade on APD have

been published. Whereas application of Chromanol 293B and L-735821 increased

APD in human and guinea pig ventricular rnyocytes (Bosch et aï., 199$) and rabbit

PC (Cordeiro et aï., 199$), other authors found that Chromanol 293B only slightly

lengthened APD in guinea pig right papillary muscle (Schreieck et aï., 1997) or dog

PC and ventricular muscle (Varro et aï., 2000). Differences observed have been

expiained by differences in ‘Ks expression and current avaiÏability due to its activation

at relatively positive membrane potentials and fast deactivation kinetics (Varro et aï.,

2000). Recordings of ‘Ks during test pulses mimicking action potentials resulted in

outward currents with less than one tenth of the magnitude of ‘Kr throughout ail

phases of the AP-like test pulse. However, when APD was lengthened by application

of E-4031 and the sodium channei agonist veratrine, selective block of ‘Ks markedly

increased APD (Varro et al., 2000). These results suggest that under physiological

conditions ‘Ks plays a little i-ole in AP repolarization due to its slow activation

kinetics. When APD becomes longer, ‘Ks bas more time to activate and its amplitude

and thus contribution to repolarization increases. In accordance with the lack of APD

prolongation under physiological conditions, Chromanol 293B did not increase QTc

in anaesthetized dogs (Varro et al., 2000).

In summary, regional differences in ventricular ‘K current density may play an

important role in the pathogenesis of ventricular fibrillation (Choi et aï., 2001). ‘Kr 5

the main repolarizing cuiTent of the cardiac action potential. ‘Ks appears to play littie

role in cardiac repoiarization under normal conditions but limits excessive APD

lengthening when repolarization is abnormally lengthened thus providing an

important safety mechanism (VaITo et aï., 2000). The effect of ‘Ks block in the

presence of sympathetic stimulation on APD is controversial (Vanoli et aï., 1995;
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Schreieck et aI., 1997; Varro et al., 2000). In humans and dogs, I contrïbutes solely

to atrial repolarization, making it an interesting target for antiarrhythmic therapy of

supraventricular arrhythmias without the ri sk of ventricul ar pro-arrhymia

IV-1.3.2 Rote oJIK-tike Currents in Endothetial Cetts

Endothelial ceils are non-excitable and changes in membrane potential in

these celis are slow and small, suggesting littie role in voltage-dependent currents in

ECs. Hogg et al. (1999) found a voltage-dependent cuiTent in rat pulmonary artery

ECs. This current activated at -37 mV and exhibited tirne-dependent activation and

little inactivation. It was highly sensitive to 4-AP but insensitive to TEA.

Immunohistochemical staining revealed extensive expression of Kvl.5 protein in rat

pulmonary artery endothelium (Hogg et aÏ., 1999). Thus, ‘Kut might play a foie in

control of the resting potential in these ceils.

A 10 mM TEA sensitive non-inactivating delayed rectifier current was found

in 60% of freshly isolated human capillary endothelial celis (UCEC). However, no

detailed analysis of biophysical or pharmacological properties was performed. The

molecular basis of this current was flot investigated (Jow et al., 1999).

In summary, delayed rectifier currents have been deinonstrated in endothelial

celis. However, their physiological significance is not clear. It was suggested that

depolarization activated Ktcurrents may play a role in membrane potential

oscillations of endothelial ceils (Dittrich & Daut, 1999)

Genes, nomenclature and tissue distribution of voltage-gated K (Kv) channel

fL- and 13-subunits are summarized in Table II.

IV-LA Molecular Basis of ‘K

IV-].4.1 MinK and KvLOTJ undertie I

A structurally unusual K channel was cloned from rat kidney and designated

lsK or minK (for minimal K channel) (Takumi et aÏ., 1988; Murai et aÏ., 1989).

Surprisingly, minK was found to consist of only one transmembrane segment. The

functional role of minK was controversial for a long time. Many authors believed that
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despite its unusual structure, minK was acting as a channel by itself. This view

changed in 1996 when the laboratories of Mark Keating and George Romey showed

in a back to back publication in Nature that minK co-assembles with the voltage

gated channel subunit KvLQT1 (KCNQ1) to form the slow component of the cardiac

inward-rectifier current ‘Ks. Expression of KvLQTÏ cDNA in CHO celis produces a

srnall, rapidly activating outwardly rectifying current. Co-expression with minK

increases current size and slows down activation kinetics tenfold (Sanguinetti et al.,

1996; Barhanin et aÏ., 1996). Inherited mutations of rninK are associated with long

QT syndrome and the Jerveli-Lange Nie]sen syndrome, possibly through decreased

‘Ks caused by mutant minK subunits (Sesti & Goldstein, 199$). It is now firmly

established that rninK does not form functional channels but acts as a f3-subunit to

modulate properties of the delayed outward rectifier current ‘Ks•

IV-1.4.2 HERG and M1RP: The Mo]ecular Basis of IKr?

In 1991, Warmke and colleagues cloned a new subgroup of voltage gated K

channels from the Drosophila “ether-à-go-go” (eag) locus (Warmke et aÏ., 1991).

Expression of eag in Xenopus oocytes resulted in cAMP rnodulated K and Ca2

permeable channels (Bruggemann et aÏ., 1993). Subsequently, homologues of eag

were cloned from rat brain (r-eag, Ludwig et al. (1994)) and mouse chromosome 17

(Hoglund et aÏ., 1992). A human eag related gene was discovered by screening a

human hippocampus cDNA library (Warmke & Ganetzky, 1994) and was designated

HERG (for “human ether-related gene). HERG is predominantly expressed in human

heart and mutations in this gene underlie the long QT syndrome type 2 (LQT2)

(Curran et aÏ., 1995).

McDonald and colleagues demonstrated that minK can upregulate current

density of ‘Kr through assembly with HERG without changing kinetics (McDonald et

aÏ., 1997). A subunit similar to minK was discovered in 1999 by Abbott and

colleagues and designated minK related peptide 1 (MiRPI) (Abbott et aÏ., 1999).

Mutations in MiRPI are linked to dysfunction of ‘Kr causing a congenital long-QT

syndrome (LQT6). Co-expression of MiRPÏ with HERG resulted in currents with

properties more similar to ‘Kr than when HERG alone was expressed (Abbott et al.,
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1999). This led to the assumption that HERG co-assembles with MiRP1 to form Iy.

However, effects of MiRP on HERG differ when different expression systems are

used (Abbott et aï., 1999; Mazhari et al., 2001) challenging the notion of a

MiRP/HERG complex as molecular basis of ‘Kr (Weerapura et aÏ., 2002) and leaving

the role of MiRPI in the heart unclear (Pourrier et aï., 2003a) until today

(Anantharam & Abbott, 2005).

IV-1.4.3 Molecular Basis of Physiological Function in the Heart

KvLQT1, rninK and ERG transcripts are present in atrium (Brahmajothi et aï.,

1997a; Pond et aï., 2000) consistent with the presence of both ‘Kt and ‘Ks (Sanguinetti

& Jurkiewicz, 1991; Yue et aï., 1996b; Wang et aï., 1994b). ERG protein levels in

dogs are Jarger in the LA (Li et al., 2001). Kvl.2/Kvl.5 currents have been recorded

from rat atrium (Bou-Abboud & Nerbonne, 1999) and antisense directed against

Kvl.5 inhibits ‘Kur in human atrium (Feng et aï., 1997). In dogs, Kv3.1 encodes ‘Kur

and is present in atrium but undetectable in ventricle, just like the corresponding

current (Yue et al., 2000). Both ERG and KvLQT1 RNA and protein are expressed.

In ventricular myocytes, ERG protein expression is stronger in the epicardium

than in the endocardium (Brahmajothi et aï., 1997b) possible explaining a larger

epicardial ‘Kr (Bryant et aï., 199$; Main et al., 199$). ERG mRNA in canine ventricle

is 1.5-fold more abundant than Kv4.3 consistent with its predominant role in

ventricular repolarization (Wymore et al., 1997). MinK mRNA levels in hurnans are

similar in epi-, mid- and endocardial tissues. A dominant negative KvLQT is more

strongly expressed in rnidmyocardial ceils potentially accounting for lower M-cell ‘Ks

(Pereon et al., 2000).

IV-1.4.4 Role of IK-like Currents in the Central Nervous System

Mutations in Drosophula eag cause repetitive firing and enhanced transmitter

release in motor neurons (Ganetzky & Wu, 1983; Wu et ai., 1983). Even though

HERG is predorninantly expressed in the heart, it was initially cloned from a human

hippocampal celI line (Warmke & Ganetzky, 1994), suggesting potential functional

importance in the control of neuronal excitability. In drosophila, ERG-type channels
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sharing 71 % hornology with HERG are expressed throughout the CNS of embryonic

Drosophila (Titus et aI., 1997). Lesions in the ERG-coding sequence are associated

with temperature-sensitive paralysis due to spontaneous increase in neuronal activity

of flight motoneurons (Wang et aÏ., 1997). However, no such role lias been described

so far in mammals (Ganetzky et aÏ., 1999) and the functional role of HERG in the

CNS of mammals is unclear.

Mutations in KvLQT1 are associated with Jerveil and Lange-Nielsen

syndrome, an autosomal recessive syndrome with bilateral deafness and QT interval

prolongation, and Romano Ward syndrome (Jentsch, 2000). KvLQTY is not

expressed in the CNS and consequently does not have a functional role in the CNS

(Jentsch, 2000).
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IV-2 The Transient Outward Current ‘to

A transient outward current was first described in neurons and designated A-

type current (Hagiwara et al., 1961). In the heart, it was first described in 1964 in

sheep Purkinje ceils and thought to be a chloride current (Deck & Trautwein, 1964).

Subsequent studies showed that ‘to consisted of two components, a Ca2 independent

4-AP sensitive K current ‘tçi and a Ca2 sensitive, 4-AP insensitive Ci current. ‘to2 S

a short, Ca2tinsensitive C1 current that activates siower but inactivates faster than

‘toi• It is inhibited by caffeine, Co2 or a previous transient outward current. Caffeine,

isoproterenol or increased Ca2 concentrations increase ‘to2 suggesting its

physiological activation by increased Ca2 release from the sarcoplasmatic reticulum.

In rabbit ventricular myocytes, both ‘toi and ‘to2 activate at potentials between -30 and

-20 mV (Fermini et aÏ., 1992). At the same test potential, ‘toi is larger and activates

faster than ‘to2• For the purpose of simplification, the term I will be used to refer to

‘toi from now on and there will be no further mentioning of ‘to2.

‘to was demonstrated in various species, including humans (Escande et aï.,

1987; Coraboeuf & Carmeliet, 1982; Salkoff, 1983; Tseng & Hoffman, 1989;

Hiraoka & Kawano, 1989) and is present in various cardiac regions including the

atria (Clark et aÏ., 1988), the AV-node (Nakayama & Irisawa, 1985), the crista

terminalis (Giles & van Ginneken, 1985), Purkinje cells (Kenyon & Gibbons, 1979)

and the ventricles (Giles & Imaizumi, 1988; Josephson et aÏ., 1984).

IV-2.1 Pharmacology and Biophysical Properties

‘to is a K selective current and is sensitive to 4-AP, flecainide, quinidine and

Ba2 (Fermini et aÏ., 1992; Yeola & Snyders, 1997; Himmel et aï., 1999) as well as to

various toxins such as heteropodatoxins (Xu et al., 1999a; Sanguinetti et aÏ., 1997;

Brahmajothi et aÏ., 1999), hanatoxin (Himmel et al., 1999; Swartz & MacKinnon,

1997) phrixotoxins (Diochot et al., 1999) and Tarantula toxins (Escoubas et aï.,

2002). Native cardiac J has been stratified into ‘to.f and (fast and slow) according

to their rate of inactivation (Nerbonne, 2000). Activation of both types is very rapid

(ta 2-10 ms) but rates of inactivation and recovery from inactivation are differing
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(tilto.f — 25-80 ms and — 80-200 ms; treclto,f 25-$0 ms and treclto.s 1-2 s) (Oudit

et aï., 2001; Nabauer et aÏ., 1996). ‘10 human (Han et al., 2001b) and canine (Han et

aï., 2000) PCs display unique properties including sensitivity to 10 mM TEA and

sensitivity to 4-AP which is about one order of magnitude greater than in ventricular

myocytes and slower reactivation.

IV-2.2 functional Role of A-type Currents

IV-2.2.1 Rote of cardiac I,

‘to is primarily responsible for early repolarization of atrial and ventricular

APs (Oudit et aï., 2004). Therefore, it affects L-type Ca2 current magnitude thus

indirectly modulating excitation-contraction coupling, myocardial contractility and

repolarization. Because of interactions with delayed-rectifier K- and L-type Ca2-

current (Courtemanche et aï., 199$; Greenstein et aÏ., 2000), ‘10 can have differential

consequences on APD (Oudit et aÏ., 2001). for example, inhibition of in dogs

resuits in a shortening of the cardiac AP (Litovsky & Antzelevitch, 1988) whereas

selective inhibition of ‘to in rodents resuits in APD prolongation and can cause EADs

(Shimoni et aÏ., 1992; Barry et aï., 1998; Xu et aï., 1999b; Guo et aÏ., 2000).

Complete loss of ventricular 110 is associated with susceptibility to ventricular

tachycardia (Kuo et aï., 2001). Heterogeneity of density is believed to contribute to

regional AP variability (Oudit et aÏ., 2001) resuiting in more synchronous

repolarization (Antzelevitch et aï., 1991) and contributing to regional modulation of

contractility (Volk et aï., 1999).

110 current density varies among different regions of the heart as well as among

species. The general pattern observed is that density is generally high in regions

with longer APD such as the septum, left ventricular endocardium and apex of the

heart, while I,t- is favoured in epicardial regions, the right ventric]e and the base of

the heart (Oudit et aï., 2001). Rabbits preferentially express I in both atrium and

ventricle (Giles & Imaizumi, 1988; fedida & Giles, 1991; Wang et aï., 1999) whule

most other species express predominantly ‘io.t (Barry & Nerbonne, 1996; Nerbonne,

2000).
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‘to is absent in the SAN (Guo et aI., 1997). In the atrium, regional expression

differences might possibly contribute to the short plateau phase, relatively slow phase

3 repolarization and AP heterogeneity (Schram et aï., 2002b). Littie is known about

the functional role of in AVN but targeted deletion of the gene encoding ‘to,f in

mice causes AV block (Guo et aÏ., 2000). Purkinje ceil ‘to in humans (Han et aï.,

2001b) and dogs (Han et al., 2000) shows striking differences compared to

ventricular ‘to including sensitivity to TEA, a 9-fold greater sensitivity to 4-AP and

slower reactivation compatible with Kv3.4 potentially encoding PC ‘to (Han et al.,

200 la).

In the ventricles, peak density is higher in the RV than in the LV (Di Diego

et aÏ., 1996) and larger in epicardium than endocardium (Liu et al., 1993; Furukawa

et aÏ., 1990; Fedida & Giles, 1991; Wettwer et al., 1994). Larger epicardial It

underlies the prominent spike and dome configuration of the epicardial AP (Figure 5)

(Sicouri & Antzelevitch, 1991). In humans, epicardial ‘to shows faster recovery from

inactivation than endocardial (Nabauer et aï., 1996). Although it is believed that ‘to

does not contribute to specific M-cell properties (Antzelevitch et al., 1991), it can flot

be excluded that in addition to a larger RV ‘Ks, ‘to might contribute to shorter RV M

ceil APDs (Volders et al., 1999).

In summary, ‘to is of crucial importance for early repolarization of atrial and

ventricular APs. expression shows great regional variability and properties differ

between species. Loss of ventricular ‘to might cause potentially life threatening

tachycardia.

IV-2.2.2 Rote ofA-Type Currents in Endothetiat Ceits

A depolarization activated outward current with characteristics of a transient

outward (A-type) current in endothelial celis was first described by Takeda et al. in

cultured BAECs (Takeda et al., 1987). This current was seen in about 30% of the

ceils, activated near -10 mV, was inactivated by depolarizing prepulses and blocked

by 5 mM 4-AP. In human capillary endothe]ial ceils (HCECs) cultured in conditioned

media, a 3 mM 4-AP sensitive transient outward current was observed in 24.7% of

the ceils. This current was fully inactivated at a membrane potential of -20 mV. Mean
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steady state haif activation (V112) occurred at +12.0±1.8 mV and V112 of inactivation

was -40.0±1.6 mV (Jow et aÏ., 1999). In rabbit corneal epithelium, 94% of the celis

contained a 4-AP and quinidine sensitive, rapidly activating A-type current with V112

of activation +3.5 rnV and V,2 of inactivation of -42 mV (Watsky et al., 1992). A-

type culTents were also observed in bovine pulmonary artery endothelial ceils (Silver

& DeCoursey, 1990).

In summary, A-type currents have been detected in endothelial tissue ceils.

Their presence suggests a role in regulation of EC celi function by repolarization of

depolarized membrane potentials. However, endothelial ceils undergo profound

changes in metabolism and electrical properties during culture (Tracey & Peach,

1992; Nilius & Droogmans, 2001) and studies examining a functional role of these

currents in freshly isolated ECs are lacking. Thus, the physiological relevance of

voltage-gated channels in ECs remains yet to be determined. As previously stated,

depolarization activated K-currents may play a role in membrane potential

oscillations of endothelial cells (Dittrich & Daut, 1999).

IV-2.3 Molecular Basis of A-type currents

IV-2.3. 1 Transmembraize Alpita-subunits

Up to date, nulle families of Kv channels are known (Table II, Figure 7).

Whereas channels belonging to Kvl—Kv4 subfamilies conduct ionic current, Kv5—

Kv9 subfamily members are have regulatory function and do not conduct current by

thernselves. The IUPHAR proposed in its most recent update on K channel

nomenclature to include eag and KCNH related K channels in the Kv nomencÏature

and categorized KCNH, eag, erg and Elk related K channels in the Kv7, Kv 10, Kvl 1

and Kv12 subfamilies, respectively (Gutman et al., 2003).

Four Œ-subunits co-assemble to form a functional ion channel (MacKinnon,

1991). A channel protein consisting of four identical subunits is called a

homotetramer. If subunits are different the channel is termed a heterotetramer.

Formation of heterotetrameric channels is an important way to adjust ion channel

function to physiological requirernents. Aipha-subunit co-assembly arnong voltage
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gated channels is limited to the channel subfamily (i.e. Kvl channels will only co

assemble with Kvl channels, Kv2 only with Kv2 and so on), a property conferred by

the N-terminus (Isacoff et aÏ., 1990). Kv Œ-subunits Kv5 - Kv9 are the exception to

the rule. As mentioned above, these channels remain suent when heterologously

expressed but co-assemble with and modulate the properties of Kv2 and Kv3 subunits

(Hugnot et al., 1996; Stocker et aÏ., 1999). Co-assembly of Kvl-Kv4 channels is

coordinated by the N-terminal Ti domain (Papazian, 1999; Kreusch et aï., 199$;

Gulbis et aÏ., 2000). The “turret” (the external lieux between segment S5 and the P

helix) serves as a binding site for toxins and several K channel blockers such as

charybdotoxin (Goldstein & Miller, 1993; MacKinnon & Miller, 198$) and TEA

(Pascual et aï., 1995). In addition to external block at the turret, cytosolic application

of TEA blocks the channel in the central cavity (Lopez et aï., 1994; Shieh & Kirsch,

1994). lnterestingly, tarantula toxin binds to the 54 segment and inhibits channel

function by inhibition of S4 movement within the membrane without affecting the

pore (Ruta & MacKinnon, 2004).

IV-2.3.2 Auxiliary Subuitits

Auxiliary beta-subunits modulate biophysical and pharmacologic properties of

associated a-subunits and regulate Œ-subunit trafficking and tissue distribution of ion

channels. Interaction between Œ- and f3-subunits can be dynamic and/or can be

modulated by other cytoskeletal proteins (Pourrier et aï., 2003a) such as KvJ3 subunits

(Kuryshev et aÏ., 2001).

IV-2.3.2. 1 Kvfl-Subuizits

Kvf3 subunits are cytoplasmatic subunits that associate with the TI domain of

Kvl and Kv2 channels (Gulbis et aï., 2000). KvF31 and 2 were cloned from rat brain

in 1994 and confer channel inactivation to Kvl channels (Rettig et al., 1994;

Majumder et aï., 1995). Three different f3-subunits, Kv131-3, arise through alternative

splicing of the Kv131 gene (England et aï., 1995). These subunits regulate inactivation

as well as channel maturation and celi surface localization (5h et aï., 1996). A fourth

subunit, Kv134, increases functional expression of Kv2 subunits and is not expressed

in the heart (Fink et cil., 1996b).
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IV-2.3.2.2 K citannet Interacting Proteiit (‘KChIP,)

KChWs are cytoplasmatic proteins with a C-terminal domain containing 4 EF

hand like Ca2 binding domains (An et aï., 2000). They are encoded by at least four

genes, KChTP1-4, and consist of a conserved core region and a variable N-terminal

peptide (An et aï., 2000). Ail four KChIP genes are widely expressed in the brain,

whereas only KChIP2 mRNA is abundant in the heart (An et aï., 2000; Rosati et al.,

2001). At least three isoforms of KChW2 encoding 220, 252 and 270 amino acid

proteins sharing 70% homology are expressed in the heart (An et aï., 2000; Bahring

et al., 2001; Rosati et aï., 2001; Ohya et aï., 2001; Decher et al., 2001; Deschenes et

aÏ., 2002). KChIP effects are specific for Kir4 subunits. The first 40 N-terminal

amino acids of Kv-channels interact with KChIPs (An et al., 2000; Bahring et aï.,

2001). The crystai structure of the core domain of KChW1 in complex with the N-

terminus of Kv4.2 shows a clam-shaped dimeric assembly. The major interface

between theses two proteins is formed by the N-terminal end of the Œ-helix of Kv4.2

and the C-terminal Œ-helix of KChIP. A pair of these heiices is deeply buried in a

hydrophobic groove between two shells in an anti-parallel fashion, and is crucial for

stabiiity of the dimer. Hydrophobic interactions are essential for KChIP mediated

modulation of Kv-channeis (Zhou et al., 2004).

In heterologous systems, KChW increases Kv4.2 current density, shifts

inactivation V112 to more positive potentials, slows inactivation and accelerates

recovery from inactivation (An et aï., 2000). Similar effects on Kv4.3 subunits have

been described (Bahring et aÏ., 2001; Decher et al., 2001; Deschenes et aï., 2002).

Association of with Kv4.2 and Kv4.3 subunits might contribute to regulation of the

transient outward current I0(Deschenes et al., 2002; Rosati et aï., 2001).

IV-2.3.2.3 K channet Associated Peptide ‘KC1tAP,)

The cytoplasmatic K channel accessory subunit, KChAP, was cloned in 199$

(Wible et al., i998). It belongs to the family of transcription factor binding proteins

and increases Kvl.3/2.i/2.214.3 subunit current density without any effect on current

kinetics and gating. Although KChAP interacts with the N-termini of Kvi channels it

only affects Kv 1.3 current expression. Other than KvF3 subunits that form stable
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KvŒ/f3 heteromultirners, KChAP interacts only transiently with Kv Œ-subunits (Wible

et al., 199$; Kuryshev et al., 2000). Effects of KChAPs may be indirectly regulated

by an interaction with Kv13 subunits (Kuryshev et al., 2001).

IV-2.3.2.4 Mu,zK Related Peptide (MiRP)

Association between MiRP2 and Kv3.4 in skeletal muscle affects unitary

conductance, voltage-dependent activation, recovery from inactivation and steady

state open probability. A missense mutation in MiRP2 is associated with periodic

paralysis (Abbott et aÏ., 2001). Association of MiRPÏ with Kv4.3 increases Kv4.3

current density and affects gating kinetics. The physiological significance of this

finding is uncertain (Deschenes & Tomaselli, 2002). MiRP1 might have a role in

native ‘to, particularly in Purkinje fibres where mRNA expression is high (Pourrier et

aï., 2003b).

IV-2.3.2.5 MinK

MinK modulates Kv4.3 currents in HEK93 celis. Co-expression of minK and

Kv4.3 increases Kv4.3 current and slows its activation, inactivation and recovery

from inactivatïon without affecting voltage-dependence of inactivation (Desclienes &

Tomaselli, 2002). The physiological significance of these resuits is unclear.

IV-2.3.3 Molecular Basis of Cardiac ‘to Heterogeneity

Principal subunits encoding Jt include Kv 1.4, Kv4.2 and Kv4.3 (Nerbonne,

2000). Kvl.4 is the predominant subunit in rabbit atrium (Wang et aÏ., 1999)

consistent with high density (Giles & Imaizurni, 198$; fedida & Giles, 1991;

Wang et aÏ., 1999). Kv 1.4 protein is almost undetectable in rat atrium and ventricle

(Barry et ai., 1995) and Kv4.3 protein is selectively expressed in human atrium

(Wang et aÏ., 1999) accounting for high ‘to,f current density (Barry & Nerbonne, 1996;

Nerbonne, 2000).

Little is known about the functional role of 110 in AVN but targeted deletion of

the Kvl.4 and Kv4.3 in mice causes AV block (Guo et aï., 2000).
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Ventricular ‘to is predominantly encoded by Kv4.2 and Kv4.3 (Barry et aï.,

1995; Wickenden et ai., 1999; Fiset et aï., 1997; Yeola & Snyders, 1997). In rats, the

gradient in density in the LV wall correlates with Kv4.2 rnRNA expression (Dixon

& McKinnon, 1994) whereas the transmural gradient in felTets is due to stronger

endocardial expression of Kv 1.4 versus epicardial predominance of Kv4.2 and Kv4.3

mRNA expression (Dixon et aÏ., 1996; Kaab et aÏ., 1998). In dogs and humans,

ventricular 1(0 is entirely encoded by Kv4.3 (Dixon et cii., 1996; Kaab et aÏ., 1998;

Zhu et aï., 1999b). Higher protein expression of the regulatory subunit KChW in

epicardial ceils is thouglit to underlie the transmural ‘10 gradient (Rosati et aï., 2001).

Kv 1.4 is thought to encode in rodents whereas ‘lof is encoded by Kv4.2 and Kv4.3

(Guo et aï., 1999). Kv4.1 mRNA expression is very low suggesting limited relevance

to native ‘to (Dixon & McKinnon, 1994). The functional importance of KChW for ‘to

lias been demonstrated by elimination of ‘to in a KChIP knockout model in mice (Kuo

et aï., 2001). KChAP may be a chaperone for Kv-channels that form ‘to (Wible et aï.,

1998) and modulate regulation by Kvf3-subunits (Kuryshev et ai., 2001).

In summary, Kv 1.4 subunits are believed to underlie ‘to,s in rodents, whereas

Kv4.2 and Kv4.3 conduct ‘to.f. Heterogeneity of 110 expression miglit be caused by

differential Kv subunit and/or KChIP expression and is believed to contribute to

regional modulation of contractility.

IV-2.3.4 Molecular Basis of A-Type Currents in the CNS

Electrical signalling in the CNS is largely determined by the action of voltage

gated ion cliannels (Trimmer & Rhodes, 2004). Kv subunits are widely expressed in

the CNS.

The three most abundant Kvl subunits in the CNS, Kvl.1, Kvl.2 and Kvl.4

are predominantly expressed on axons and nerve terminais and often forrn

heteromeric channel complexes. Heteromeric Kvl.1/Kvl.4 complexes are expressed

in the globus pallidus and pars reticulata of the substantia nigra (Rhodes et aÏ., 1997;

Sheng et aÏ., 1992) whereas Kvl.l/Kvl.2 complexes localize in the cerebellar basket

cell terminals (McNamara et aï., 1993; McNarnara et aï., 1996; Wang et cil., 1994a)

and the juxtaparanodal membrane adjacent to nodes of Ranvier (Wang et ai., 1993a).
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Kvl.1, Kvl.2 and Kvl.4 expression in the hippocampus displays complex

heterogeneity of subunit association (Trimmer & Rhodes, 2004). Kvl.l, Kvl.2 and

Kvl.4 proteins are also highly abundant along axons and in the preterminal axonai

membrane (Cooper et al., 1998; Wang et al., 1993a; Wang et aï., 1994a) suggesting a

key role in regulation of nerve terminal depolarization and neurotransmitter release

(Trimmer & Rhodes, 2004). In hippocampal mossy fibre terminais, complexes of

Kvl.1/Kvl.4 and KvF31 are thought to underlie a DTX- and TEA Kv-channel

conductance regulating frequency-dependent spike broadening, which controls the

extent and duration of neurotransmitter release as a function of AP frequency (Geiger

& Jonas, 2000; Bischofberger et aÏ., 2002). In cerebellar large basket cells, DTX

sensitive Kvl channels underlie the low-threshold Kv current, which modulates

GABA release from basket celi terminais (Southan & Robertson, 1998; Southan &

Robertson, 2000). Kvl.3, Kvl.5 and Kvl.6 protein expression in the mammalian

brain is lower. Kvl.3 is predominantly expressed in the cerebellar cortex where it

might form heteromeric channel complexes with Kvl.1 (Rhodes et al., 1997).

Expression of Kv 1.5 protein may be restricted to guai cells (Khanna et aÏ., 2001;

Chittajallu et al., 2002) and overall expression in the CNS is low (Feux et ai., 1999).

Kvl.6 is expressed throughout the brain on principal celI dendrites and found

predominantly in interneurons (Rhodes et al., 1997). Kvl.7 is not expressed in the

brain. Missense mutations of Kvl.1 causing episodic ataxia type 1 (EAÏ) were first

described by Browne et aï. (1994). EAÏ is an autosomal dominant disorder in which

cerebellar incoordination is triggered by exertion, stress or startie. Phenotypes vary

and can include epilepsy, infantile contractions and isolated myotonia. Meanwhile a

great variety of Kvl.1 mutations underlying EAÏ bas been described. Failure of

motor axon repolarization might cause neuromyotonia. Since Kv 1.1 is present in both

Purkinje celis and axons of cerebellar basket celis (which inhibit Purkinje cells) it is

not clear whether ataxia is due to increased or decreased output from the cerebellar

cortex (Kullmann, 2002). Kv 1.1 knockout mice suffer from seizures and shaking

attacks at low temperatures caused by repetitive firing of preterminal motor neurons

(Zhou et aÏ., 1998).
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Kv2 channels are abundant in mammalian brain and localize to

sornatodendritic domains of neurons in large clusters (Trimmer, 1991; Hwang et al.,

1993b; Du et aï., 199$; Maletic-Savatic et aÏ., 1995; Scannevin et al., 1996). The

physiological significance of this clustering is unknown (Trimmer & Rhodes, 2004).

Pyramidal cells in the cortex and hippocampal cells express particularly high levels of

Kv2.1 (Du et aï., 1998). Kv2.2 expression is found on dendrites of most ceils

expressing Kv2.1 (Hwang et aï., 1993a; Lim et aï., 2000). Due to differences in

subcellular localization, formation of heteromultimeric channels is unlikely (Trimmer

& Rhodes, 2004) though structurally possible (Blaine & Ribera, 1998). Kv2.2 is

highly expressed in olfactory bulb and cortical pyramidal neurons (Trimmer &

Rhodes, 2004). Somatodendritic Kv channels control subthreshold excitatory

responses, as well as amplitude and duration of back-propagating action potentials

(Hoffman et aÏ., 1997; Hoffman et al., 1959). Dendritic Kv channels regulate

contributions of dendritic Cav and Nav channels to somatodendritic excitation

(Trimmer & Rhodes, 2004). Activation or inhibition of somatic Kv channels might

play a crucial role in determining whether or not the summed level of excitation

reaching the soma is sufficient to elicit an action potential (Murakoshi & Trimmer,

1999).

Kv3.1 and Kv3.2 transcript expression in the cerebral cortex and hippocampus

is low (Perney et aÏ., 1992; Weiser et al., 1995) and displays a distinct expression

pattern (Weiser et aÏ., 1995) suggesting that different subtypes of Kv3 channels may

differentialÏy regulate neuronal firing patterns. Subcellular localization of Kv3

subunits is partially determined by alternative splicing (Ponce et aÏ., 1997; Ozaita et

aÏ., 2002). Kv3.3 subunit mRNA is expressed in Purkinje ceils of the cerebellar

cortex and deep cerebellar nuclei (Goldman-Wohl et aÏ., 1994). Heteromeric

Kv3.1/Kv3.3 channels may regulate excitability of brainstem auditory neurons and

Purkinje celI somata and dendrites (Martina et al., 2003). In the neocortex and the

hippocampus (Weiser et aï., 1995; Rettig et aÏ., 1992), Kv3.4 is localized to axons

and nerve terminal similarly to Kvl subunits. Even though expression of Kv3.4

overlaps with Kvl.1 and Kvl.4 in cerebellar basket ceil terminaIs, the subcellular

location of these subunits is distinct (Laube et aï., 1996). A high-voltage activated
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conductance with biophysical properties similar to Kv3 subunits lias been recorded in

these terminais (Southan & Robertson, 2000). In certain fast-spiking ceils,

Kv3.4/Kv3.Ï and/or Kv3.4/Kv3.2 heterorneric channels might underlie a fast-deïayed

rectifier current (Baranauskas et aÏ., 2003). In Purkinje ceil dendrites, Kv3.3/Kv3.4

might lie involved in shaping responses to relatively strong depolarizing events

(Martina et aÏ., 2003).

Kv4 subunits are primarily expressed in the dendrites of central fleurons. Higli

levels of Kv4.2 and Kv4.3 mRNA are expressed in the hippocampus and CA3

pyramidal neurons. Absence of Kv4.3 rnRNA suggests a unique role for Kv4.2

homomeric channels in CA2 and CAl pyramidal cells. Kv4.3 hornomeric channels

might play a functional role in many interneurons where Kv4.2 mRNA is absent

(Trimmer & Rhodes, 2004; Rhodes et aÏ., 2004). In the neocortex, Kv4.2 protein is

expressed in pyramidal celI layer V whereas Kv4.3 is expressed in layer II as well as

in interneurons throughout layers II-VI (Trimmer & Rhodes, 2004). Somatodendritic

A-type currents in mammalian central neurons are largely rnediated by Kv4 channel

subunits, that miglit co-assemble with KChIPs (An et aÏ., 2000) or dipeptidyl

peptidase-like proteins (DPPX) (Nadal et aÏ., 2003) as an accessory subunit. A-type

currents control subthreshold excitation and amplitude of back-propagating action

potentials thereby regulating synaptic integration and plasticity (Hoffman et aÏ., 1997;

Johnston et aÏ., 2000). In neocortical and hippocampal ceils, A-type current density

ïncreases with distance from the soma conferring increasing inhibition of

postsynaptic excitation as a function of distance from the celI soma (Hoffman et aï.,

1997), or in other words less inhibition of the soma suggesting that distal dendrites

i-espond more strongly to excitatory stimuli. This current decrease towards the soma

is at least in part accompanied by a decrease in Kv4 immunostaining in proximal

apical dendrites of CAl pyramidal ceils (Sheng et aÏ., 1992). This A-type current

gradient is not observed along apical dendrites in neocortical layer V pyramidal cells

(Storm, 2000; Hoffman et aï., 1997; Bekkers, 2000; Korngreen & Sakmann, 2000)

consistent with uniform Kv4.2 and KChIP immunoreactivity along the dendritic shaft

(Trimmer & Rhodes, 2004). The presence of these channels along the dendrites of

neocortical pyramidal cells suggests modulation of excitatory input along the entire



89

dendrite. The functional significance of differences in dendrite regulation between

different brain regions is unclear.

In summary, expression of Kv-channels in the CNS is diverse. Kv channel

subunit co-localize in rnany regions of the brain, suggesting that formation of

heterotetrarneric channels might contribute to fine tuning of cellular excitability in

different regions of the brain. Dysfunction of Kv channels in the CNS is associated

with epilepsy and myotonia.
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CHAPTER V: INWARD RECTIFIER

POTASSIUM K- (KIR-) CHANNELS
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V-1 Introduction

In 1949, Bemard Katz described a cuiTent in skeletal muscle showing

“anomalous rectification” (Katz, 1949). The term “rectification” denotes a voltage

dependant change in conductance. Delayed (outward) rectifier channels conduct

greater outward K flow at a given voltage (membrane or test potential) than inward

K current at the opposite voltage. The term used by Katz denotes an opposite

behaviour: An increase in K-conduction with hyperpolarization and a decrease with

depolarization - inward rectification. Six years later, Weidmann found an inwardly

rectifying conductance with similar properties in sheep Purkinje fibres (Weidmann,

1955) and subsequently, inward rectifier currents were demonstrated in Purkinje

fibres (Hall et aÏ., 1963), in frog atrial (Rougier et aÏ., 1968) and in canine ventricular

muscle (Mascher & Peper, 1969; Beeler, Jr. & Reuter, 1970). In the CNS, inward

rectifying currents have been demonstrated in neuronal (Hestrin, 1987; Nakajima et

aÏ., 1988; Yamaguchi et al., 1990; Brown et aï., 1990; Wimpey & Chavkin, 1991;

Newman, 1993; Karschin & Karschin, 1999; Pruss et al., 2005) and non-neuronal

cells (Brismar & Collins, 1989; Tse et aÏ., 1992; Karschin et aï., 1994a). Kir channels

open on hyperpolarization as a function of the extracellular [KJ. Because of the

coupling between [K]0 and Kir gating mechanisms, inward rectification is said to

depend on the voltage shift from the equilibrium potential for potassium, E-EK, and

not on the membrane potential E alone (Hille 2001). Higher [KJO shifts the resting

membrane potential to more positive values thus increasing E-EK, resulting in larger

Kir currents at a given hyperpolarized membrane potential. Thus, inward Kir currents

increase as the concentration of external potassium increases (Figure 17). CelIs

expressing a sufficient quantity of Kir channels are expected to have a resting

potential near to EK (Nichols & Lopatin, 1997; Isornoto et aï., 1997; Lopatin &

Nichols, 2001).

Inward rectifier currents regulate cellular excitability and K transport across

the membrane in a multitude of celis and system including the heart, the CNS, the

kidneys, endocrine organs and blood (Lopatin & Nichols, 2001; Nichols & Lopatin,

1997; Isornoto et aÏ., 1997; Lopatin & Nichols, 2001; Fang et aÏ., 2005). Dysfunction



93

Membrane Potentiat

10K 25K 50K 100K
-lOOmV

-50/

____________

T I

//

j
—1

1

/ î —1.5

I, IIOOK

25k

- -2MA

Figure 17: Inward rectification of steady state current in a Starfish egg.

Cuiient-voltage relations of a Mediaster egg at four different extemal K

concentrations (10, 25, 50 and 100 mM) in Na-free media. The membrane is held at

the zero-current potential and holding membrane potentials at resting potentials are -

71 mMin 10mMK,-48mVin25mMK,-33mVin50mMK,and-17mMin

100 mM K. Currents were elicited with the two-electrode voltage clamp technique

by 10 mV depolarizing or hyperpolarizing voltage-steps. Steady state current is

shown by broken unes. T=21 C. Adapted from Hagiwara S. et al., J. Gen. Physiol.

1976; 67:621-638.
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of inward rectifier channels is associated with a multitude of pathologies

including cardiac arrhythmias, paralysis, dysmorphic bone giowth (Plaster et al.,

2001) convulsions (Signorini et aÏ., 1997), and kidney disease (Derst et aÏ., 1997).
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V-2 The Cardiac Inward Recifier Current I

V-2.1 Biophysical Properties

Measurements of ‘KI single channel conductances have reveaied a great

variety of unitary inward rectifier conductances in different cardiac tissues and

species (Table W). Atrial ‘KI is about 3-10 times larger in ventricie than in atrium

(Figure 1$) (Wang et aï., 1998; Varro et aÏ., 1993). These observations have been

interpreted as differences in the molecular basis of ‘KI between different cardiac

regions and species.

11(1 shows strong inward rectification that shifts with the K reversai potentiai

(Noble, 1965; Vandenberg, 1994). Voltage-dependent b]ock of the pore by

intraceliuiar cations as a mechanism of inward rectification was first suggested by

Armstrong (1969). Matsuda et al. (1987) and Vandenberg (1987) demonstrated that

pore biocking by Mg2 resuited in inward rectification, however, the magnitude of

voltage dependence of rectification induced by Mg2 in ventricuiar rnyocyte and PCs

of various species was weaker than that of native currents and strong inward

rectification could often stiil be demonstrated after removal of Mg (Martin et al.,

1995; Oliva et aÏ., 1990). In 1994 and 1995, a series of publications from different

iaboratories dernonstrated that the polyamines spermine, spermidine and putrescine, a

famiiy of cationic cytoplasmic proteins, determine inward rectification by piugging

the pore from the intraceliuiar site in a voltage dependent manner (Lopatin et aï.,

1994; Ficker et aÏ., 1994; Fakier et aï., 1994; Fakier et aï., 1995; Lopatin et aï.,

1995). Biock by putrescine, spermidine and spermine shows increasing steepness

(Lopatin et al., 1995; Guo & Lu, 2000) and total celluiar polyamine leveis are

sufficient to produce the degree of rectification seen at physiologically important

membrane potentiais (Tabor & Tabor, 1984; Lopatin & Nichols, 2001).
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Figure 1$: Inward rectifier K current (IK,) in human atrial and ventricular myocytes.

A and B, Original recordings from representative experiments. Currents were elicited

by 300-ms voltage steps to between -140 and +10 mV from a holding potential of -20

mV. C, Current density-voltage relation of ‘KI obtained from types of cuiTent

recordings shown in A before and after adding I mmol/L Ba2 (Ba2tsensitive

current). Data are mean±SEM (n=5 ceils for atrium and 6 for ventricle). *P<0.00l

for atrium vs ventricle. D, Current-voltage relations normalized to current at -100

mV. Reproduced from Wang et aÏ. (1998).
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Conductances (pS) Reference

Human atrium 9, 21, 35, 41 Wible et al., 1995

Rat Ventricle 20 - 40 Josephson & Brown, 1986

Guinea pig myocytes 10.5, 22, 32.5 Liu et aÏ., 2001

Guinea pig ventricle 27 Sakmann & Trube, 1984a

Nakamura 8, 14, 21, 35, 43, 80 Nakamura et aÏ., 1998

Table IV: Inward recitifier single channel conductances in different tissues and

species.

V-2.2 Pharmacology

Inward rectifyer K channels have a high affinity for various monovalent and

divalent cations. Kir channel block by monovalent (Nat Cs, Rb, Agj or divalent

cations (Ba2t Mg2, Ca2, Sr2j has been studied in native tissues, as well as in cloned

channels expressed in various heterologous systems (Standen & Stanfield, 1978,

1980; Ohmori, 1978; Biermans et al. 1987; Harvey & Ten Eick, 1989; Shioya et al.

1993; Reuveny et al. 1996; Sabirov et al. 1997a; Shieh et al. 1998; Doring et al. 1998;

Dart et al. 1998).

V-2.2.1 Retevance and Modets ofBariniiz btock

Voltage- and concentration dependent block by Ba2 block is a hallmark

property of ‘K!. The crystal radius of Ba2 is similar to that of K (1.35 Â and 1.33 Â,
respectively). Barium’s size therefore allows it to fit into the selectivity filter but its

higher charge causes it to bind to tightly causing Ba2 to block the channel rather than

to permeate it (Jiang & MacKinnon, 2000). These properties have been used to

investigate the amino acid lining of the K channel pore (Eaton & Brodwick, 1980;

Tissue
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Armstrong & Taylor, 1980; Vergara & Latorre, 1983; Neyton & Miller 198$,

Taglialatela et aÏ., 1993; Navaratnam et aï., 1995; Shieh et al., 1998).

Ba2 blocks K-channels from the extracellular and the cytoplasmic side

(Taglialatela et al., 1993; Harris et al., 199$; Shieh et al., 1998). It lias been proposed

that interactions of divalent cations with the K-clianne1 pore occur at two distinct

binding sites. A shallow site at the external end of the channels mediates block by

Mg2 and Ca2 wliereas block by Ba2 and Sr2 ions is mediated by a deeper site

(Standen & Stanfield, 1978; Shioya et aÏ., 1993; Reuveny et aÏ., 1996; Sabirov et al.,

1997b; Shieli et al., 199$). An amphipathic Arginine, Argl4$, located between these

two sites miglit act as a barrier preventing Mg2 and Ca2 ions to reacli the deeper site

(Sabirov et al., 1997b). Ba2 block of the Ca2 activated K cliannel (BK) is sensitive

to the presence of K in the pore. Low external K concentrations prevent Ba2 from

exiting into the extraceilular space while high K concentrations cause Ba2 to exit

the channel into the cytoplasm. Based upon these observations, Neyton & Miller

(198$ a,b) proposed the presence of multiple K binding sites in the cliannel pore.

Occupation of an external “lock-in” site by K ions would inhibit the exit of Ba2 into

the extracellular solution whule K ion occupation of botli sites (the site doser to Ba2

was termed the “enliancement site”) destabilizes Ba2 binding and so facilitates its

exit into the cytoplasm. A third site, the “internaI lock-in site”, was proposed to be

located at the cytosolic side of the Ba2 binding site (Neyton & Miller, 1988 a,b).

Sirnilar observations were made by Harris et ai. (199$) and Vergara et al. (1999) in

Shaker channels. Using x-ray diffraction data from frozen KcsA K channel, Jiang

and MacKinnon (2000) found structural confirmation of this hypothesis. An Rb ion

was seen very near the extracellular solution in the selectivity filter, compatible with

the “external lock-in” site. However, the enhancement site, located doser to the Ba2

ion in the selectivity filter, could not be precisely deterrnined. The ion at the “internai

lock-in” site was proposed to be the cavity ion (Figure 19). This model is consistent

with the concept of a “multi-ion pore” (Doyle et al., 199$; Berneche & Roux, 2001)

wliere two or tliree K-ions must be in the se]ectivity filter (Moi-ais-Cabrai et aï.,

2001; Zhou & MacKinnon, 2003; Berneche & Roux, 2001; Berneche & Roux, 2005;

Allen & Cliung, 2001). Wlien a fourth ion enters the channel, occupying the “external
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enhancement site”, it pushes the queue along and thus Ba2 out into the intracellular

solution (Jiang & MacKinnon, 2000).

( Outer 0/7

et tEnhancement

//
ø—Internal

]CavitY

Figure 19: Visualization of barium in the KcsA K channel by x-ray crystallography

and in a Ca2-activated K channel by analysis of single channel function.

Left: A ribbon diagram showing two subunits of the KcsA K channel (blue and

orange) with difference electron density showing the positions of Rb (red mesh) and

Ba2 (green mesh) in the pore.

Middle: Magnified view of the boxed region on the left. The Rb difference maps

were calculated at 3.8-Â resolution and contoured at 9.0 s. Three ion positions are

labeled outer, inner, and cavity ion. The inner ion shows two peaks reflecting

alternative positions. The Ba2 difference map was calculated at 5.0-Â resolution and

contoured at 10.0 s; Ba2 is located at the innermost position of the inner ion.

Right: Diagram adapted from Neyton and Miller (1988) depicting the relative

locations of Ba2 and K or Rb sites (external lock-in, enhancement, and internai

lock-in) as determined by examination of single-channel records. The ions are

positioned according to their electrical distance across the membrane potential

difference. Reproduced from Jiang & McKinnon (2000).

cc
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V-23 Functional Rote of cardiac ‘KI

In the heart, ‘KI plays a key role in the maintenance of the resting membrane

potential and contributes importantly to phase 3 of the cardiac action potential

(Sakmann & Trube, 1984b; Hume & Uehara. 1985; Tbarra et al., 1991; Shimoni et aï.,

1992; Carmeliet, 1993). High conductances at negative potentials keep the RMP

stable whereas small conductances at moi-e positive membrane potentials avoid short

circuiting the AP and contribute to phase 3 repolarization (Figure 20) (Nichols &

Lopatin, 1999). ‘KI is practically absent in the SAN (Guo et al., 1997), explaining the

relatively depolarized MDP and allowing spontaneous phase 4 depolarization. In the

atrium, ‘K! is 6 to 10 times smaller than in ventricular myocytes (Giles & Imaizurni,

198$; Wang et aÏ., 1998) resulting in a more depolarized MDP and a less steep phase

3 depolarization in atrial compared to ventricular myocytes. ‘KI density in the AVN is

low (Hancox & Mitcheson, 1997), consistent with its positive MDP. PC ‘KI S smaller

(Verkerk et aï., 1999; Cordeiro et aï., 199$) or similar (Han et aï., 2001b) to

ventricular ‘KI• In the ventricles, the outward component of epicardial I is smaller in

cats (Furukawa et aÏ., 1992) but flot in guinea pig (Main et ctï., 1998) or dog

epicardium (Liu & Antzelevitch, 1995). There are no differences in M-cell ‘K! (Liu et

aï., 1993). Regional differences in ‘K! may be a significant determinant of VF (Samie

et aï., 2001; Warren et aï., 2003).

V-2.3 Clinîcal Significance of ‘KI Dysfunction

‘K is reduced in heart failure (Beuckelmann et aï., 1993). Dysfunction of ‘K!

causes depolarization of the resting membrane potential resulting in complex effects

on cardiac excitability. Mild depolarization decreases the amount of depolarization

needed to reacli threshold, thus increasing excitability and facilitating arrhythmias

from abnormal automaticity and triggered activity. Sti-ong membrane depolarization

decreases excitability and conduction velocity hy inactivating Na channels

promoting re-entry (Schram et al., 2002b). Block of ‘K! resuits in increased

automaticity (Irnoto et aÏ.. 1987; Miake et aï., 2002; Miake et al., 2003). ‘K!

dysfunction depolarizes the resting membrane potential, prolongs APD and

decelerates phase 3 repolarization (Miake et aÏ., 2003) possibly promoting EADs that
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could trigger torsade de pointes arrhythrnias (Fi Sherif et al., 1996; Asano et al.,

1997). Reduction of ‘K! contributes to larger amplitude DADs potentially triggering

an arrhythmogenic AP (Pogwizd et al., 2001). Dysfunction of ‘K! in Andersen’s

syndrome (LQT7) causes prolongation of the QT intervai resulting in potentiaily

lethal arrhythmias (Piaster et al., 2001).

In chronic atrial fibrillation, upregulation of ‘K! and Kir2.1 mRNA expression

in hurnan atriai myocytes causes shortening of APD in Af patients (Dobrev et al.,

2001). Nowever, in dogs subjected to rapid atrial pacing, Kir2.1 mRNA and ‘KI were

not changed (Yue et aÏ., 1999), possibly refiecting distinct pathophysiological

mechanisms in this model.
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V-2.4 Molecular Basis of ‘Ki

V-2.4.1 Regionat Heterogeneity of Cardiac Kir2 Subunit Expression

Four distinct Kir2 subfamily members have been cloned from various species

and tissues (Kubo et aï., 1993a. Ishii et aï., 1994; Wible et aï., 1995; Raab-Graham et

al., 1994; Koyama et aï., 1994; Makhina et al., 1994; Morishige et aï., 1994; Perier et

al., 1994; Tang & Yang, 1994; Tang et aï., 1995; Topert et aÏ., 1998; Hughes et aï.,

2000; Liu et al., 2001) (Figure 25). In the heart, only Kir2.1-3 subunits are believed

to underlie the inward rectifier current ‘KI (Liu et aÏ., 2001).

Kir2. 1 is the most abundant Kir2-subunit mRNA in atrium and ventricle and

is equally expressed in each while Kir2.1 protein expression is about 80% higher in

ventricle (Figure 21, Tables V and VI). Kir2.3 transcripts are more abundant in

atrium than in ventricle, consistent with a 2.3-fold greater atrial Kir2.3 expression.

Kir2.2 mRNA is equally expressed in atrium and ventricle, yet about an order of

magnitude less abundant than Kir2.1 (Wang et aÏ., 1998; Melnyk et aÏ., 2002).

Consequently, differences in Kir2 mRNA expression cannot account for atrio

ventricular ‘KI differences in ‘KJ. Post-translational processes rnight account for lower

atrial Kir2.1 protein expression resulting in lower atrial ‘KI thereby providing a

potential partial explanation for differences observed. In ferret SAN, Kir2. 1 transcript

expression is very limited (Brahmajothi et aÏ., 1996) in accordance with the absence

of ‘KI in the SAN (Guo et aÏ., 1997). No data on Kir2 subunit expression in the AVN

or PCs is available.



Figure 21: Quantification of Kir2 rnRNA in human atrium and ventricle.

Left, Log-amplified target Kir2/internal standard ratio versus known amount of RNA

mimics. x-Ïntercepts of linear regression to mean data in which 10g (target/mimic)

equ ais zero indicate initial amount of target mRNA. Right, Amount of Kir2 transcript

(amo1/tg total RNA) calculated by dividing initial amount of target mRNA by

molecular weight of respective PCR products (number of nucleotides x average

molecular weight of single nucleotide, 310). Reproduced from Wang et al. (1997).
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Subunit Atrium Ventricle

Kir2.Ï 1 1

Kir2.2 0.1 0.1

Kir2.3 0.1 0.01

Table V: Relative concentration of Kir2 mRNA in human atrium and ventricle.

Concentrations are normalized to Kir2.1 in atrium (Wang et aï., 1998).

Subunit Atrium Ventricle

Kir2.1 1 1.8

Kir2.3 1 0.41

Table VI: Relative concentration of Kir2.1 and Kir2.3 protein in canine atrium and

ventricle. Values are normalized to atrial protein concentrations (Melnyk et aï.,

2002).



106

V-2.4.2 functionat Rote ofKir2 Subunits in tite Heart

Zaritsky et al. (2000) showed that myocytes from Kir2. 1 KO mice displayed

longer APD and more frequent spontaneous AP than myocytes from WT mice. The

study, however, was limited by the early dernise of homozygous Kir2. 1 KO mice. In

neonatai mice, sinus rhythrn was maintained but heart rates were consistently slower.

Using adenoviral transfer of a dominant negative Kir2.1 constmct, Miake et aï.

(2002) demonstrated two different phenotypes in myocytes from transduced guinea

pigs: 1.) Myocytes with a stable resting membrane potential from which proionged

action potentiais could be elicited and 2.) Myocytes displaying spontaneous activity.

Myocytes with spontaneous activity had depolarized MDPs of -61 mV and

displayed repetitive regular activity. Action potentiais showed graduai phase 4

depolarization and slow upstroke veiocity. ECGs obtained from these animais in vivo

were characterized by a steady ventricular rhythm at faster rates than the

physiological pacemaker. A second study by the same group investigated effects of

Ji<i upregulation by overexpression of Kir2. 1 as well as a quantitative approach of ‘KI

knockout with a dominant negative Kir2.1 subunit in guinea pig ventricular

myocytes. Myocytes from animais with Kir2.1 upregulation had more than 100%

higher ‘KI density and slightly more negative MDPs (-79.1 ± 0.8 mV vs. -74.7 ± 4.5

mV). This was functionally manifested by shortened APD (-50%), mostly due to an

acceierated phase 3 repolarization as seen by a 7.5% shortening of the QTc interval in

the ECG. Animais with 50-80% ‘KI suppression showed prolongation of APD (— 9%),

deceierated phase 3 repolarization and depolarized MDPs (-68.0 ± 2.3 rnV vs. -74.7 ±

4.5 mV). ECGs showed a 14% prolongation of the QTc inteival. As expected,

reduction of ‘KI by more than 80% resulted in a pacemaker phenotype (Miake et aï.,

2003). Effects on APD and phase 3 repolarization are illustrated in Figure 22.
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Figure 22: AP phenotype is determined by ‘KI density.

A: Stable APs evoked by depolarizing external stirnu]i in control myocytes.

B: APs recorded in overexpressed myocytes with a robust ki are abbieviated.

C: h dn-Kir2.1-transduced myocytes with rnoderately depressed ‘KI’ APs with a

long-QT phenotype were evoked. The actual ‘KI density measurements from the

individual rnyocytes comprising each group are plotted to the right of each AP

waveforrn. Adapted from Miake et al. (2003).
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V-2.4.3 Potentiat Rote ofKir2 Subuitits in the Brain

In situ hybridization bas shown Kir2.1-Kir2.3 protein expression in most brain

regions (Bredt et al., 1995; Falk et al., 1995; Horio et aï., 1996; Karschin et al., 1996;

Koyarna et aÏ., 1994; Topert et aï., 199$). Kir2 mRNA as detected by RT-PCR

overlaps with Kir2 protein expression in most areas (Isomoto et aÏ., 1997; Karschin &

Karschin, 1999). Kir2 subunits are localized in the somata and dendrites of many

neurons and appear to 5e absent from guai celis. Instead, guai ceils express Kir4.1

and/or KirS.l homo-/heteromeric channels in a region-specific manner, suggesting

regionally distinct physiological roles of homomeric Kir4. 1 and heteromeric

Kir4. 1/Kir5. I channels in K-buffering of brain astrocytes (Hibino et al., 2004; Kalsi

et al., 2004; Neusch et aï., 2001). A recent study by Priiss et al. (2005) lias shown that

Kir2 subunits are widely expressed in different tissues and celi types. A principal

novelty of this study is the demonstration tliat Kir2.4 protein expression is widely

distributed in the brain and not as previously thought restricted to motoneurons in tlie

brainstem (Topert et aÏ., 1998). Substantial differences in subcellular localization of

Kir2 subunits are differentially regulated by interacting proteins. For example,

Kir2.1-Kir2.4 express PDZ binding motifs, wliereas Kir2.4 does flot (Huglies et aï.,

2000; Topert et aï., 199$; Topert et aÏ., 2000).

Table VII summarizes Kir2.1-4 protein expression in the brain. High Kir2.2

and Kir2.3 expression in layer 5 pyramidal celis might be of physiological importance

since layer V comprises the main output system of the cerebral cortex. Botli Kir2.2

and Kir2.3 are associated witli apical dendritic processes of large pyramidal fleurons,

suggesting the formation of lieteromeric Kir2.2/Kir2.3 complexes.

The nucleus accumbens and the caudate putamen express protein of ail Kir2

subunits. Kir2.1 and Kir2.3 expression in the brain is highest in these regions

(Karschin & Karschin, 1999; Karschin et aï., 1996; Pruss et aï., 2003). Kir2.1 and

Kir2.2 are co-expressed and co-iocalize in ail parts, whereas Kir2.3 localizes to the

sheli part of the nucieus accumbens suggesting a physiologicai role of Kir2.1/Kir2.2

heteromultirners in the nucieus accumbens. In tlie mesencephalon, high Kir2.2/Kir2.3

co-expression in the neuropil of the pars reticulata of the substantia nigra suggests
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formation of heteromeric complexes. The cerebellum and spinal cord show

rernarkable expi-ession differences in Kir2 subunit protein expression. Kir2.2

expression in the cerebel]ar cortex is strong but restricted to the granulate celi layer,

consistent with in situ data (Bredt et al., 1995; Karschin & Karschin, 1999). Kir2.3 is

intensely expressed by large fleurons in the deep cerebeilar nuclei, Purkinje cells and

Purkinje celi dendritic arborations radiating into the superficial molecular layer, in

une with previous publications (Falk et al., 1995). In the spinal cord, ail four Kir2

subunits are found in the grey matter, the dorsal and ventral horns, where they are

associated with neuronal somata and motoneurons. Kir2.2 expression in these

structures is particularly high, consistent with previously published data (Karschin et

ai., 1996; Stonehouse et aÏ., 1999).

Co-localization of different Kir2 channel subunits strongly suggests formation

of heterotetrameric Kir2 channels (Preisig-Muller et ai., 2002; Schram et al., 2002a).

As shown in this thesis, Kir2 heterotetramers have distinct biophysical and

pharmacological properties. Hence, differential heteromerization between Kir2

subunits might contribute to fine tuning of regulation of cellular excitability in tissues

where different Kir2 subunits co-Jocalize (Karschin et aÏ., 1996; Liu et aÏ., 2001).

Dysfunction of Kir2 subunits in Andersen’s syndrome causes periodic paralysis

(Plaster et al., 2001). However, the phenotype can greatly vary and in general,

neurologic symptoms are flot prominent in patients with Andersen’s syndrome.

Similarly, Kir2.1/Kir2.2 knockout mice do not display neurological symptoms

(Zaritsky et al., 2000; Zaritsky et al., 2001). It has therefore been suggested, that the

strong heterogeneity of neuronal Kir2 subunit expression might provide a safety

mechanism, in which one Kir2 subunit might substitute the Joss of another Kir2

subunit in the brain (Pruss et aÏ., 2003). Strong expression of Kir2.3 and Kir2.4

protein in basal ganglia might make these channels a potential target of

pharmacological intervention in diseases of the basal ganglia, such as Parkinson’s

disease (Pruss et al., 2003).
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Brain region Kir2.1 Kir2.2 K1r2.3 K1r2.4

Telencephalon

Olfactory bulb

Glomerular layer ++++ + O +

External plexiforrn layer + 0 ++++ O

Mitral cdl layer + + + +

Granule ceil layer ++ O + +

Olfactory tubercle ++ + +++ O

Island of Calleja + O O O

Piriform cortex ++ + ++ +

Neocortex

Layeri O + + O

Layer II +++ ++ -1*-t- ++

Layer III +++ -1* +++ +

Layer IV ++ -t- ++ ++

Layer V ++ +++ ++ ++

Layer VI ++ + + +

Hippocampus

Dentate gyms

Molecular layer + +++ + O

Granule celi layer +++ ++ ++ ++

Polymorphie layer O + + O

CA 1—CA2

Oriens layer O + ++ +

Pyramidal cell layer + ++ ++ +

Radiate layer O + ++ O

Lacunosum moleculare layer + ÷÷ + O

CA3

Oriens layer O + + +

Pyramidal ceIl layer + + + +

Radiale layer O + + +
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TelencephaIon

Basal forebrain

Substantia innominata O + O +

Basal nucleus ofMeynert + ++ ++ +

Basal ganglia

Caudate putamen (Striatum) ++ +++ +++ +

Nucleus accumbens ++ ++ ++ +

Globus pallidus + ++ ++ +

Claustrum O + O +

Endopiriform nucleus + + + +

Lateral olfactory tract nucleus +++ O + +

Amygdala

Cortical nuclei + O O O

Medial nucleus + O O O

Basomedial nucleus + O O O

Diencephalon

Thalamus

Anterodorsal nucleus +++ O O O

Anteroventral nucleus ++ O O O

Anteromedial nucleus + O O O

Laterodorsal nucleus + + O O

Mediodorsal nucleus + O O O

Centrolateral nucleus O ++ O +

Paraventricular nucleus + ++ O +

Reuniens nucleus + + O O

Reticular nucleus ++ ++ ++ +

Posterior nucleus ++ + O O

Media! geniculate nucleus + + O O

Paratenial nucleus + ++ O +

Stria terminalis + +++ +++ O
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Diencephalon

Hypothalamus

Anteriorarea + ++ O +

Ventrolateral nucleus O + O +

Lateral area + + O O

Preoptic nucleus + ++ O +

Periventricular nucleus + + O O

Paraventricular nucleus + + O +

Supraoptic nucleus + ++ O ++

Epithalamus

Medial habenula ++ ++++ + O

Lateral habenula + + O O

Mesencephaion

Red nucleus O + + +

Substantia nigra

Pars compacta + ++ + +

Pars reticulata O +++ ++ O

Ventral tegmental area + O O O

Interpeduncular nucleus ++ +++ ++ +

Superior colliculus ++++ ++ + O

Central gray + ++ O +

Edinger—Westphal nucleus + + O +

Oculomotor nucleus (III) + ++ O

Metencephalon

Cerebellum

Deep nuclei + O +++ +

Molecular layer + O + O

Granule ceil layer O +++ O +
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MetencephaÏon

Cerebellum

Purkinje ceils O O ++ O

MveÏencephaÏon

Spinal medulla

Substantia gelatinosa + ++++ + O

Motoneurons ++ +++ + +

Tab]e VII: Distribution of individual Kir2 subunits in different brain regions.

Reproduced from Pruss et al., 2005.
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V-2.4.3 Rote ofKir2 Currents in Endotheliat Ceils

The negative resting potential in endothelial ceils is of crucial importance for

entry of extracellular Ca2 (Nilius & Droogmans, 2001). Kir2 channels are thought to

be the major conductance setting the resting membrane potential in these celis (Voets

et aÏ., 1996; Jow et aÏ., 1999; Forsyth et aï., 1997; Nilius & Droogmans, 2001;

Eschke et aÏ., 2002; Adams & Hill, 2004). Kir2.l channels are differentially

expressed in ECs and found predominantly in macrovascular endothelial ceils such as

bovine pulmonary artery ECs (BPAECs), bovine aortic ECs (BAECs), coronary

endothelial cells and to some extent human umbilical vein ECs (HUVECs) whereas

expression of Kir2.1 channels in microvascular ECs appears to be tissue specific. For

example, Himmel et al. did not detect inward rectifier K current in endothelial ceils

from human omentum (Himmel et aï., 2001) whereas Eschke and colleagues

demonstrated inwardly rectifying currents and Kir2.1 mRNA in bovine retinal and

choroidal microvascular ECs (Eschke et al., 2002).

Even though Kir2.1 channels appear to be moi-e abundant in cultured ceils

than in primary ECs, functional data points to an important physiological role of these

channels in vivo. Exposure of endothelial ceils to Ba2 results in membrane

depolarization in cultured bovine pulmonary artery endothelial celis (Voets et aï.,

1996), native bovine corneal endothelial (BCE) celis (Yang et aï., 2003a) and

vascular endothelial cells (Lieu et al., 2004). Hemodynamic (shear) stress produces

vasodilatation through Kir2.1 mediated (Hoger et aï., 2002) hyperpolarization of the

RMP (Olesen et aï., 1988;Lieu et al., 2004). The functional importance of Kir2.1

channels in vasodilatation was further confirrned in a Kir2.1 mouse knockout model.

Whereas an increase of the extracellular K concentration caused Ba2-sensitive

dilatation of pressurized cerebral arteries from Kir2. I -WT and Kir2.2 mice, aiÏeries

obtained from mice lacking the Kir2.1 gene did not dilate (Zaritsky et al., 2000).

Romanenko et al. (2002) have recently demonstrated that hypercholesterolernia

resuits in suppression of endothelial Kir2 current in BAECs suggesting that such

currents might be implicated in the pathogenesis of hypercholesterolemia-induced

abnormalities of the vasculature (Rornanenko et aÏ., 2002). Other functions of Kir2
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channels in ECs include Ktsensing as well as regulation of peptide mediated

vasoconstriction through angiotensin II, vasopressin, vasoactive intestinal peptide,

and histamine mediated inhibition of Kir2 channels (Nilius & Droogmans, 2001).

In summary, structural and functional data demonstrate an important

physiological role of Kir2.1 channels in regulation and pathophysiological conditions

of endothelial celis in a variety of different tissues including the inner Jining of

coronary arteries. Kir2.1 channels contribute importantly to the negative resting
‘-I-

membrane potential required for Ca influx and regulation of Ca dependant

intracellular signalling in endothelial cel]s.
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figure 23: Current-voltage relationships in non-stimulated bovine endothelial ceils.

A: W-curves of currents recorded from BPAECs with linear voltage-ramps (-150 rnV

to +100 mV) under control conditions (1), in the presence of lmM Ba2 to block

Kir2.x (2), and remaining non-selective cation current (NSC) after shrinking the ccli

with 100 mM mannitol to inhibit volume regulated anion channels (VRAC) and

application of Ï mlvi Ba2 to inhibit Kir2 current (3). B: Difference current 1-2 is a

strongly inwardly rectifying current supposedly of the Kir2.x family. C: Net current

recorded from a BAEC in the presence of 12 mM and 6 mM extracellular K. As

expected from Kir2.x currents, increasing the extracellular K concentration increases

cuiïent conductance. Adapted from Nilius & Droogmans (2001).
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V-2.4.4 Barium btock ofKir2 channets

High-potency block by Barium ions is a hallmark property of ‘Ki and thus of

cloned Kir2 channels. Ba2 ions block Kir2.1 channels from both the intra- and

extraceliular side. Intracellular Ba2 inhibits Kir2.l at positive but flot at negative

membrane potentials (Shieh et aï., 1998; Figure 24). Block of steady-state Kir2.1-3

current by extracellular Ba2 ions is concentration-, time-, and voitage-dependent

(Kubo et aï. 1993; Makhina et aï., 1994; Morishige et aï., 1994; Perier et aï., 1994;

Ashen et aï., 1995; Shieh et aï., 1998; Schram etaL, 1999b; Liu et aï., 2001; Preisig

Millier et aï., 2002). The work presented in this thesis studied block by externai Ba2

ions only. Therefore, the term “Ba2 block” will refer to block by extracellular Ba2

for the remainder of this thesis and block by internai Ba2 ions will not be discussed

any further. The articles presented in “Part 2: Original contributions” of this thesis

used Ba2 block as a tool to infer on native inward rectifier current composition based

upon its Ba2 blocking properties. Ba2 block was flot used to speculate on pore

structure / function of potential heteromeric inward rectifier channels or to investigate

mechanisms of Ba block in these channels. However a subsequent study that could

not be completed within the time allotted for this research project focused on the

molecular mechanisrns responsibie for the different properties of Ba2 block of

Kir2.4. Preliminary resuits of this study, which is currently being pursued by one of

my former coworkers, are being presented and discussed in the section on mo]ecular

determinants of Ba2 biock of Kir2. 1.
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Figure 24: Ba2 block of Kir2. 1.

A: Blockade of Kir2.1 by extracellular Ba2. Left: Representative currents elicited by

voltage steps to —120 mV from a holding potential of 0 mV in the presence of the

indicated [Ba2j0 (tM). Middle: Normalized average (4-1 2 cells) current-voltage (I

V) relationships for the steady-state inward ‘Kir2.1 in the presence of 0 (.), 1 (o),

10 (y), 100 (w), and 1000 tM Ba2 (•). Right: Kd values obtained from the

concentration-dependent inhibition of the steady-state ‘K1r2.J as function of the

membrane potentials. The solid une is the best fit of the data obtained at Vin ranging

from —120 mV to —40 rnV, using the Boltzmann equation.

B: Blockade of Kir2.1 channels by intracellular Ba2. Left: ‘Kir2.l at +50 (upper panel)

and —50 mV and +30 and —30 mV (Jower panel) in the presence of 0, 0.1, and 3 1iM

[Ba2]. Middle: Normalized J-V relationships in the presence of O (control, •, n = 5),

0.1 (o, n = 5), and 3 tM [Ba2J (y, n = 5). Right: Voltage-dependence of Kd. Kd at V01

between +10 and +40 mV were fitted (continuons une) with the Boltzmann equation.

Adapted from Shieh et aÏ., (1998).
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V-2. 4.4.1 Motecutar detenniiza,zts of Kir2 Ba2 btock

Kir2 channeis dispiay different sensitivity to barium with Kir2.2 being about

an order of magnitude more sensitive and Kir2.4 an order of magnitude less sensitive

than Kir2.1 or Kir2.3 (Schram et ai, 1999a; Schram et al. 2000a; Topert et aï., 1998;

Liu et al., 2001). Barium block of steady-state Kir2.1—3 is voltage dependent with

higher sensitivity at more negative potentials. Steady state block of Kir2.4 does flot

show clear voltage dependence (Schram et al. 2002a). The molecular determinants of

Kir2 Ba block are largely unknown. Research has focused on polar amino acids

inside the channel pore and around the outer mouth of the channel. In Kir2.1, Glu 125,

Arg148 and Thri4l have been identified to be important structural determinants of

Ba2 block (Navaratnam et aÏ., 1995; Sabirov et aÏ., 1997; Doring et aÏ., 1998;

Aiagem et aÏ., 2001; Murata et aÏ., 2002; Table VIII, Figure 25). Glu 125 and Thrl4l

appear to be determinants of Kir2.1 Ba sensltlvlty while Arg148, located between

these two sites, might act as a barrier preventing cations to reach the deeper site

(Sabirov et aï., 1997b). Thrl4l and Argl4s are conserved amongst ail four Kir2

family members and thus unlikely to acoount for differences observed between

Kir2.1 and Kir2.4. The corresponding amino acid to Kir2.1-Giu 125 in Kir2.2 is

glutamine (Kir2.2-G1n126). Murata et al. (2002) showed that a Kir2.1-E125Q mutant

was less sensitive to Ba2 than Kir2.1-WT. VDB was flot affected by the E125Q

mutation. Ba2 block of the reverse mutation, Kir2.2-Q126E was not studied.

However, a Kir2.2.-Q126E mutant showed decreased sensitivity to block by Mg2.

Like Kir2.2, Kir2.4 has a glutamine in the colTesponding position (Kir2.4-G1n129).

Nonetheless, despite Glnl26, Ba2 sensitivity of Kir2.2 is about one order of

magnitude higher than that of Kir2. 1. It is therefore difficult to infer on the functional

impolïance of Kir2.4-Gln129. Kir2.i has an aspartic acid in the turret (AspI 14),

whereas the corresponding amino acid in Kir2.4 is alanine. To determine the

importance of Aspli4, we created a Kir2.l mutant where Aspll4 was replaced by

alanine. Kir2.1-Dl 14A did not display aitered Ba2 sensitivity or voltage dependence

of biock (Schram, G., unpublished data) suggesting that Aspi 14 does not play a key

role in Kir2.1 Ba2 block. Kir2.4 has a phenylalanine, a large hydrophobic arnino

acid, at position 120 in the turret (Phe 120). The corresponding arnino acid in Kir2.1 is
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Lysi 17. We hypothesized that Phe 120 might act as a hydrophobie barrier to Ba2

entry into the channel pore, acting in a sirnilar fashion as Argl4$ in Kir2.1 (Sabirov

et aÏ. 1997). To investigate this hypothesis, we created a Kir2.1-K117P mutant. Ba2

block of this construct was similar to Kir2.1-WT (Schram, G., unpublished data)

suggesting that Phel2O is not responsible for the lower Ba2 or absence of VDB of

Kir2 .4.

To better understand underlying molecular determinants, we studied Ba2

block of chimeric and point mutant constnicts of Kir2.1 and Kir2.4 subunits in

Xenopus oocytes and compared properties to Kir2. I -WT and Kir2.4-WT. Chimeras

were created by replacing the Kir2.1 N-terminal (Kir2.1-2.4-NT), the first

transmembrane domain (Kir2.l-2.4-Ml), the turret (Kir2.1-2.4-ECLI), the pore

region (Kir2.1-2.4-H5), the pore-helix-M2 linker (Kir2.l-Kir2.4-ECL2) and the C-

terminal (Kir2.l-2.4-CT) ofKir2.l by the respective region ofKir2.4.

Ba2 sensitÏvity of Kir2.1-WT and Kir2.1-Kir2.4 constructs was flot

significantly different. Voltage-dependence of Ba2 block (VDB) was assessed by

fitting the 1C50 as a function of the test potential by a Boltzmann equation. VDB of

most of the chimeras was not altered significantly from Kir2.1-WT values. However,

replacement of Kir2.1-H5 and Kir2.1-ECL2 by respective regions of Kir2.4 (Kir2.1-

2.4-H5 and Kir2.1-2.4 ECL2) resulted in the loss of VDB, similar to Kir2.4-WT.

Comparison of amino acid sequences between Kir2.1 and Kir2.4 identified four

potential candidates in the pore region and three in the pore-helix-M2 linker,

respectively. Point mutant constructs of Kir2.1-2.4-H5 and Kir2.l-2.4—ECL2 were

created by replacing differing amino acids in the H5 or ECL2 region of Kir2.4 by the

corresponding residues of Kir2.1. Insertion of Thr in place of Ser142 in Kir2.J-2.4-

H5 (Kir2.1-2.4-S142T) and Cys in place of Ser149 in Kir2.l-2.4-ECL2 (Kir2.l-2.4-

S149C) restored VDB to values similar to Kir2.l-WT. To confirm these results, we

rnutated the two residues that seemed to be responsible for carrying the characteristic

VDB directly in the full length Kir2.1-WT. Ba2 sensitivity was not significantly

different for either the Kir2.l-CI49S or Kir2.1-T142S mutants compared to Kir2.l

WT. As expected both mutants showed no voltage-dependence of Ba2 block.
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Our resuits indicate that voltage dependence of Ba2 block and sensitivity to

Ba2 are determined by different regions of the Kir2. 1 channel subunit.
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Residue Mutation Location Effect on Ba2 block Reference

Dl 14 Dl 14A ECLI No effect Schrarn et aÏ., 2003

unpublished resuits

K117 KII7P ECL1 Noeffect SchrametaÏ.,2003

unpublished resuits

E125 E125Q ECLÏ . sensitivity Murata et aÏ., 2002

*-*VDB

. rate of recovery

E125N ECLY . sensitivity Alagem et al., 2001

VDB

rate of recovery

E125Q ECL1 .j. sensitivity Alagem etaL, 2001

*-‘VDB

rate of recovery

EÏ25D ECLÏ ? sensitivity Alagem et aï., 2001

*-VDB

rate of recovery

D125* D125E ECLÏ fl sensitivity Navaratnam et aÏ., 1995

T141 T14ÏA H5 .j. sensitivity Alagem et aÏ., 2001

IVDB

T142 T142S H5 —* sensitivity Herrera et al., 2006

VDB

R148 R14$H H5 ÷-‘ sensitivity Sabirov et aÏ., 1997

onset of block

C149 C149S ECL2 —* sensitivity Nerrera et aÏ., 2006

,4VDB

Table VIII: Effect of amino acid point mutations on Kir2. 1 Ba2 block.

t: decrease; ÷—: no change; t: increase. ECLI: Extracellular loop between the Ml and

H5 segments. H5: pore region. ECL2: Extracellular loop between H5 and M2

segments. VDB: Voltage dependence of block. *: The chick ear clone bas D125

instead of E 125. AI] experirnents were performed in X. oocytes.
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Kir2.1 1 -MGSVRTNRYSIVSSEEDGMKLATNAVA NGFGNGKSKVHTRQQCRSRFVKKDGH
Kir2 .2 1 MTAASRANPYSIVSSEEDGLHLVTNSGA NGFGNG--KVHTRRRORNRFVKKNGQ
Kir2 .3 1 MHGHSR NGQAJ-WPRRKR-RNRFVKKNGQ
Kjr2 .4 1 -MGLARALRRLSGALEPGNSRAGDEEEAGAGLCRNGWAPGPVAGNRR---RGRFVKKDGH

Kir2. 1 54 CNVQFINVGEKGQRYLADIPTTCVDIRWRWNLVIFCLAEVLSWLFFGCVEWLIALLHGDL
Kir2 .2 53 CNIEFANMDEKSQRYLADNFTTCVDIRWRYMLLIFSLAFLASWLLFGIIFWVIAVAHGDL
Kir2 .3 28 CNVYFANLSNKSQRYJ1ADIFTTCVDTRWRYMLNIFSAAFLVSWLFFGLLFWCIAFPHGDL
Kir2 .4 57 CNVRFVNIJGGQGARYLSDLFTTCVDVRWRWNCLLFSCSFLASWLLFCLTFVTLIASLHGDL

Kir2. 1 114 DTS--K VSKACVSEVNSFTAAFLFSIETÇTTIGYGFRCVTDE
Kir2 .2 113 EPAEGR GRTPCVMQVHGFMAAFLFS IETQTTIGYŒLRCVTEE
Kir2 .3 88 EAS--PGVPAAGGPAAGGGGAAPVAPKPCIMHVNGFLGAFLFSVETQTTIGYGFRCVTEE
Kir2 .4 117 AAP--P PPAPCFSQVASFLAAFLFALETQTSIGYGVRSVTEE

* *1

Kir2 .1 154 CPIAVFNWFQSIVGCIIDAFIIGAVMAI@1AKPKKRNETLVFSHNAVIANRDGKLCLMWR
Kir2 .2 155 CPVAVFNVVAQSIVGCIIDSFNIGAIMAKVIARPKKRAQTLLFSFNAWALRDGKLCLMWR
Kir2 .3 146 CPLAVIAWVQSIVGCVIDSFNIGTINAFGVLARPKKRAQTLLFSFŒIAVISVRDGKLCLMWR
Kir 2.4 157 CPAAVAAWLQC IAGCVLDAFWGAVMAKVIAKPKKRNETLVFS ENAWALRDRRLCLMWR

Kir2 . 1 214 VGNLRKSHLVEAFWPAQLLKSRITSEGEYIPLDQIDINVGFDSGIDRIFLVSPITIVHEI
Kir2 .2 215 VGNLRKSHIVEAFWRP.QLIKPRVTEEGEYIPLDQIDIDVGFDKGLDRIFLVSPITILNEI
Kir2 .3 206 VGNLRKSHIVEAHVRAQLIKPYMTQEOEEYLPLDQRDLNVGYDIGLDRIFLVSPIIIVHEI
Kir2.4 217 VGNLRRSHLVEAHVRAQLLQPRVTPEGEYIPLDHQDVDVGFDGGTDRIFLVSPITIVHEI

Kir2 .1 274 DEDSPLYDLSKQDIDNADFEIWILEGNVEATAMTTQCRSSYLANEILWCHRYEPVLFEE
Kir2 .2 275 DEASPLFGIS-QDLETDDFEIWILEGMVEATANTTQARSSYLANEILWGHRFEPVLFEE
Kir2 .3 266 DEDSPLYGMGKEELESEDFEIWILEGMVEATAMTTQARSSYLASEILWGHRFEPWFEE
Kir2 .4 277 DSASPLYELGRAELARADFELWILEGMVEATANTTQCRSSYLPGELLWGHRFEPVLFQR

Kir2 . 1 334 KHYYKVDYSRFHKTYEVPNTPLCSARDLAEKKYILSNA N SPOYENE
Kir2 .2 334 KNQYKIDYSHFHKTYEVPSTPRCSAKDLVENKFLLPSA N SFCYENE
Kir2 . 3 326 KSHYKVDYSRFHKTYEVAGTPCCSARELQESKITVLPAPPPPPS AFOYENE
Kir2 . 4 337 GSQYEVDYRHFHRTYEVPGTPVCSAKELDERAEQASHS PKSSPPGSLAAFCYENE

Kir2. 1 380 VALTSKEEEEDSEN GVPESTSTD--SPPG---I DLHN-QAS
Kir2 .2 380 LAELSRDEEDEAD GDQDGRSRDGLSPQARHDF DPZQ-AGG
Kir2 .3 377 LALNSQEEEEMEEEAAPJ\AAVAAGLGLEAGSK--EEAG---IIPNLEEGSHLDLEPMQAS
Kir2 .4 392 LAL-SCCQEEDEEE DTKEGTSAE--TP D-RAA

Kir2.1 415 VPLEPRPLRRESEI—
Kir2.2 419 GVLEQRPYRRESEI—
Kir2.3 432 LPLDNISYRRESAI—
Kir2.4 420 SPQALTPTLALTLPP
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Figure 25: Comparison of Kir2.l-4 arnino acid sequences.

Kir2.2, Kir2.3 and Kir2.4 share 69%, 57% and 57% identity on the amino acid level,

respectively. Residues are shaded in blue if they share > 60 identity. Transmembrane

segments Ml and M2 and the pore region H5 are indicated by black bars. The turret

is located between Ml and F15, the pore helix-M2 linker between F15 and M2. Amino

acids relevant for Ba of Kir2.l (corresponding to Kir2.l: E125, T141 and R14$) are

indicated by asterixes, newly discovered amino acids responsible for VDB (T142 and

C 149) by arrows.
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How can these observations be interpreted? Residues Thr142 in H5 and

Cys 149 in ECL2 are essential for voltage dependent Ba2 block but flot for Ba2

sensitivity (Schram et aï., 2005; HelTera et al., 2006). The C-terminal end of the pore

helices (T142 in Kir2.l) is crucial for stabilization of K ions in the central cavity,

providing 80% of the energy necessary to coordinate the hydrated K ion in the center

of the cavity (Roux & MacKinnon, 1999). Ba2 bas almost the identical crystai radius

(1.35 Â) as K (1.33) suggesting that a similar amount of energy might be necessary

to stabilize a Ba2 ion in the cavity. Thr142 of Kir2.1 is conserved arnongst Kir2.1-3,

which ail display simiiar VDB. The conesponding arnino acid in Kir2.4 is a serine. It

is thus reasonable to speculate that substitution of threonine by serine resuits in lack

of stabilization of Ba2 in the central cavity, causing loss of voltage-dependence of

block. The second residue identified, Kir2.1-Cys149, is located at the extracellular

end of the selectivity filter in the H5-M2 linker. Kir2.4 has a serine (Kir2.4-Ser152) at

this position. Both cysteine and sel-me are neutral amino acids so charge can not

account for their role in voltage-dependence of Ba2 block. Cysteine interaction with

other residues might resuit in conformational changes or stabilization of the pore thus

affecting ion permeation. Modelling studies will help to answer these questions.

The molecular mechanisms determining Ba2 sensitivity of Kir2.4 remain

unclear. G1u125 in the turret (ECL1) of Kir2.1 appears to be important for Ba2

sensitivity of this subunit. The corresponding arnino acid in Kir2.4 is Gln 129. Even

though it can not be excluded that GIn 129 contributes to the lower Ba sensltivlty of

Kir2.4, Ba2 sensitivity of a Kir2.1-2.4-ECLY chimera was not different from Kir2.1-

WT. In addition, glutamine is also found in the corresponding position in Kir2.2

(G1n126), which displays the highest Ba2 sensitivity of ail four Kir2 subunits,

suggesting that Glu 129 might not be an essential determinant of Kir2.4 Ba2

sensitivity. This specuiation is in contrast to resuits published by Murata et al. (2002)

suggesting that Glu 125 is crucial for Ba2 sensitivity of Kir2.1. No experirnental data

on Ba sensltivlty of Kir2.2-Q126E is available even though sucli a mutant exists

(Murata et aï., 2002). Potential explanations include that Ba2 sensitivity is

determined by complex interactions between residues iocated in different regions of

the channel or affected by channel regulation. Ba2 block of Kir2.3 is modulated by
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pH (Vandenberg, C., University of Santa Barbara, California, personal

communications). Likewise, Kir2.4 is a pH sensitive channel (Hughes et al., 2000).

Thus, pH dependent channel regulation miglit affect Ba2 binding or permeation

properties of Kir2.4.
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V-3 The G-protein activated cardiac inward rectifier Ij,

V-3.1 11w G-protein Signalling Pathway

KG-currents are inwardly rectifying currents that primarily control slow

postsynaptic inhibitory signalling and hormone secretion. These currents are found in

(but flot limited to) the heart, the central and peripheral nervous system and in

endocrine tissues (Sadja et aÏ., 2003). Several Ga-protein classess are known: G, G,

G,, Gq, G0 G12 and G13. G, G0 and G, are pertussis toxin (PTX) sensitive (Gilman

AG, 1987). GK is supposed to be a member of the G class in some systems (Kozasa

et al., 1996). G-proteins are heterotrimeric GTP-binding regulatory proteins that are

present in ail eukaryotic ceils. They control metabolic, humoral, neural, and

developmental functions (Simon et aÏ., 1991), and play a critical role in signal

propagation from the celi surface to the cell interior (Neer & Clapham, 198$; Gilman,

1995; Neer, 1995; Lanier, 2004). Important effector proteins include the muscarinic

cardiac K channel ‘KACh, adenylyl cyclase and phospholipase C (Navarro et aï.,

1999). G-proteins consist of three subunits, Ga, Gf3, and &y that form together the

heterotrimeric protein Ga3-y. The interaction between the M2 receptor and the ci

subunit can be blocked by PTX (Kurose et aÏ., 1986) resulting in interruption of

signal transduction. G-proteins are associated with the cytoplasmic side of the celI

membrane by hydrophobic anchors.

KG-currents are regulated by G-protein coupled receptors (GPCR). In the

resting state, GDP is bound to Ga. Upon GPCR stimulation, G-protein bound GDP is

exchanged for a cytoplasmatic GTP resulting in dissociation of Gafry into Ga-GTP

and the free f3y heterodimer (Clapham & Neer, 1997). Both Ga-GTP and the fry

subunit can interact with effector proteins such as ion channels or enzymes (Yarnada

et aï., 1998). Hydrolysis of Ga-GTP into Ga-GDP, which subsequently re-associates

with Gf3y terminates the activation signal. Regulators of G-protein signalling (RGS)

proteins (Hepler, 1999; Ross & Wilkie, 2000) control activation of GTPase (GAP)

activity, accelerating activation, desensitization, deactivation and agonist
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concentration- and time-dependent relaxation of Kir3 currents (Doupnik et aï., 1997;

Saitoh et aï., 1997; Fujita et aï., 2000; Stanfield et aÏ., 2002) (Figure 26).

(actîve)/>44 I prote ï n
Ga Ga stabilïze
GIP GTP*

(transition)

Gu
-GDP

(inactive)

accelerated

Figure 26: Schematic representation of the action of RGS protein.

RGS proteins stabilize the transition state (Gu-GTPt) of GTP hydrolysis on the Ga

subunit, which resuits in the acceleration of intrinsic GTPase-activity on the subunit

(GTPase-accelerating protein; GAP). GPCR, G protei n-coupled receptor. Reproduced

from Kurachi & Ishui (2004).

GDP

GTP
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Another group of accessory proteins regulating the signal transfer from

receptor to G-protein or the activation state of G-proteins independently of a classical

G-protein coupled receptor are so-called Activators of G-protein Signal]ing (AGS)

proteins (Lanier, 2004). The usage of a rnernbrane-delimited system as opposed to

(slower changes in) intracellular messengers has been implicated in the rapid cellular

response of ‘KACh to vagal stimulation (HaiÏzell et aÏ., 1991). Recent studies suggest

the formation of heteromeric complexes consisting of Kir3 channels, G-protein,

GPCR and RGS protein (Jeong & Ikeda, 2001; Zhang et aÏ., 2002; Benians et aï.,

2003).

The system of G-protein regulated activation of KG-channels represents an

important regulator of cardiac and neuronal cellular excitability. A wide variety of

membrane receptors including M2-muscarinic, Al-adenosine, a2-adrenergic, D2-

dopamine, various opioid receptors, 5-HTIA-serotonin, sornatostatin, GABAB to only

name a few use this pathway to inhibit celi excitation in various organs (Yamada et

aï., 199$). More than sixteen genes encoding GŒ subunits, four genes encoding f3-

subunits and multiple genes encoding ‘y-subunits are known (Simon et aï., 1991).

V-3.2 Direct Activation of ‘KACh by y-subunits

Almost one century ago, Otto Loewi discovered that the release of

“Vagusstoff’ (Acetylcholine) upon stimulation of vagal nerves caused slowing of the

heart rate (Loewi, 1921; Loewi & Navaratil, 1926). Membrane hyperpolarization

induced by ACh in the frog heart was subsequently demonstrated by two groups

(Burgen & Terroux, 1953; Del Castillo & Katz, 1955). A series of publications from

Trautwein and colleagues led to the proposition that ACh induces activation of

muscarinic K channels termed ‘KACIi resulting in deceleration of pacemaker activity

in sino-atrial node cells (Hutter & Trautwein, 1955; Trautwein & Dudel, 195$; Norna

& Trautwein, 1978; Osterrieder et aï., 1981). Single channel recordings of ‘KACh

displayed unique channel kinetics (Sakmann et aï., 1983). A scientific breakthrough

was the discovery that acetylcholine binds to M2-muscarinic and Al-adenosine

receptors activating ‘KACh via a PTX-sensitive G-protein (Pfaffinger et aÏ., 1985;

Breitwieser & Szabo, 1985; Kurachi et aï., 19$6a; Kurachi et aï., 1986b). After a long
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controversy which part of the G-protein is responsible for activation of KG-channels,

it was shown that ‘KACh is directly activated (Kurachi et al., 1986a; Kurachi et aï.,

1986b) through Ç3’y-subunits (Logothetis et aÏ., 1987) and flot the GŒ-GTP subunit

(Codina et aï., 1987; Yatani et aï., 1987; Yatani et aÏ., 1988). Confirmation was

obtained from molecular studies (Krapivinsky et aï., 1995b; Inanobe et al., 1995).

Direct binding of Gfry to the ‘KACh channel increases channel open probability

(Logothetis et aï., 1987; Kurachi et aï., 1989; Clapham, 1994; Wickman et aÏ., 1994).

V-3.3 Biophysical Properties

Inward rectifier channels activated by G-proteins or other second messenger

systems display intermediate rectification properties (Kubo et aï., 1993b; Bond et aï.,

1994; Yamada et aÏ., 1998). ‘KACh shows a sigmoidal activation time course

(Breitwieser & Szabo, 1988). Upon hyperpolarization, current increases

instantaneously to a certain level and then continuous to increase slowly to a steady

state level. Membrane depolarization causes the reverse biphasic reaction, slow and

then fast decreases in current amplitude. Whereas the fast component of g is due to

voltage-dependent unblocking of polyamines and Mg2 (Horie et al., 1987; Matsuda

et aï., 1987; Fakier et aÏ., 1995; Yamada & Kurachi, 1995), a different mechanism

designated “relaxation” accounts for the slow phase (Kurachi & Ishui, 2004).

Relaxation is caused by slow recovery from inhibition at depolarized voltages

rnediated by the RGS domain of the RGS protein with the PTX-sensitive GŒ subunit

(Inanobe et aï., 2001). At diastolic potentials, GAP activity of RGS proteins is

inhibited by phosphatidyl-3 ,4,5 -trisphosphate (PIP3). Depolarization induces Ca2

influx, which subsequently binds to Calmodulin (CaM) to form a Ca2-CaM complex.

The Ca2tCaM complex binds to RGS protein, relieves the PIP3-mediated inhibition,

restores GAP activity of RGS proteins, and accelerates the hydrolysis of GTP on Ga.

GDP- Gui re-associates with free Gf3-y and thus decreases active KG channel number.

Therefore, at depolarized potentials the G-protein cycle is negatively regulated and

the number of active KG channels is decreased (Ishii & Kurachi, 2003). Deactivation

of ‘KACIi after agonist washout occurs within seconds (Gilman, 1987). The single

channel conductance of ‘KACh and neuronal KG channels is 32-35 pS and the mean
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open tirne 1-2 ms (Logothetis et al., 1987; Miyake et aï., 1989; Grigg et aï., 1996;

Wickman et aï., 1998; Bettahi et aÏ., 2002).

V-3.4 Pharmacological Properties

‘KACh can be activated by acetylcholine and other agonists including adenosine

(Hartzell, 1979). Ba2 and Cs ions block ‘KACh (and other KG-currents) in a

concentration- and voltage-dependent but time-independent manner (Carmeliet &

Mubagwa, 1986; Gahwiler & Brown, 1985; 1noue et aï., 198$). Sodickson et al.

reported voltage-independent Ba2 block of a GABAB activated K cunent in

hippocampal neurons (Sodickson & Bean, 1996). Sensitivity to Ba2 and CS ions is

about one oi-der of magnitude lower than for that of strong inward rectifiers.

Interestingly, Ehrlich et al. described a time-dependent hyperpolarization-induced G

protein activated current in canine myocytes from pulmonary vein myocardial s]eeve

and the left atrium with Bà2 sensitivity about twice as high as the strong inward

rectifier current ‘K! in human ventricle (Ehrlich et aï., 2004).

KG-currents are sensitive to quinidine and quinine (Kurachi et aï., 1987;

Katayama et aÏ., 1997), verapamil (ho et aï., 1989), flecainide (Inomata et aï., 1991)

and cibenzoline (Wu et aï., 1994). No effect bas been reported for TEA, 4-AP,

apamine, charybdotoxin, disopyrarnide and procainamide (Lacey et aï., 1987; Lacey

et aï., 1988; moue et aï., 198$; Nakajima et aï., 1989; Katayama et al., 1997).

Tertiapin, a 22-arnino acid peptide isolated from the venom of the honey bee (Gauldie

et aï., 1976) blocks ‘KACh and ‘KATP channels but not ‘K! with nanomolar affinities (Jin

& Lu, 199$). A more stable, synthetic form of Tertiapin, Tertiapin-Q, bas recently

been synthesized (Jin & Lu, 1999) and used to study acetylcholine-dependent current

in the heart (Drici et aï., 2000).

V-3.5 Role of Cardiac ‘KACh

In the heart, ‘KACh is responsible for acetylcholine (ACh) rnediated

deceleration of the heart rate and heart rate variability (Krapivinsky et aï., 1995a;

Wickman et aï., 199$). ‘KACh is found in the conduction system, the SA node, the

atria, the AV node, Purkinje celis (Kurachi et aï., 1992) and the ventricular
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myocardium (Koumi et aÏ., 1997; Ito et aÏ., 1995; Boyett et al., 1988; Hartzell &

Simmons, 1987; Kovoor et al., 2001). In SA nodal celis, acetylclioline induces

siowing of the heart rate (DiFrancesco, 1993). However, the precise ionic

determinants causing this effect are flot cornpletely understood. Whule earlier studies

indicated that parasympathetic regulation of the heart rate was due to ACh-mediated

activation of ‘KAC! (Giles & Noble, 1976; Noma & Trautwein, 1978; Garnier et aï.,

1978; Sakmann et al., 1983), later studies providcd evidence that the pacemaker

cuiTent If (Difrancesco & Tromba, 1988; Difrancesco et aÏ., 1989; Bywater et aï.,

1990; Hirst et aï., 1992), the L-type Ca2 channel ‘Ca,L and the sustained inward

current ‘st miglit be implicated in autonomic regulation of the heart rate (Noma et aï.,

1983; Hagiwara et aÏ., 1988; Guo et al., 1995).

Expression of ‘KACh in atrial cells is approximately six times higher than in the

ventricles (Kurachi et al., 1992; Wickman et aï., 1994). Atrial ‘KACh lias been

proposed to play an important role in tlie control of tlie rcsting membrane potential

and repolarization in rabbit atrial myocytes (Kaibara et aÏ., 1991) and miglit

contribute to modulation of RMP and APD in liuman atrium (Dobrev et aÏ., 2001).

Activation of ‘KACh produces shortening of atrial and ventricular APD as well as a

negative inotropic effect in rat cardiomyocytes (McMorn et al., 1993).

In guinea pig heart, the selective ‘KACh blocker Tertiapin prevents

acetylcholine induced third degree AV block in a dose dependent fashion suggesting

a role of ‘KACh jfl genesis of AV block. Similar effects are observed in isolated rabbit

liearts (Drici et aï., 2000; Kitamura et aÏ., 2000). li ventricular myocytes, Tertiapin

produces non-significant shortening of the QTc interval suggesting an effect on

ventricular repolarization (Drici et aï., 2000). ‘KACh activation tlirough adenosine

miglit underlie the profound bradycardia and AV block after adenosine administration

(DiMarco et al., 1983; Clemo & Belardinelli, 1986; Kurachi et al., 1986b).

V-3.6 Role of ‘KACh in Disease

Patcli clarnp studies have shown greater ‘KAŒ density in LA than in RA

(Sarmast et aï., 2003). A greater dose-dependent increase in LA than RA rotor

frequency due to greater ‘KACh was suggested to underlie cholinergic AF (Sarmast et
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aÏ., 2003) and might contribute to shorter APD and ERP in the LA free wall (Li et aï.,

2001). In chronic AF, ‘KACII is down regulated and muscarinic receptor mediated

shortening of APD is attenuated. It was suggested that down regulation 0f ‘KACh

presents a mechanism to counteract upregulation ofIKI in AF thereby preventing ERP

shortening, decreasing ERP heterogeneity and so vulnerability to atrial

tachyarrhythmia (Dobrev et al., 2001).

V-3.7 Molecular Basis of KG-Currents

KG-currents are conducted by members of the Kir3 subfarnily. Kir3 channels

are activated by f3’y-subunits of heterotrimeric G-proteins (Logothetis et al., 1987) in a

membrane-delimited fashion. Four members, Kir3. 1-4, are currently known (Shieh et

aï., 2000; Gutman et aï., 2003). Three different isoforms of Kir3.2 channels are

obtained by alternative splicing (isomoto et al., 1996a).

V-3.7.1 Rote ofKir3 Subunits in tite Heart

‘KACh is encoded by heterotetramers of Kir3.1 and Kir3.4 (Krapivinsky et aï.,

1995a; Wickman et aï., 1998). Kir3.1 protein lias been detected in rat, ferret, and

guinea pig SAN where it co-Iocalises with the M2-receptor. Kir3.4 protein was found

in rat SAN (Dobrzynski et aï., 2001). Kir3.1/Kir3.4 mRNA (DePaoli et aï., 1994;

Karschin et aï., Ï994b) and protein expression (Dobrzynski et aÏ., 2001) is higher in

the atria than in the ventricles, consistent witli higher ‘KACh current density in atrium

(Kurachi et al., 1992; Wickman et aÏ., 1994). Homomeric Kir3.4 channels rnight also

contribute to atrial ‘KACh (Corey & Clapham, 1998; Bender et aï., 2001) unlike Kir3.1

which can flot forrn homomeric channels due to lack of membrane expression

(Krapivinsky et aï., 1995a; Hedin et aï., 1996). No data exists for the AVN or His

Purkinje system.

Kir3.1 or Kir3.4 KO mice exhibit modest resting tachycardia, suggesting Ioss

of inhibitory influences on lieart rate, and depolarization of the MDP (Kovoor et al.,

2001; Bettahi et aÏ., 2002). Heart rate variability (beat-to-beat variations of the heart

rate due to parasympathetic and sympathetic tonus (Akselrod et aÏ., 1981)) is greatly

attenuated in Kir3.1 and Kir3.4 KO mice at rest and after vagal stimulation with
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methoxamine and vagus-independent cholinergic stimulation with the Al-receptor

selective agonist 2-chloro, N6-cyclopentyl adenosine (CCPA). Methoxarnine and

CCPA also greatly attenuate the bradycardic response in Kir3.1 and Kir3.4 KO mice.

No effects on AVN conduction are noted in either KO mice (Wickman et al., 199$;

Bettahi et aÏ., 2002). Taken together, these resuits suggest an important role of ‘KACh

in regulation of the heart rate, even at baseline, when parasympathetic tone is not

elevated.

V-3. 7.2 Rote ofKir3 Subunits in tite (‘J4J5

In the central nervous system (CNS), Kir3 channels contribute to regulation of

firing rates, membrane potential and neurotransmitter responses (Isomoto et aÏ., 1997)

by decreasing membrane excitability (Isomoto et al., 1997). Alternative spiicing of

the Kir3.2 gene might contribute to Kir3 encoded inward rectifier current diversity in

the brain (Isomoto et aï., 1996a) where functional heterotetramers of Kir3.1 and

Kir3.2 exist (Lesage et aÏ., 1995). Activation of Kir3 channels in the CNS

hyperpolarizes the MDP thereby slowing membrane depolarization (Isomoto et aï.,

1997).

G-protein activated inward rectifier currents in the brain play a key role in

neurotransmitter-regulated changes of cellular excitability (North, 1989; Grigg et aï.,

1996) and are involved in the postsynaptic inhibitory action of many

neurotransmitters such as ‘y-aminobutyric acid through GABAB receptors, adenosine

through Al receptors and serotonin through 5-HTIA receptors (Luscher et aï., 1997).

Kir3.1 mRNA is abundantly expressed throughout the brain in rats (DePaoli et

aÏ., 1994; Karschin et aï., 1994b; Ponce et al., 1996) and mice (Kobayashi et aï.,

1995). Kir3.1 protein is found mainly on somata and dendrites in a matching

distribution (Ponce et al., 1996; Bausch et aï., 1995; Liao et aï., 1996; Ponce et al.,

1996; Miyashita & Kubo, 1997). Abundant Kir3.1 mRNA is expressed in the

olfactory system, hippocampu s, dentate gyru s, amygdale, neocortex, I ateral septal

nuclei, thalamus, red nucleus, cerebellar granule ceils, deep cerebellar nuclei and the

brainstem. No Kir3.1 mRNA is detected in hypothalamus and basal ganglia (Karschin

& Karschin, 1999). Kir3.2 protein expression is promÏnent in neuronal somata and
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dendrites in a distribution pattern similar to that of Kir3.1 (Liao et al., 1996;

Adeibrecht et aÏ., 1997). Differences between Kir3.l and Kir3.2 tissue distribution

are found in dopaminergic neurons of the substantia nigra pars compacta and the

ventral tegmental area wlicrc Kir3.1 is absent and oniy Kir3.2 is expressed, in the

caudate-putamen complex, wliere Kir3.1 is moderately expressed and Kir3.2 is absent

and in cerebeliar deep nuciei, where Kir3.1 expression is prominent. Kir3.3 is the

most widely distributed Kir3 subunit in the brain and shows moderate to strong

mRNA expression in aimost ail brain regions (Dissmann et aÏ., 1996; Karschin et al.,

1996). Expression is particuiarly strong in tlie olfactory system, the ail iayeis of

neocortex, hippocampus, and in cerebeiiar Purkinje celis, where Kir3.l and Kir3.2 are

not detected. Kir3.4 expression in the brain is restricted (Karschin & Karschin, 1997).

Moderate Kir3.4 protein xpression is found in tlie mediai habenuia, the superior

coiliculus and cerebeliar Purkinje ceils (Murer et aÏ., 1997).

functional importance of Kir3 channei subunits lias been investigated using

Kir3 knockout mice. Wliereas Kir3.1 and Kir3.4 knockout mice do not dispiay

neurologicai abnormaiities (Wickman et al., 199$; Bettahi et aÏ., 2002), mice lacking

the Kir3.2 gene deveiop spontaneous seizures and are more susceptible to

pliarmacologicaliy induced seizures. In weaver mice (Lane, 1964) a G156S mutation

in the Kir3.2 channel (Patil et aÏ., 1995) is associated with cerebeliar atropliy due to

ioss of granule ceil neurons resulting in gait abnormaiities (weaver for “weaving

gait”), fine rapid tremor and liyperactivity. The G156S mutation in weaver mice is

within the GYG of tlie seiectivity fiiter, resulting in a SYG sequence. This mutation

causes ioss of K seiectivity and makes the channel permeabie for Na. Na influx

into the ceil activates the cliannel further (Siiverman et aï., 1996a), leading to

increased Na/Ca2 exchanger activity causing intraceilular Ca2 overload and ceil

deatli. Mice in which the Kir3.2 gene lias been deleted (Kir3.2 knockout mice) are

morpliologically indistinguishable from wild-type mice confirming that the weaver

phenotype is due to abnormai Kir3.2 function (Signorini et aï., 1997). Data based on

biochemical and functional properties indicates tliat functional KG channels

composed of Kir3.2 and Kir3.3 subunits exist in brain (Jelacic et aÏ., 2000). Knockout

of Kir3.2 and / or Kir3.3 depolarizes RMP in iocus coeruleus (LC) neurons of mice
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by 15 to 20 rnV compare to WT mice. In these animais, [MetJ5enkephalin-induced

hyperpolarization and whole-cell current were reduced by 40% in LC neurons from

Kir3.2 knockout mice and by 80% in neurons from Kir3.2/3.3 double knockout mice

indicating that both Kir3.2 and Kir3.3 subunits contribute to native KG current in

locus coeruleus neurons (Torrecil]a et aÏ., 2002).

In summary, Kir3 subunits are abundant throughout the brain where they

modulate hormone- and neurotransmitter-regulated changes of neuronal excitability.

Biochemical, biophysical and functional data indicates that native neuronal KG

channels are composed of heterotetramers consisting of Kir3.1, Kir3.2 and Kir3.3

channels. Kir3.4 channels are unlikely to play a major role in neuronal KG channels.

Dysfunction of KG-channels in the brain is associated with increased neuronal

excitability and a decrease in seizure threshold. The functional importance of Kir3

channels in endothelial ceils is unknown.
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V-4 The ATP-sensitive Inward Rectifier Current ‘K4TP

An ATP-sensitive K channel was discovered 1983 by Noma in guinea pig

ventricular myocytes (Noma, 1983). Subsequently, KATP channels have been found in

a variety of tissues including brain, pancreas, pituitary gland, smooth and skeletal

muscle, intestine and kidney (Gross & Peart, 2003). Distinct sarcolemmal,

mitochondrial and nuclear KATP channels have been described. The molecular

composition of KATP channels varies between tissues (Zhuo et aï., 2005). KATP

channels are regulated by intracellular ADP and ATP concentrations and thus provide

a feedback mechanism between celi metabolism and membrane electrical activity

(Gross & Peart, 2003; Zhuo et al., 2005). CeIl metabolisrn regulates KATP gene

expression and products of celi metabolism control channel activity. KATP channels in

return control membrane potentials, regulation of vascular smooth muscle tone,

insulin secretion in the pancreas, release of synaptic neurotransmitter release and ceil

activities such as energy metabolism, cellular horneostasis, apoptosis and gene

expression (Ashcroft & Rorsman, 1989; Ho et ai., 1993; Nichols & Lederer, 1991;

Zhuo et al., 2005). In the heart, KATP channels protect the myocardium against

ischemic injuries. Sarcolemmal KATP (sarc KATP) may contribute to energy sparing

while mitochondrial KATP (mito KATP) channels are involved in ischemic

preconditioning (IPC) (Zhuo et al., 2005). When intracellular ATP is low such as

under ischemic conditions, ‘KATP channels open and conduct inward K-current. The

resulting shortening of cardiac APD decreases the risk of cardiac airhythrnias

(Nichols & Lederer, 1991). ‘KATP shows only weak inward rectification allowing

conduction of substantial current at potentials positive to the K equilibrium potential

(Noma, 1983; Nichols & Lederer, 1991). The field of KATP channels is vast and

impossible to cover in its entirety in the context of this thesis. The following section

will thus only briefly discuss biophysical properties, pharmacology, molecu]ar

structure and the functional role of KATP channels in key organs.
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V-4.1 Biophysical and Pharmacological properties

KATP channels have weak inwardly rectifying properties, are closed when

intracellular ATP is high and open when ATP is low, i.e. the ATP/ADP ratio

increases. ATP inhibits KATP channels with an ICso of 10 — 50 iM in excised

patches and MgADP reverses the effect (Ashcroft, 1988; Nichols et aï., 1996; Gribble

et al., 1997; Haider et aÏ., 2005). Intracellular nucleoside diphosphates (NDP)

activate ‘KATP (Noma, 1983). Pancreatic, cardiac and skeletal muscle KATP channels

have single-channel conductances of 70-90 pS under symmetrical Ktconditions

(Ashcroft, 1988; Tei-zic et aÏ., 1995) and are blocked by Mg2 and Na at membrane

potentials positive to EK (Horie et aÏ., 1987). KATP channels are selectively inhibited

by sulfonylurea derivatives including glibenclamide and tolbutamide. KATP channels

are activated by a class of drugs known as K channel openers (KCO) whicli include

pinacidil and diazoxide, however, sensitivities differ between channels from different

tissues (Weik & Neumcke, 1989; Hamada et aï., 1990; Allard et al., 1995; Ashcroft

& Ashcroft, 1990; Zliang & Bolton, 1995; Quayle et aï., 1997). Application of PW2

and long chain acyl CoAs (LC-C0A) increases open probability and decreases ATP

sensitivity (Baukrowitz et aï., 1998; Shyng & Nichols, 1998; Fan & Makielski, 1997;

Larsson et aï., 1996b; Gribble et aï., 1998a) through interaction with residues in the

C-terminus (Sliyng et al., 2000b) providing another potential mechanism for channel

activation in physiological ATP concentrations (Xie et al., 1999; Shyng et aï., 2000a).

V-4.2 Functional Role of KATP channels

V-4.2. 1 Regutatioit of Pancreatic Insutin Secretion

A physiological role of KATP channels lias first been cliaracterized in

pancreatic t3-cells. lncrease in intracellular ATP due to increased glucose metabolism

closes KATP channels. This leads to depolarization of the RMP leading to Ca2 influx

into tlie cdl tlirough the opening of voltage-gated Ca2 cliannels. Rise in the

intracellular Ca2-concentration in -cells triggers exocytosis of insulin-containing

granules (Seino & Miki, 2003). Insulin secretion from f3-cells can be stimulated by

pliarmacological treatment with sulfonylureas whicli inhibit ‘KATP tlirough direct

closing of KATP channels (Trube et aÏ., 1986; Dunne et al., 1987; Sturgess et aï.,
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1985; Seino & Miki, 2003). When glucose level fali low, the ADP to ATP ratio

increases, KATP channels open and hyperpolarize the ceil thereby shutting off the

release of insu lin.

Hypothalamic KATP channels might play a critical role in the modulation of

glucose homeostasis through regulation of the counter-regulatory hormones such as

glucagon and catecholamines (Taborsky, Jr. et aÏ., 1998). Mice lacking the gene

encoding the pore-forming subunit of KATP channels display a markedly impaired

recovery from insulin-induced hypoglycaemia (Miki et aI., 2001), consistent with this

notion.

V-4.2.2 Rote of Cardiac ‘KATP

In the heart, KATP channels are involved in cellular reactions to metabolic

stress during ischemia and hypoxia (Fujita & Kurachi, 2000). Cardiac ‘KATP S

regulated via ce]] metabolites (fast regulation) or regulation of KATP gene expression

(slow regulation) (Zhuo et aI., 2005). Decreased arrhythmogenicity through KATP

channel increased K-efflux during ischernia is not due to membrane

hyperpolarization but to inhibition of cellular excitability (Nichols & Lederer, 1991;

Nakaya et aÏ., 1991; Findlay, 1994; Isomoto et aÏ., 1997). Mice lacking ‘KATP have a

deficit in repo]arization reserve. Adrenergic challenges in these animaIs provoke

EADs, triggered activity and torsades de pointes ventricular tachycardia (Liu et aï.,

2004) emphasizing the important functional role of KATP in modulation of membrane

excitability during sympathetic stress. Cardiac sarc KATP channels may also provide

protection against iscliemia by energy sparing whi]e both sarc KATP and mito KATP

channels are important for IPC, minimizing cardiac damage during hypoxia (Grover

et al., 1992; Yao et aÏ., 1993; Zhuo et al., 2005). Sarc KATP contributes to

acce]eration of phase 3 repolarization and siowing of depo]arization. This causes

shortening of APD and prevents the reversai of the Na+/Ca21 exchanger thereby

inhibiting Ca2 entry into the ccli (Suzuki et aÏ., 2001). A decrease in intrace]Jular

Ca2 resuits in reduction of mechanical contraction and energy sparing. In ischemic

preconditioning, brief intermittent periods of ischernia protect the myocardium

against a more sustained episode of ischemia resulting in a marked reduction of
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infarct size (Murry et aÏ., 1986). Both sarc KATP and mito KATP contribute to IPC

through different, complernentary rnechanisms (Zhuo et aÏ., 2005) which miglit

include activation of protein kinase C (PKC), increase in nitric oxide (NO) via

induction of endothelial NO synthase and activation of the Na/K ATPase (Gross et

aÏ., 2003; Gross & Peart, 2003).

V-4.2.3 Rote of KATP in the CNS

KATP channels in the brain exert a protective function against neuronal damage

and neurodegeneration during metabolic stress (Heufleaux et al., 1995; Blondeau et

aÏ., 2000). Within two minutes of ischernia, ATP levels in the brain fali to about 5 —

15% of their normal value (Katsura et aÏ., 1992; Lipton, 1999). KATP channels have

been shown to be involved in hypoxia induced hyperpolarization in the hippocampus

(Fujiwara et aÏ., 1987). KATP channels in the brain have been detected in many

regions including the substantia nigra pars reticularis (Roper & Ashcroft, 1995), the

neocortex (Ohno-Shosaku & Yamamoto, 1992), the hippocampus (Zawar et aï.,

1999) and the hypothalamus (Asliford et aÏ., 1990) and show particularly high

expression in the substantia nigra pars reticulata (SNr) (Mourre et aÏ., 1989; Hicks et

al., 1994). The SNr is an essential structure in suppressing generalized seizures, and

KATP channels might play a critical role in modulating SNr excitability. Studies with

mice lacking the pore forming subunit of KATP have demonstrated an important

functional role of KATP in seizure control during hypoxia. Rapid minimization of

oxygen consumption through control of seizures minirnizes irreversible celi damage

caused by a high metabolic demand during seizure (Yamada & Inagaki, 2005).

V-4.2.4 Rote of Vascular ‘KATP

In coronary arteries, KATP channels mediate vasodilation during ischemia

(Daut et aÏ., 1990; Beech et aï., 1993; Dart & Standen, 1995). Mice lacking ‘KATP

suffer from coronary artery vasospasm (“Prinzmetal angina”), arterial hypertension

and sudden death (Miki et aÏ., 2002; Chutkow et aÏ., 2002). Activation of KATP

channels in the vascular system by KCOs leads to smooth muscle relaxation,

decreases vascular resistance and lowers blood pressure (Edwards & Weston, 1993;

Nelson & Quayle, 1995; Quayle et aÏ., 1995; Quayle et aÏ., 1997). The role Of JKATP
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and KATP channel opener in rnyocardial ischernia-reperfusion is controversial (Zhuo

et aL, 2005).

Data on KATP channels in endothelial ceils is sparse. KATP currents in

endothelial celis were first described in endothelial celis from rat brain and aorta

(Janigro et aï., 1993; Janigro et aÏ., 1996), rabbit aiïeries (Katnik & Adams, 1995)

and aorta (Katnik & Adams, 1997). Liu et al. (1997) showed that endothelium

dependent relaxation in response to hypoxia can overwhelm hypoxia induced

vasoconstriction in small porcine coronary arteries. Pharmacological studies indicate

that this relaxation ii likely to be mediated by a mechanisrn independent of nitric

oxide or prostacyclin which involves activation of smooth muscle KATP-channels (Liu

& Flavahan, 1997). Endothelial KATP channels have also been implicated in

adenosine induced potentiation of vasodilation of porcine subepicardial coronary

arterioles (Kuo & Chancellor, 1995). Chatterjee et al (2003) have shown that shear

stress in pulmonary microvascular endothelial celis induces expression of KATP

currents which contribute to membrane hypeipolarization. Membrane depolarization

due to an acute decrease in sheer stress can be prevented by cromakalim, indicating a

role of KATP channels in endothelial ceil membrane depolarization response due to

ischemia induced ftow changes (Chatteijee et aÏ., 2003). Endothelial dysfunction, an

important contributor to repeffusion injury during ischemia (Hearse, 199$), is

rcduced by IPC (Yellon & Downey, 2003). In animal models, KATP openers such as

diazoxide mimic WC while KATP blockers such as glibenclamide inhibit it (Garlid et

aï., 1997; Liu et aÏ., 1998; Pain et aÏ., 2000; Gross & Aucharnpach, 1992; Sanada et

aï., 2001). KATP channel-mediated induction of endothelial WC in vivo lias recently

been demonstrated in hurnans (Broadhead et aÏ., 2004). Left ventricular hypertrophy

in pigs is associated with a loss of endothelial KATP channel-dependent, NO-mediated

dilatation of endocardial resistance coronary arteries (Gendron et aï., 2004).

V-4.3 Molecular Basis of KATP channels

V-4.3.1 Motecular Basis 0JKATp chaiznel assembty

KATP channels are heterooctarneric complexes consisting of four pore-forming

Kir6 subunits and four regulatory sulfonylurea receptor (SUR) subunits which co
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assemble to Kir6/SUR tandems in a 4:4 stoichiometry (Inagaki et al., 1997; Clement

et aï., 1997; Isornoto et al., 1997; Shyng & Nichols, 1997; Reimann & Ashcroft,

1999).

The first member of the Kir6 family, Kir6.1, was cloned in 1995 from a rat

pancreatic islet cDNA Iibrary. Kir6.1 is ubiquitously expressed including in the brain,

heart, pancreatic islets, pituitary, and skeletal muscle (Inagaki et al., 1995b). A

second ïsoform, Kir6.2 sharing 71% identity at the primary sequence level with

Kir6.1, was cloned from a human genomic Iibrary by homology screening using

Kir6. 1 as probe. Kir6.2 mRNA expression is strong in the pancreas, but is also found

at lower levels in the brain, heart and skeletal muscle (Inagaki et aï., 1995a). Instead

of Gly-Tyr-Gly, Kir6 channels have Gly-Phe-Gly in their signature sequence.

Sulfonylurea receptors are part of the ATP-binding cassette (ABC) protein

superfamily (Higgins, 1992). SURi was cloned from rat insulinoma and hamster

insulin secreting tumor ceils (Aguilar-Bryan et aï., 1995). The sulfonylurea receptor

has been proposed to have three transmembrane domains, TMDO, TMDÏ and TMD2

consisting of five, five and six transmembrane spanning regions. N- and C-termini are

on the cytoplasmic side. Two nucleotide binding folds (NBF-1 and NBF-2) each

containing a Walker type A and Walker type B motif (Walker et aï., 1982) are located

in the loop between TMD1 and TMD2 and in the C-terminus, respectively (Conti et

aï., 2001). Mutations in SURi are associated with farniliar hyperinsulinaemic

hypoglycaemia (Thomas et aï., 1995). Co-expression of Kir6.2 and SURi (Aguilar

Bryan et aï., 1995) reconstitute the pancreatic ATP sensitive KATP channel

responsible for the regulation of insulin secretion (Inagaki et al., 1995a). SURi

mRNA expression is high in the pancreas, however, it is also found in heart and brain

(Inagaki et aï., 1995b). SURi shows high affinity binding for glibenclamide

suggesting that it confers sulfonylurea binding (Aguilar-Bryan et aï., 1995). Other

SURI spiice variants have been identified (Sakura et al., 1999; Hambrock et aï.,

2002).

SUR2 was cloned from a rat brain library and shares 68% hornology with

SUR 1. In the same year, a spiice variant of SUR2 with 97% hornology to SUR2 was
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cloned and designated SUR2B. SUR2 was subsequently renamed to SUR2A

(Isomoto et al., 1996b). Whereas SUR2B mRNA is ubiquitously expressed, SUR2A

mRNA expression appears to be restricted to brain, heart and skeletal muscle

(Isomoto et al., 1996b). Co-expression of Kir6.2 with SUR2A resuits in channels

resembling cardiac ‘KATP (Inagaki et al., 1996; Okuyarna et aÏ., 1998) whereas co

expression of Kir6.2 with SUR2B resuits in a channel with pharmacological

properties and nucleotide regulation distinct from Kir6.2/SUR2A (Yamada et aï.,

1997). 11 is believed that SUR2B co-assembles with Kir6.Ï to forrn the vascular KATP

channel (Isomoto et aï., 1996a; Yamada et al., 1997). Meanwhile, additional SUR2

variants derived from alternative spiicing have been discovered (Chutkow et aï.,

1996; Chutkow et aÏ., 1999). SUR2A affinity for sulfonylureas is much lower than

that of SURi (Inagaki et aï., 1996).

Co-assembly of Kir6 and SUR occurs in the ER. Both Kir6 and SUR possess

RKR, an endoplasmic reticulum retention signal, that prevents export from the ER

(Zerangue et al., 1999). In Kir6 it is present in the C-terminus, whereas in SUR it is

located in a loop between TM1Y and NDF-1. Co-assembly of Kir6 with SUR masks

the signal allowing the complex to traffic to the membrane (Tucker et aÏ., 1997).

Additional trafficking signais on the C-terminus of SUR are required to exit the

ERIcis-Golgi compartments and traffic to the membrane (Sharma et al., 1999). KATP

trafficking to the membrane appears to be complex (Babenko et aÏ., 1998; Sakura et

al., 1999).

V-4.3.2 Motecutar Basis ofKp chaizuet Regulatioit

Ligand docking has modelled the ATP-binding site at the interface between

the C- and N- terminal domains of the same subunit and part of the N-terminus of a

neighbouring subunit (Trapp et al., 2003). Native channels have four ATP binding

sites (one per Kir6 subunit), yet binding of one ATP molecule is sufficient to induce

channel ciosure (Markworth et aÏ., 2000). The tau phosphate of the ATP molecule

makes contact with Lys 185 and Arg2Ol in the C-terminus of one subunit and Arg5O

in the N-terminus of another Kir6.2 subunit (Seino & Miki, 2003; Antciiff et aï.,

2005). The ATP-binding site lies within a pocket lined by side chains ofresidues 179-
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182 on one side and residues 38-40 and Arg 301 on the other (Antcliff et aÏ., 2005).

MgADP activates KATP channels (Gribble et al., 1997; Shyng et aL, 1997).

Nucleotide binding studies have revealed the interaction of MgADP with NBF-2 of

SURi (Ueda et al., 1997). In addition, MgADP and MgATP stabilize ATP-binding at

NBF-1 on SURi through conformational changes at NBF-2 (Ueda et aÏ., 1997; Ueda

et aï., 1999a; Matsuo et aï., 1999a; Matsuo et al., 1999b). When ATP/ADP is

decreased, NBF-1 binds ATP and NBF-2 binds MgADP. This state reduces the

affinity of Kir6.2 to ATP resulting in channel opening. Increase in the ATP/ADP ratio

induces dissociation of MgADP from NBF-2 resulting in release of ATP from NBF-1

and channel closure (Ueda et aï., 1999b). Gating in KATP channels is suggested to

occur in the Kir6 filter (“fast gating”), the inner helices and the cytoplasmic ring

(“slow gating”). The siide helix might be involved in coupling ATP binding to

channel closure. However, the precise mechanisrn is yet to be determined (Haider et

al., 2005)

V-4.3.3 Molecular Basis of KATP chaizizet Pharmacotogy

Two major classes of therapeutic drugs regulate the activity of KATP channels

(Ashcroft & Gribble, 2000a; Gribble & Reimann, 2003). Sulfonylureas bind to SUR

subunits. TMÏ5 and TMY6 on TMD2 are critical for binding of sulfonylureas

(Babenko et al., 1999b; Babenko et aï., 1999a; Ashfield et aÏ., 1999). Glibenclamide

contains both sulfonylurea and benzamido moieties, enabling it to bind to SURi at

two regions (Ashcroft & Gribble, 2000b). Tolbutamide contains only a sulfonylurea

moiety and can only bind to the tolbutamide binding site of SURi (Gribble et aï.,

1998b). SURi and SUR2 both possess a benzarnido binding site but SUR2 lacks the

sulfonylurea binding site (Seino & Miki, 2003).

K channel openers (KCOs) activate KATP channels leading to membrane

hyperpolarization and decreased cellular excitability (Ashcroft & Gribble, 2000a).

KCOs bind to SUR subunits which display varying sensitivities to KCOs. SURi

confers sensitivity to diazoxide but not pinacidil while SUR2A confers sensitivity to

pinacidil and cromakalim but not diazoxide. Kir6.2/SUR2B channels are activated by

ail three, pinacidil, diazoxide and cromakalim (Seino & Miki, 2003). Interaction of
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KCOs with SURs stimulates ATP hydrolysis at NBF2, which stabilizes channels in

the MgADP bound state and promotes channel opening (Zingman et al., 2001). SUR2

specific KCOs bind to the loop between 1M13 and TMI4 as well as between TMI6

and TM17 on IMD2 (Seino & Miki, 2003). Lys1249 and Thr1253 of SUR2A are

criticai for KCO binding (Moreau et aI., 2000). The binding site for diazoxide is

somewhat elusive yet thought to be located on TMDÏ on TM$ to TM1 1 (Moreau et

al., 2005). Lack of cooperativity between KCOs indicate that binding sites are highly

specific (Moreau et al., 2005).

V-4.3.4 Molecutar Identity of KA ri

Heterologous expression of Kir6 channeis with SUR subunits in different

combinations reconstitutes KATP channels with distinct electrophysiological and

pharmacological properties reflecting ‘KATP in various tissues. It is currentiy beiieved

that Kir6.2/SURI complexes underlie ‘KATP in the pancreatic beta-ceils (Inagaki et aï.,

1995a) and Kir6.2/SUR2A reconstitute cardiac sarcoplasmatic KATP channels

(Inagaki et al., 1996). Two different types of smooth muscle celi ‘KATP are known.

Whereas Kir6.2/SUR2B is thought to underlie non-vascular smooth muscle ccli ‘KATP

(Yamada et al., 1997), Kir6.1/SUR2B form channels with properties similar to

vascular srnooth muscle celi ‘KATP also referred to ‘KNDP. ]KNDP is rather insensitive to

ATP, activated by nucleoside diphosphates, inhibited by giibenclamide and bas a

single channel conductance that is about half the single channel conductance of KATP

cliannels (Yamada et aÏ., 1997). Mitochondrial KATP was discovered in 1991 (moue et

al., 1991). Its molecular composition lias not yet been clarified (Zhuo et aÏ., 2005).

JKACh in excised patches of nuclear membranes bas kinetics and pharmacological

properties similar to KATP in the plasma membrane (Quesada et aÏ., 2002). Its

moiecular basis is unknown (Zbuo et aÏ., 2005).

In the brain, a Kir6.2/SURI complex reconstitutes ‘KATP fl ventromedial

hypothalamus (Miki et aï., 2001) and neurons of the SNr (Thomzig et aÏ., 2001).

Kir6. 1 but flot Kir6.2 is expressed in astrocytes and only in very few neurons in the

brain. lmmunoreactivity to Kir6.l is primariiy located at distal perisynaptic and

peridendritic astrocyte plasma membrane processes (Thomzig et aÏ., 2001).
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Overexpression of SURI in the forebrain of mice leads to about 9-12 fold increased

KATP channel expression in the cortex, hippocampus, and striatum (Hernandez

Sanchez et aÏ., 2001). Interestingly, overexpression of SURi in the forebrain protects

both WT and transgenic mice from seizures and neuronal damage without inteffering

with locomotor or cognitive function. These resuits strongly indicate a critical role of

SUR1-containing KATP channels neuroprotection during acute or chronic metabolic

stress such as ischemia (Heurteaux et aï., 1993).
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V-5 Rote of other Inward Rectifier Channets

Khi channels encode weakly inwardly rectifying channels. They are

predominantly expressed in the kidney (Ho et aÏ., 1993; Isomoto et aÏ., 1997) and in

the brain (Kenna et aï., 1994). The Kiri gene contains at least five exons and

alternate spiicing of the 5’ coding and the 3’ non-coding region generates multiple

variants (Ho et aï., 1993; Boim et aÏ., 1995). A putative phosphate-binding loop in

the C-terminal of Kirl.1 (Ho et aÏ., 1993) allows channel inhibition by cytoplasmic

ATP (McNicholas et aÏ., 1994). Direct phosphorylation by PKA is involved in

cliannel regulation and PKA-dependent phosphorylation and regulation by protein

kinase A is essential for cliannel activity (Xu et aÏ., 1996).

Kir4 cliannels are widely expressed and ai-e thought to supply the major K

conductance in oligodendrocytes. Their functioning is crucial for myeÏination of

axons (Neuscli et aï., 2001). Formation of heteromeric Kir2.1/Kir4.1 (Fakier et aï.,

1996), heterotetrameric Kir4.1/Kir5.1 (Pessia et aï., 1996; Tanemoto et al., 2000;

Yang et al., 2000; Lourdel et al., 2002) and Kir4.2/KirS.1 (Tanemoto et al., 2000)

channels lias been described and may play a role in the kidney and the CNS.

Kir5.1 subunit diversity is achieved by alternative splicing of exon 3. Kir5.1

protein expression is high in kidney and brain (Tanemoto et aï., 2000). Only little is

known about its functional relevance. KirS.1 was reported to form non-functional

channels when expressed alone in heterologous expression systems (Bond et al.,

1994; Pessia et al., 1996) but lias been shown to be an important regulator of Kir

cliannels sucli as Kir4.0 (see above) or possibly Kir2.1 (Derst et aï., 2001b). Recent

data suggests that the scaffolding protein PSD-95 is necessary for functional

homorneric Kir5.1 channel expression. When Kir5.1 is co-expressed witli PSD-95 in

HEK293 celis, KirS.1 channels cluster in the ccli membrane and conduct a K

selective current that is strongly rectifying and blocked by Barium. Phosphorylation

of the Kir5. I C-terminal leads to detachment from PSD-95 resu iting in prompt KirS. 1

current suppression, possibly due to internalization (Tanemoto et aï., 2002). Given

tlie high KirS.! ahundance as welI as the presence of KirS.l/PSD-95 complexes in the
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brain homomeric Kir5.1 channels might play an important role in neuronal

excitability.

Kir7.1 was cloned from rat and human cDNA (Doring et aÏ., 1998). Kir7.1

shares less than 37% homology with other Kir subunits and shows various unique

residues at conserved sites, particularly near the pore region. High Kir7. 1 mRNA

levels are detected in rat brain, lung, kidney, and testis (Doring et aÏ., 1998) as well as

in the thyroid gland, small intestine, stomach, and spinal cord (Nakamura et al.,

1999a). Kir7.1 protein as shown by immunohistochemistry is expressed in follicular

and epithelial ceils of rat thyroid, intestine and choroïd plexus, suggesting a

contributory role to regulation of membrane potentials in these specialized ceils

(Nakamura et al., 1999a).

Heterologous expression of Kir7.1 cRNA in Xenopus oocytes generates

macroscopic Kir currents that show shallow dependence on external K. Mutation of

methionine 125 to the conserved arginine 125 confers the pronounced dependence of

K permeability on external potassium which is characteristic for other Kir channels.

Additionally, Kir7.l-M125R mutants display Ba2 sensitivity which is apprixmately

25 fold higher than that of Kir7.1-WT. These resuits suggest an important role of this

site in the regulation of K permeability in Kir channels by extracellular cations

(Doring et aÏ., 1998).

Kir7.1 importantly contributes to maintenance of the resting membrane

potential in epithelial cells in various organs and species. In the kidney, Kir7.1

transcript expression is high in the proximal tubule but weak in glomeruli and thick

ascending limb in guinea pigs. Immunocytochemical studies in guinea pig identifled

Kir7. 1 protein in the basolateral membrane of epithelial cells of the proximal tubule.

In isolated human tubule fragments, Kir7.1 mRNA is expressed in proximal tubule

and thick ascending limb, suggesting that Kir7.1 may contribute to basolateral K

recycling in the proximal tubule and in the thick ascending limb (Derst et aÏ., 200 la).

Kir7.l plays a major role in Ktexcretion during kidney development in rats (Suzuki

et aÏ., 2003).
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In rat brain, Kir7.Ï mRNA is absent from neurons and glia but strongly

expressed in the secretory epithelial ceils of the choroid plexus (Doring et al., 1998;

Nakamura et aï., 1999a). h retinal pigmented epithelial (RPE) celis, Kir7.1 channels

are localized specifically at the proximal foots of the apical processes of RPE ceils

and co-localize with Na/K-ATPase and Kir4.1 suggesting that Kir7.1, possibly in

heteromeric Kir7.1/Kir4.1 complexes, may contribute to K recycling to maintain

Na7K-ATPase activity and thus is essential for K handiing in RPE celis (Kusaka et

al., 2001; Kusaka et aï., 1999). A similar role lias been suggested in rat and human

thyroid follicular celis (Nakamura et aï., 1999a). Whole-cell recordings from freshly

isolated bovine RPE ceils showed a predominant mild inwardly rectifying K

conductance with properties compatible with Kir7. 1. Cell-attached recordings

revealed inwardly rectifying currents with the same unitary conductances as Kir7.1 in

nine of 12 patches of RPE apical membrane but only in one of one of 13 basolateral

membrane patches. Consistent with other data (Yang et aï., 2003a), these results

suggest, that Kir7. I channel subunits comprise the K conductance of the RPE apical

membrane in bovine retinal pigmented cells (Shirnura et aï., 2001). Kir7.1 rnRNA is

also expressed in native porcine iris pigment epithelial cells (IPE) consistent with

mild inwardly rectifying whole celi K currents that display little dependence on

extracellular Kt However, current density of Kir conductance in IPE cells is much

smaller than that in RPE cells (2 1.7 S/F vs. 205.6 5fF) suggesting that Kir channels

other than Kirf.1 miglit underlie Kir conductance in these celis (Yang et aï., 2003b).



CHAPTER VI: POTENTIAL ROLE 0F

HETEROMULTIMER FORMATION IN K

CHANNELS

151



152

VI-1 Structural Deterininants ofKv-channel Assembly

Four pore-forming a-subunits co-assemble to form a functional ion channel

(MacKinnon, 1991). If four identical subunits co-assemble the resulting channel

protein is said to be a homotetramer, if subunits are different the channel is called a

heterotetramer. Aipha-subunit co-assembly among voltage gated channels usually

only occurs within a subfamily, but flot between members of different Kv subfamilies

(Li et al., 1992; Shen et al., 1993). Kv channel co-assembly is determined by the Ti

domain located at the channel N-terminus. While it was initially believed that the Ti

domain is essential for subunit co-assembly or channel trafficking (Li et al., 1992;

Shen & Pfaffinger, 1995; Schulteis et al., 1998), conflicting studies reported that

channel assembly was stili possible in the absence of the T1 domain (Tu et aï., 1996;

Kobertz & Miller, 1999). It is now generally accepted, that the role of the amino

terminal assembly domain is to coordinate channel assembly amongst compatible

subunits (Papazian, 1999). The expression and localization of Kv4 channels can be

regulated by various auxiliary channel-interacting proteins including Kv a-subunits

(Nakahira et aÏ., 1996; Yang et al., 2001), Kvf3 subunits (Shi et al., 1996), the minK

related peptide 1 (MiRP1) (Zhang et al., 2001), K channel interacting protein

(KChW) (An et al., 2000) and the chaperon-like KChAP protein (Kuryshev et al.,

2000).

The exception to the rule in Kv-channel assembly are so-called modulatory

Kv Œ-subunits, also referred to as 7-subunits. These subunits designated Kv5, Kv6,

Kv$ and Kv9, (Kramer et aï., 199$; Zhu et al., 1999a; Sano et al., 2002) remain silent

when heterologously expressed but co-assemble and modulate the properties of co

assembled Kv Œ-subunits. Kv5 and Kv6 subunits only co-assemble with Kv2

channels whereas Kv8 and Kv9 subunits co-assemble with Kv2 and Kv3 channels

(Hugnot et al., 1996; Stocker et al., 1999).
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VI-2 Physiotogical Rote ofKv-channet Heterotetramers

In the heaiï, both Kv4.2 and Kv4.3 are expressed in the ventricles (Barry et

aï., 1995; Wickenden et aï., 1999; fiset et al., 1997; Yeola & Snyders, 1997). Even

though antisense experiment did flot suppol-t formation of Kv4.2/Kv4.3 heteromeric

channels in L-cells (Fiset et aï., 1997), biochemical and electrophysiological data

suggests that Kv4.2/Kv4.3 heteromultimeric channeis coassemble with KChW to

form ‘to in mouse ventricular myocytes (Guo et aï., 2002).

Kv channel subunits co-localize in the brain (see section W-2.4). Heterorneric

Kvl.1/Kvl.4 complexes are expressed in the globus pallidus, the SNr (Rhodes et aï.,

1997; Sheng et aï., 1992) and in hippocampal mossy fibre terminais (Geiger & Jonas,

2000; Bischofherger et aï., 2002)}. Kvl.1/Kvl.2 colocalize in cerebellar basket ceil

terminais (McNamara et aï., 1993; McNamara et aï., 1996; Wang et aï., 1994a).

Formation of Kv2 heteromeric complexes is structurally possible (Blaine & Ribera,

199$) yet unlikely due to different subcellular localization (Trimmer & Rhodes,

2004). Heteromeric Kv3.l/Kv3.3 may regulate excitability of brainstem auditory

neurons and Purkinje ceil somata and dendrites (Martina et aï., 2003). In certain fast

spiking celis in the neocortex and hippocampus, heteromeric Kv3.4/Kv3.1 and/or

Kv3.4/Kv3.2 channels might underlie a fast-delayed rectifier current (Baranauskas et

aï., 2003). Kv4.2 and Kv4.3 channels show differentiai locaiization suggesting

formation of homomeric Kv4 channel complexes in the brain (Trimmer & Rhodes,

2004).

VI-3 Structural Deterininants of Kir Chairnel Assembty

First evidence for Kir2 subunit heteromeric assembly came from Fakier et al

(1996) who presented data suggesting the formation of Kir2.1/Kir4.1 heterotetramers.

Fink et al (1996a) constructed dominant negative- (dn-) chimeras of Kir3 with the C-

terminal, central and N-terminal part of Kir2.3, respectively. Kir2.1 and Kir2.3

channel current was inhibited when coexpressed with dn-Kir2.3 or dn-Kirl.1

chimeras caiiying the N-terminus of Kir2.3. The authors concluded that the N-

terminal of Kir2 channels is essential for channel assembly and that Kir2. 1 and Kir2.3
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can coassemble. A milestone publication came from Andrew Tinker, who used Kir2

deletion mutants to demonstrate that the Kir2 C-terminus and distal M2 segment are

essential for Kir channel assembly (Tinker et aL, 1996). Using a yeast two-hybrid

system, Preisig-Miiller et al. (2002) showed that the N- and C-terminal intracellular

domains of different Kir2.x subunits interact, thus resolving the controversy between

the data of Fink and Tinker.

VI-4 Potential Physiological Siginjïcance of Heteromeric Kir

Channel Complexes

Heteromerization of Kir3 channels lias been shown to be functionally

important. In the heart, Kir3.1 and Kir3.4 underlie ‘KACh (Krapivinsky et aï., 1995a;

Wickman et al., 1998). Silverman et al suggested that heteromeric Kir3.l/Kir3.4

channels are only conducting when both subunits assemble in a 1:1 stoichiometry

(Silverman et aï., 1996b). A more recent study by the same group however showed

that Kir3.1/Kir3.4 channels are also functional when assembled in a Kir3.1(1)-

Kir3.4(3) conformation (Silverman et al., 1998). Several subunit arrangements

around the pore appear to be possible (Silverman et aï., 1996b).

In the brain, Kir3 subunit expression vastly overlaps suggesting that native KG

currents in the brain are heterotetramers of two or more Kir3 subunits. Due to the

restricted expression of Kir3.4, neuronal Kir3 channels are thouglit to be formed

primarily by various combinations of Kir3.1, Kir3.2, and Kir3.3 subunits (Chen et aï.,

1997; Dascal, 1997; Karschin et aï., 1996; Wickman et aï., 2000). As shown by

immunohistochemical studies, Kir3.1 and Kir3.2 co-localize in the same subcellular

compartments (Bausch et aï., 1995; Ponce et aï., 1996; Drake et al., 1997; Miyashita

& Kubo, 1997; Kofuji et aï., 1996; Slesinger et aï., 1996; Lauritzen et al., 1997).

Kir3.1 and Kir3.2 proteins are solely detected postsynaptically on dendrites, but flot

on mossy fibre axons (Liao et al., 1996; Ponce et aï., 1996; Miyashita & Kubo, 1997;

Murer et al., 1997). Evidence for Kir3.l/Kir3.2 heterotetramers as molecular basis of

native neuronal KG-currents comes from co-immunoprecipitation studies showing

that Kir3.1 and Kir3.2 co-precipitate from mouse cerebrum, cerebellum and



155

hippocampus (Liao et al., 1996). Evidence for functional Kir3 .2/Kir3 .3 heteromeric

cuirents in the brain was obtained from biochemical and electrophysiological

experiments as well as from Kir3.3 knockout mice (Jelacic et ctÏ., 2000; Torrecilla et

aÏ., 2002).

Various studies suggest that assembly of Kir channels migbt be more

prorniscuous than Kv channel assernbly. Tucker et al. (1996) showed that Kir4. 1

subunits can associate with Kir3 family members. However, resulting channels are

not functional due to trafficking defects. Glowatzki et al (1995) showed that co

assembly of Kir4. 1 subunits witb Kiri .1 subunits resuits in channels with distinct

functional properties. Co-assembly of Kir2. Ï with Kir4. 1 bas been shown by Fakier et

al. (1996) and rnight play a physiological role in the kidney, where both subunits are

expressed. Co-expression of Kir4.2 with KirS.1 in Xenopus oocytes resuits in

increases of Kir4.2 cuiTent amplitude. Kir4.2/KirS.1 channels have distinct kinetics
2+ .and higher Ba sensitlvlty at negative potentials (Pearson et aÏ., 1999), similar to

Kir4.1/KirS.1 channels (Pessia et aÏ., 1996). Formation of heteromeric channel

complexes might therefore be important for physiological current modulation of Kir4

cunents.

Co-assernbly of KirS.1 with Kir2.1 suppresses Kir2.1 currents in a dominant

negative fashion. Such modulation of Kir2.1 channel activity might be

physiologically relevant in the brain, where KirS.1 mRNA overlaps with Kir2.1

mRNA in the superior/inferior colliculus and the pontine region (Derst et al., 200 lb).

However, KirS. 1 hornomeric channels are functional when co-expressed with PSD-95

(Tanemoto et al., 2002) and it can flot be excluded that Kir2.1/KirS.l channels

conduct currents when assembled with PSD-95. Kirl .1 and KirS. 1 co-localize in the

proximal tubule in the lddney (Derst et al., 2001b), where heteromeric channels

Kir4.x/KirS.l have also been demonstrated. Kir4.1 and KirS.l co-immunoprecipitate

from kidney and an inwardly-rectifying current with properties similar to co

assernbled Kir4. l/KirS. 1 and Kir4.2/KirS. 1 currents but different from Kir4. 1 or

Kir4.2 homorneric currents is observed in the basolateral membrane of the distal

convoluted tubule of the kidney (Tanemoto et al., 2000; Lourdel et aÏ., 2002).

Heteromeric assernbly with KirS. 1 increases Kir4.l pH sensitivity and single channel
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conductance. Kir4.1/KirS.Ï heterorners rnight play a role in the pH-dependent

regulation of K fluxes and acid-base horneostasis in the kidney and the pancreas

(Pessia et aï., 1996; Tanemoto et aï., 2000; Pessia et al., 2001) and may function as

C02 chernoreceptor in neurons (Yang et al., 2000). Interestingly KirS.1 seerns to

regulate Kir4 currents only when connected in a 4-5-4-5 but flot when connected in a

4-4-5-5 mairner indicating an importance of subunit positioning in beterotetrameric

assembly (Pessia et al., 1996).

Differential expression of Kir2 subunits bas been shown in the brain, the heart

and endothelial celis. The physiological importance of Kir2 cbannels in these tissues

is subject ofthis thesis and will be discussed in the context of respective publications

in part III oftbis thesis.
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Ion channels control cellular function in excitable and non-excitable ceils.

Channel properties need to be adjusted to distinct physiological requirernents in

different organ systems and tissues. On the protein level, functional diversity can be

achieved by assembly of different ion channel subunits to heterotetrameric K

channel complexes. Since four channel subunits are needed to form one functional

ion channel, heteromeric assembly could theoretically resuh in 256 structurally

different channel proteins. Different unes of research have provided evidence in

favour of differential heteromeric K-channe1 assembly. For example, the molecular

subunit composition of cardiac KG currents differs from KG currents in the brain.

Subcellular co-localization of different Kvl subunits in various brain regions suggests

formation of discrete native heteromeric channels. Crystal structures of ion channel

subunits demonstrate that the subunit interface is perfectly suited to allow

heteromeric ion channel assembly. Distinct biophysical and pharmacological

properties of native ionic currents might reflect potential differential ion channel

subunit composition of native channels.

For a long time, Kir2 subunits were thought to form only homotetrarneric

channels (Tinker et al., 1996) even though participation of Kir2 channels in

heteromeric channel complexes seemed to be possible (Fakler et al., 1996; Fink et al.,

1996a; Tinker et al., 1996). However, a number of important aspects of the molecular

biology of Kir2- related native channels were unclear. For example, the differential

expression of various Kir2 subunits did not appear to explain important functional

findings such as atrial-ventricular differences in ‘K! density (Melnyk et al., 2002), ‘K!

downregulation in heart failure (Wang et al., 199$) and the functional properties of

‘K!. More distinct single-channel conductances were reported for cardiac inward

rectifier currents than there are family members (Sakrnann & Trube, 1984b;

Josephson & Brown, 19$6; Shioya et ai., 1993; Wible et al., 1995; Nakamura et al.,

199$) and inward rectifier conductances were found to change during myocardial

development (Josephson & Sperelakis, 1990; Chen et al., 1991; Wahler, 1992).

Formation of Kir2 heteromeric channels could explain some of the properties of

endogenous ‘K channels. Heteromultimer formation could produce channels with

properties different from what might be expected from the simple sum of properties
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of homomeric channels, thus contributing importantly to biological diversity in ‘Kl•

Inward rectifier currents have been associated with cardiac arrhythmias, epilepsy,

paralysis and impaired K mediated vasodilatation. Knowledge about their molecular

basis is essential for development of novel pharmaceutical or gene therapies of

diseases related to their dysfunction. Differences in the molecular basis of native

currents rnight allow a targeted approach to such pathologies thereby limiting

potentially important side effects of therapy such as cardiac airhythmias.

This thesis was designed to address three principal questions:

Ï. Can Kir2 channels assemble to functional heteromeric complexes? if so, do

properties of heteromultimeric Kir2 channel-based currents differ from those

of homomultimers of the subunits that forrn them?

2. Is there evidence for a role of Kir2 heteromukimers in native cardiac cells?

3. Does the native Kir2 subunit composition of non-cardiac cells in the

cardiovascular system differ from that of cardiac ceils?
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CHAPTER VIII: KIR2.4 AND KIR2.1 K

CHANNEL SUB UNITS CO-ASSEMBLE: A

POTENTIAL NEW CONTRIBUTOR TO

INWARD RECTIFIER CURRENT

HETEROGENEITY.

Reprinted f rom The Journal of Physiology (London), 59, Schram G, Melnyk P,

Pourrier M, Wang Z, Nattel S, Kir2.4 and Kir2.1 K-channel subunits co

assemble: A potential new contributor to inward rectifier current

heterogeneity, 544 (Pt2): 337 — 349, 2002 with permission from Blackwell

Publishing, Oxford, United Kingdom.
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VIII-1 Abstract

Heterorneric channel assembly is a potential source of physiological

variability. The potential significance of Kir2-subunit heterotetramerization bas been

controversial, but recent findings suggest that heteromullirnerization of Kir2.1-3 may

be significant. This study was designed to investigate whether the recently-described

Kir2.4 subunit can form heterotetramers with the important subunit Kir2. 1, and if so,

to investigate whether resuhing heterotetrarneric channels are functional. Co

expression of either dominant-negative Kir2. 1 or Kir2.4 subunits in Xenopus oocytes

with either of wild-type Kir2.1 or 2.4 strongly decreased resulting current amplitude.

To examine physical association between Kir2.1 and Kir2.4, Cos-7 celis were co

transfected with a His6-tagged Kir2.1 subunit (Kir2.1-His6) and a Flag-tagged Kir2.4

subunit (Kir2.4-Flag). After pulldown with a His6-binding resin, Kir2.4-Flag couid

be detected in the eluted ccli lysate by Western blotting, indicating co-assembly of

Kir2.1-His6 and Kir2.4-Flag. Expression of a tandem constrnct containing covalently

linked Kir2.1 and 2.4 subunits lcd to robust current expression. Kir2.1-Kir2.4 tandem

subunit expression, as well as co-injection of Kir2. 1 and Kir2.4 cRNA in Xenopus

oocytes, produced currents with barium sensitivity greater than that of Kir2.1 or

Kir2.4 subunit expression alone. These results show that Kir2.4 subunits can

co-assemble with Kir2. 1 subunits, and that co-assernbled channels are functional,

with properties different from those of Kir2.4 or Kir2. 1 alone. Since Kir2. 1 and

Kir2.4 mRNA bas been shown to co-localize in the CNS, Kir2.1 and Kir2.4

heteromultimers might play a role in the heterogeneity of native inward rectifier

currents.
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VIII-2 introduction

Inward rectifier potassium channeis play a key role in setting the membrane

potential and regulating excitability in various tissues including the central nervous

system and the heart (Nichols & Lopatin, 1997). Despite their obvious importance,

littie is known about the molecular basis of native inward rectifier currents. Subunits

of the Kir2 family are thought to underlie the inward rectifier current (JKI) in the heart

and play an important role in the central nervous system. Kir2.1 was first cloned

from a macrophage ceil une in 1993 (Kubo et al., 1993). Over the past few years, the

properties of currents carried by heterologous expression of Kir2.1, 2.2 and 2.3

subunits cloned from various tissues including the heart (Raab-Graham et aI., 1994;

Ishui et aI., 1994; Ashen et aI., 1995; Wood et al., 1995; Wible et aI., 1995) and the

brain (Koyama et aI., 1994; Perier et al., 1994; Tang & Yang, 1994; Morishige et al.,

1994; Makhina et al., 1994; Tang et al., 1995) have been studied in detail. Recently,

a fourth subunit of the Kir2 group, with sornewhat different properties from the other

Kir2 subunits, was cloned from rat brain (Topert et al., 1998) and human retina

(Hughes et al., 2000) and designated Kir2.4. A human genomic clone corresponding

w Kir2.4 was assigned to chromosome 19q13 and designated KCNJI4 (Topert et al.,

2000).

Biochemical and electrophysiological experiments on cardiac myocytes

support the theory of a diversity of inward rectifier K channels contributing to

cardiac ‘K! (Wang et al., 199$; Wible et al., 1995; Josephson & Brown, 1986).

During myocardial development, different ‘K channels with distinct unitary

conductances and properties are present (Chen et al., 1991; Wahler, 1992; Josephson

& Sperelakis, 1990). Kir2.1 transcripts are about 10 times more abundant than those

of Kir2.2 or 2.3 in human atrium and ventricle, with similar concentrations in each,

despite a much larger ‘K current density in ventricle (Wang et al., 199$). In the

central nervous system, co-Iocalization of various Kir2 subunits has been noted (Fink

et aI., 1996; Horio et aI., 1996; Karschin et aI., 1996). The ability of different

subunits to form heteromuftimers cou]d partly explain the great diversity observed

among native inward rectifiers channels in various celis and tissues.
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Heteromultimerization among inward rectifier subunits of the Kir3 family lias been

shown to occur and to be functionally important in the lieart and the central nervous

system (Krapivinsky et al., 1995; Lesage et al., 1994; Lesage et al., 1995). Tlie

resuits of studies on Kir2 lieteromultimerization are conflicting. Fink et al. (1996)

studied co-assembly between Kir2.1 and Kir2.3 with the use of a dominant negative

chimera consisting of the N-terminus, the central part or the C-terminus of Kir2.3 and

Kir3.2. The results of co-injection of chimeric constructs with either Kir2. 1 or Kir2.3

into Xenopus oocytes suggested tliat co-assembly occurs if tlie N-terminus is

preserved (Fink et al., 1996), similar to findings with voltage gated K channel (Kv)

subunits (Lee et al., 1994a; Green & Millar, 1995). On the other hand, Tinker et al.

(1996) found that the C-terminus and a part of the M2 segment are essential

determinants of co-assembly among Kir2 channels, and tlieir resuits were not

consistent with important heteromultimerization between Kir2. 1 and Kir2.3 (Tinker et

al., 1996). On the otlier hand, strong evidence lias recently been provided that

suggests tliat co-assembly among Kir2.1-3 subunits miglit contribute to inward

rectifier diversity in the guinea-pig lieart (Preisig-Miiller et al., 2002).

Co-localization between tlie important subunit Kir2.1 and the recently cloned

Kir2.4 occurs in various tissues (Kubo et al., 1993; Takaliashi et al., 1994; Derst et

al., 2001; Topert et al., 1998). The goals of our study were 1) to determine whether

Kir2.4 can co-associate witli Kir2.1, 2) to assess whether channels formed by co

assembled Kir2. 1 and 2.4 subunits are functional, and 3) to compare Ba2-b1ocking

properties of currents carried by channels composed of co-assembled Kir2.1-2.4

subunits with tliose of homomeric Kir2. 1 and 2.4 cliannels.
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VIII-3 Methods

VIII-3.1 Construction of Dominant Negative (dn) Kir2.4 and Kir2.1 Constructs

A PCR-based approach was used to engineer Kir2.4 subunits with the GYG

motif important for ion selectivity and permeability (Heginbotham et al., 1994;

Siesinger et al., 1996) replaced by 3 alanine residues (AAA). A 5’ and a 3’ fragment

were generated and combined by overlap extension. Primers used to synthesize the

5’ fragment were ACAGAATTCAGCATGGGCTTGGCCAGGGCCCTGCGCC

(sense) and GACGCTGCGCACAGCAGCGGCTATGGACGTCTG (antisense).

Primers used to generate the 3’ fragment were

CAGACGTCCATAGCCGCTGCTGTGCGCAGCGTC (sense) and

ACACTCGAGTCATGGAGGCAGGGTCAGTGCCAG (antisense). Both fragments

were combined by overlap extension PCR using the 5’ sense and the 3’ antisense

primer. The resulting construct was subcloned into the Xenopus oocyte expression

vector psGEM. The sequence and the presence of the mutation were verified by

sequencing. Dn-Kir2.1 was a generous gift from Dr. Andrew Tinker, London.

VIII-3.2 Co-Precipitation of Kir2.1 and Kir2.4

To evaluate potential physical association between Kir2.4 and Kir2.1 a His

pulldown approach was used. A six-histidine tag was engineered to the N-terminus

of Kir2.1 as previously described (Tinker et al., 1996), allowing high-affinity specific

purification by a His6-binding resin. Kir2.1-His6 was generously provided by Dr. A.

Tinker, London. Kir2.4 was tagged with an eight amino-acid sequence (Asp-Tyr

Lys-Asp-Asp-Asp-Asp-Lys) known as “Flag sequence” that can be recognized by a

commercially available monoclonal antibody. Cos-7 cells were then co-transfected

with Kir2.1-His6 and Kir2.4-flag. Kir2.1-His6-containing complexes were purified

under non-denaturing conditions from the detergent-solubilized ccli homogenate,

washed and eluted from the His6-binding resin. Proteins were then subjected to

Western blotting. If protein—protein interactions occur between Kir2.l and Kir2.4 the

two proteins should copurify (Hoffmann & Roeder, 1991), allowing Kir2.4-Flag

detection by the Flag epitope.
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VIlI-3.3 Construction of Kir2.4-FLAG

Kir2.4 in pcDNA3 (Invitrogen) was a friendly gift from Dr. Andreas

Karschin, G5ttingen, Germany. Using the PCR technique, an Eco RI restriction

enzyme site and a sequence coding for the Flag protein

(GACTATAAAGACGACGACGACAAA) were introduced by the sense primer to

the 5’ end of Kir2.4. The antisense primer introduced an Eco47 III restriction

enzyme site which is present only once in Kir2.4 and flot present in pcDNA3

(Invitrogen). The Kir2.4-pcDNA3 construct as well as the Kir2.4-FLAG PCR

construct were digested with Eco RI and Eco47 III (Boehringer-Mannheirn) and

fragments were cleaned on a 1% agarose gel. Kir2.4-FLAG was then ligated into

pcDNA3 with T4 DNA polymerase (Promega). After transformation of competent

JMÏO9 E. cou cells (Promega), culture in ampicillin containing LB medium and

plasmid isolation, the presence of the constmct was verified by restriction enzyme

digestion with Eco RI and Eco47 III (Boehringer Mannheim). Cos-7 ceils were

transfected with Kir2.4-FLAG and after subsequent celi lysis the presence of Kir2.4

was shown by Western blot. The sense primer for construction of Kir2.4-FLAG was

TTAGAATTC*ACGATGTGACTATAAAGACGACGACGACAAAtATGGGCTT

GGCCAGG, with the ends of the ECO RI, Kozac and FLAG sequences designated

by , t and f respectively, followed by the Kir2.4 sequence. The antisense primer

consisted of ACAGGCGCT*GCGGTCTCGCAGAGCCAC, with the Eco47 III

sequence identified by the asterisk, followed by the Kir2.4-specific sequence.

VIII-3.4 Cos-7 Ceil Maintenance and Transfection

Cos-7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with heat-inactivated 10% fetal bovine serum (fBS) and 100 Units/ml

Na-penicillin-G plus 100 pg/m1 streptomycin-sulfate. CelIs (2 X 1O) were plated into

35 mm culture dishes with DMEM for 24 h (37°C, 5% C02) to reach —70%

confluence. Sample cDNA (2.5 jig of Kir2.4-FLAG, Kir2. I -His or both) was mixed

with 5.5 il lipofectamine, brought to a final volume of 200 pi with DMEM and added

to an $00 pi FBS- and antibiotic-free DMEM ccli suspension. After 6 hours of
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incubation at (37°C, 5% C02), 1 ml of 20% FBS was added to achieve a 10% FBS

final concentration.

VIII-3.5 His-Pufldown

After Cos-7 ceil transfection (4$-72 h), ceils were incubated in RIPA buffer

(Igepal 1% v/v, sodium deoxycholate 0.5%, SDS 0.1% and f3-rnercaptoethanol 10

rnrvl) with protease inhibitors (benzamidine, trypsin inhibitor, leupeptin, PMSF and

aprotinin) for 20 min on ice to solubilize membrane proteins. The lysates were then

passed through a HiTrap Chelating Column (Amersham) that binds His-tagged

proteins. The washing and elution buffers contained 20 and 40 mM imidazole,

respectively, to eliminate non-specific binding. After elution, the collected fractions

were concentrated by centrifugation in Ultrafree-MC filter units (Millipore).

VIII-3.6 Western Blotting

The solubilized membrane proteins were fractionated on $% SDS

polyacrylamide gels. The proteins were electrophoretically transferred to Immobilon

P polyvinylidene fluoride membranes (Millipore) in 25 mIvi Tris-base, 192 mlvi

glycine and 5% methanol at 0.07 A for 16 h. The membranes were blocked using 5%

non-fat dry rnilk (Bio-Rad) in TBS (Tris-HC1 50 mM, NaCI 500 mM; pH 7.5)

containing 0.05% Tween-20 (TTBS) for 2 h at room temperature. Membranes were

then incubated for I h in primary antibody solutions in 1% non-fat dry milk in TTBS.

The primary antibody against the histidine tag (Anti-His; Amersham Pharmacia

Biotech) was used at a dilution of 1:3000 and the Anti-FLAG M2 antibody (Sigma)

was used at a dilution of 1:1000. After incubation, the membranes were washed in

TTBS and reblocked in 1% non-fat dry milk in TTBS for 10 min. They were then

incubated with horseradish peroxidase-conjugated anti-mouse JgG (1:3000) in 5%

non-fat dry milk in TTBS for 30 min and washed in TTBS 3 more times. Antibody

detection was performed with Western blot chemiluminescence reagent plus (NEN

Life Science Products).
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VIII-3.7 Construction of Kir2.1-Kir2.4 Tandem

A BamNi and a SaclI restriction enzyme site were introduced at the N-

terminus and after ten aminoacids of the 5’-untranslated region of Kir2.4 by PCR.

An XhoI restriction enzyme site was introduced at the C-terminus. A stop codon in

the 5’-untranslated region was mutated to glycine by site directed mutagenesis. The

PCR product and pcDNA3.1+ (Invitrogen) were then digested with BamNi and XhoI

and the PCR product was subcloned into pcDNA3.1+. After transformation of

competent JMÏO9 celis (Prornega) with the construct and amplification, the presence

of the insert was verified by digestion with BamHI and XhoI. A BamHI restriction

enzyme site was engineered to the N-terminus of Kir2.1 by PCR. A BamHI and a

Sacil restriction enzyme site were introduced to the N-terminus. The stop codon of

Kir2. I was rnutated by site directed mutagenesis to GGA (glycine). The PCR product

and the previously obtained Kir2.4-pcDNA3.1+ construct were digested with BarnHI.

The Kii-2. I sequence was then introduced upstream of the Kir2.4 sequence into

pcDNA3.1+. The correct orientation of Kir2.Ï was verified by restriction enzyme

digestion and subsequent electrophoresis on a I % agarose gel. The presence of

Kir2. I and Kir2.4 were verified by complete sequence confirmation. A ÏO-aminoacid

sequence of the 5’ UTR of Kir2.4 (GQIGKGSPHL) was preserved as a linker

between Kir2.I and Kir2.4, based on previous studies showing a 1O-aminoacid linker

to be sufficient for functional integration of linked subunits in the membrane (Lee et

al., 1994b). A second stop codon in this Iinker region was rnutated to glycine.
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The primers for tandem construction were:

GGATCCAGCATGGGCAGTGTGMGAAC (Kir2. 1, sense);

GGATCCCCGCGGTCCTATCTCCGAYTCTCGCCG (Kir2. 1, antisense);

GGATCCCCGCGGGGACAAATCGGGAAGGGGTCTCC (Kir2 .4, sense);

CTCGAGTCATGGAGGCAGGGTCAGTGC (Kir2.4, antisense).

For heterologous expression in Xenopus oocytes the Kir2.Ï-2.4 tandem was

subcloned into the polyadenylation transcription vector pSGEM. The BarnHI site

between Kir2.1 and Kir2.4 was removed by restriction enzyme digestion with Sacil.

After purification on a 1% agarose gel with the QlAquick Gel Extraction Kit, Qiagen

Inc., Mississauga, Ontario, Canada, the construct was religated with T4 DNA

polymerase (Promega). After transformation of competent JMÏO9 celis (Prornega)

with the construct and amplification, the tandem was harvested by digestion with

BamHI and XhoI, isolated on a 1% agarose gel and fuiiher subcloned into pSGEM.

III-8 Kir2. Ï / Kir2.4 co-injection

We then investigated the properties of channels formed by spontaneous Kir2. 1

and Kir2.4 co-assembly. To ensure comparable expression of Kir2.1 and 2.4, a

sequence based on the tandem construct was used, but leaving a stop codon in place

of glycine at the distal end of Kir2. 1.

The primers were:

GGATCCAGCATGGGCAGTGTGMGAAC (Kir2. 1, sense);

CCGCGGTCCTATCTCCGAYTCTCGCCG (Kir2. 1 antisense);

GGATCCCCGCGGGGACAAATCTAGAAGGGGTCTCC (Kir2.4 sense);

CTCGAGTCATGGAGGCAGGGTCAGTGC (Kir2.4 antisense).
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VIII-3.8 Electrophysiology

Female Xenopits laevis were anaesthetized in 0.13 % w/v tricaine (Sigma

Chemicals, St Louis, MO, USA) for 30 min at 4°C. Segments of the ovarian lobe

were removed through a small abdominal incision. The follicular layer was removed

by digestion with 2 U/ml collagenase type V (Sigma) in 0R2 solution (mM: NaC1,

$2.5; KCI, 2; MgCI, 1; HEPES, 5; pH 7.6; 50 mg/l gentamycine solution). The

procedures folÏowed for surgery and maintenance of frogs were approved by the

Animal Research Ethics Committee of the Montreal Heart Institute. Oocytes were

stored at 17°C in SOS solution (mM: NaCI, 100; KCI, 2; CaCl, 1.8; MgCI2, 1;

HEPES, 5; pH 7.6; 50 mg/l gentamycine solution). For heterologous expression, 6-

12 11g of cRNA were injected into stage IV-V Xenopus oocytes, followed by two

electrode voltage clamp 1 to 3 days later. When co-injected with dominant negative

constmcts, equal amounts of dominant negative and wild-type cRNA were injected.

Currents were elicited at room temperature by 750-ms voltage steps from a holding

potential of -60 mV with a GeneClamp-500 amplifier and pClamp 6.0 software

(Axon). The external solution contained (mlvi): 5 KC1, 100 NaC1, 2 MgC1, 10

HEPES, 0.3 CaCÏ2; pH adjusted to 7.4 with NaOH. Niflumic acid (10 JIM) was added

to block Ca -dependent Cl current. Ba -containing solutions were superfused until

steady-state block occurred (generally -10 minutes) before repeating full voltage

clamp protocols. Glass microelectrodes (3-M KCÏ filled) had 1.3-1.8 MQ

resistances.

VIII-3.9 Data analysis

Data analysis was conducted using Axon Clampfit 6.0, Graphpad Prism 3,

SPSS 10 and Microsoft Excel 2000. Data are presented as the mean ± S.E.M.

Statistical comparisons were made with Student’s t test. Analysis of variance

(ANOVA) was used for multiple comparison. A 2-tailed probability <0.05 was taken

to indicate statistical significance.
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VIII-4 Resuits

VIII-4.1 Co-expression of Kir2.1 or 2.4 Channe]s with Dominant Negative

Subunits

figure 27 compares representative currents (‘K1r2.x) recorded from Xenopus

oocytes injected with Kir2.1 or Kir2.4 cRNA (left panels) with those of oocytes co

injected with dn-Kir2.1/Kir2.1 or dn-Kir2.l/Kir2.4 cRNA (rniddle panels).

Corresponding mean current-voltage relations are shown in the right panels.

Injection of either subunit alone produced robust inward-rectifier currents (left

panels). The middle panels show the resuits of co-injection of dn-Kir2.1 with Kir2.l

or 2.4, into the same sets of oocytes studied on the same days as the corresponding

homomeric wild-type constructs. Mean data are shown at the right. As expected, co

expression of Kir2.1 with dn-Kir2.1 strongly suppressed Kir2.1 currents (P <0.001,

Panel A). Co-injection of Kir2.4 with dn-Kir2. 1 (panel B) substantially reduced ‘Kir2.4

(P <0.001) in a fashion quite similar to the co-expression of Kir2.l with dn-Kir2.1

shown in panel A.

Figure 2$ shows results of complementary experiments, in which dn-Kir2.4

was co-injected with either Kir2. I or Kir2.4 subunits. Once again, results obtained

following co-injection (middle panels) are cornpared with results obtained upon

injection of the corresponding homomeric wild-type constructs (left panels), with

injection and study occurring on the same days and into the same batches of oocytes.

Mean data are at the right. Co-expression of dn-Kir2.4 with Kir2.1 and Kir2.4

strongly suppressed Kir2.x currents (Kir2.1/dn-Kir2.1 P <0.001, Panel A, Kir2.4/dn-

Kir2.4 P <0.001, Panel B). The results in Figures 27 and 2$ suggest co-assembly of

Kir2.l and Kir2.4 subunits.

VIII-4.2 Kir2.1 -His6 / Kir2.4-fIag Co-Precipitation

Figure 29 shows Western blots of lysates obtained from Cos-7 cells

transfected with Kir2. 1 -His6 alone, Kir2.4-Flag alone or both. A celi lysate of Kir2.4-

Flag-transfected ceils probed with Anti-Flag antibody (lane 1) reveals a single hand

of mo]ecular weight 55 kDa. Lanes 2-7 are data obtained with His-pulldown. Lanes
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2 and 3 were obtained from celis transfected with Kir2.1-His6 and probed with

antibodies directed against Kir2.1 (Anti-Kir2.1, Alornone Labs, Jerusalem, Israel,

lane 3) or the Hisô-epitope (lane 4). Both antibodies detect a specific hand with a

molecular weight of 67 kDa, corresponding to Kir2.1. Tinker et al. (1996) have

published a molecular weight of 50 kDa for Kir2.1 expressed in HEK ceils. The

noted difference in molecular weight might be due to differences in the post

transiational modification of Kir2.1 in HEK versus Cos-7 celis. Incubation and

probing with the Flag-antibody of the celi lysate of co-transfected celis after His

pulldown (Jane 4) detected a hand with a molecular weight of 55 kDa corresponding

to Kir2.4, indicating protein-protein interactions between His-tagged Kir2. I (purified

by His-pulldown) and Flag-tagged Kir2.4. In addition to detecting Flag-tagged

Kir2.4 in the Kir2.1-His6/Kir2.4-Flag co-transfected celi His pulldown experiment

(lane 4), Flag antibody also detected a hand with the molecular weight of Kir2.l (67

kDa). We suspected that this was due to cross-reactivity of the Flag antibody with

the Kir2.1-His6 product. Lane 5 shows an experiment to test this notion. The hand

shown was obtained from ceils transfected with Kir2.l-His6 alone subjected to fis

pulldown. The Flag antibody detects a single hand with a molecular weight of

—67 kDa, corresponding to Kir2.1 suggesting that the hand with a molecular weight

of 67 kDa in lane 4 is indeed Kir2. 1 detected by the anti-Flag antibody.

Lane 6 was obtained with His-pulldown of lysate from cells transfected with

Kir2.4-Flag alone, followed by probing with Flag antihody. The lack of a signal

indicates that association with His-tagged Kir2. 1 is essential for Flag-tagged Kir2.4 to

be detected in the sample obtained by His pulldown. Furthermore, the resuits shown

in lane 6 exciude nonspecific hinding of the Flag sequence or Kir2.4 to the fis

hinding resin. Lane 7 shows a Western hiot of crude (non-transfected) Cos-7 ceil

lysate incubated with anti-Kir2. I. The hand with the molecular weight of —67 kDa

shown in lane 1 was flot detected, indicating that it does flot represent nonspecific

binding of anti-Kir2.1. Western blotting was also performed with anti-Kir2.I

preincubated with the antigenic peptide supplied by the manufacturer. After pre

incubation with antigen, anti-Kir2.l no longer identified the hand at 67 kDa (data flot

shown). Similar resuits were obtained in 4 such experiments.
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VIII-4.3 Properties of Co-Expressed Kir2.1 and Kir2.4 and of a Covalently

Iinked Kir2. 1/2.4 Tandem Construct

The experiments shown in Figures 27-29 strongly suggest co-assernbly of

Kir2.1 and 2.4, but provide no information about the ability of heteromeric channels

to carry current. We therefore addressed the issue of whether co-assembled channeis

can conduct current by studying the resuhs of expression of a covaiently linked

Kir2.1-Kir2.4 tandem constmct. Figure 30 shows currents caiiied by Kir2.1 alone

(Figure 30A), Kir2.4 alone (Figure 30B), Kir2.1-Kir2.4 tandem constructs (Figure

30C) and Kir2.1/2.4 co-expression resulting from co-injection (Figure 30D) under

control conditions (left panels) and then in the presence of 10, 100 1iM and 1 mM

Ba2. Recordings for each construct were obtained under ail 4 conditions in each

oocyte studies. From the data shown in Figure 30C it is clear that channels consisting

of co-assembled, covalently-linked Kir2.1 and Kir2.4 carry substantial currents.

Currents carried by Kir2.1-Kir2.4 tandem constructs (Figure 30C), as well as by co

injected Kir2.1/2.4 (Figure 30D) are more sensitive to Ba2 than currents carried by

Kir2.1 (Figure 30A) or Kir2.4 (Figure 30B) alone. Currents carried by Kir2.1-Kir2.4

tandem constructs appear smaller than those carried by Kir2.1 or Kir2.4 alone, or

resulting from co-injection of Kir2.1 and Kir2.4. Corresponding mean

current-voltage relationship at the onset of the pulse (left panels) and under steady

state conditions (right panels) are shown in Figure 31. These data confirm the fact

that currents carried by the tandem construct are smaller than those carried by

homomeric Kir2.1 or 2.4 injection, or by co-injected (but not covalently linked)

Kir2.1 and 2.4. They also suggest that co-injected and tandem constructs are more

sensitive to Ba2 than homomeric channels. For example, 10 !IM Ba2 produces near

maximal inhibition of tandem and co-injected constructs in the right panels of Figures

3lC and 31D, whereas it clearly does not for homorneric Kir2.1 and 2.4 in the

corresponding panels of Figures 31A and 31B.

We have previously shown that the concentration and voltage-dependence of

Ba2 blockade is a signature property of various Kir2.x clones and native ‘KI channels

(Schram et aÏ., 1999). We therefore deterrnined the voltage-dependent Ba2tblocking

properties of Kir2. I and Kir2.4 and compared them with Ba2-bIock of the tandem
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construct and co-expressed Kir2.l/2.4. Figure 32 (left panels) shows currents

recorded upon stepping to —120 rnV in oocytes expressing Kir2.1 (panel A), Kir2.4

(panel B), the tandem construct (panel C), or co-expressed Kir2.1 and Kir2.4 (panel

D). Results are shown under control conditions (open circles) and after exposure to

10 (diamonds), 100 (squares), 1000 (fiiied circles) and 10,000 (stars) !IM [Baj Note

that 10 tM Ba2 produced about 30% inhibition of end-puise Kir2.1 current in the

example shown in panel A, whereas the same Ba2 concentration (10 tM) produced

much weaker inhibition of the Kir2.4 current shown in panel B. Cuiient resuiting

from the tandem construct (C) and co-expressed Kir2.1/2.4 (D) was inhibited strongly

by 10 JIM Ba2. Corresponding mean Ba2 concentration-response relations at —120

mV based on ail ceils studied are shown for each constrnct in the middle panels. The

curves in the middle panels are best-fit relations of the form B = 1 / (1 + 1C501C),

where B is Ba2tblock at a concentration C. The Ba2 1C50 at —120 mV for Kir2.1

(15.9 tM, fig. 32A, rniddle panel) is about one forth the value for Kir2.4 (72.3 JIM,

Fig. 32B, middle). On the other hand, the values for the Kir2. 1/2.4 tandem (Fig. 32C)

and co-expressed Kir2. 1 and 2.4 (Fig. 32D) are of the same order, in the range of 4-5

a value one third that of Kir2. 1 and Jess than one tenth that of Kir2.4. Significant

differences were found between groups (Anaiysis of variance, P < 0.0001) and the

different test potentials (Anaiysis of variance, P <0.0001). There was also a

significant group x voltage interaction (Anaiysis of variance, P = 0.0003), indicating

significant voitage-dependence of intergroup differences. The right panels of Fig. 32

show mean IC50s for each construct as a function of test potential in compalison to

Kir2.1, represented by the circles and a dashed line. Significant differences between

Kir2.4, Kir2.1-2.4 tandem and Kir2.1/2.4 co-expression, on one hand, and Kir2.l, on

the other, are denoted in asterisks. Kir2.4 is cleariy less sensitive to Ba2 than Kir2.l

over the entire voltage range. The tandem and co-expressed channels are
• • . .

• • .sigmficantly more sensitive to Ba than either Kir2.1 or 2.4 aione. Ba biock of

Kir2.4 (fig. 32B) is not cleariy voltage dependent and shows limited time

dependence, in contrast to block of Kir2.1, which is clearly tirne and voltage

dependent, suggesting that the principie Ba2tblocking site in Kir2.4 may be much

more shaiiow than that in Kir2. 1. The tandem (Fig. 32C) and co-expressed constructs
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(Fig. 32D) show a direct voltage-dependent Ba2 sensitivity, like that of Kir2. 1 and

different from that of Kir2.4. This observation may provide supplernentary evidence

for Kir2.1/2.4 heteromultimer formation.
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VIII-5 Discussion

In the present study, we showed that Kir2.4 associates with Kir2.1 subunits,

that heterorneric Kir2.1-2.4 channels conduct robust inward rectifying currents and

that they have Ba -blocking properties different trom those of homomenc channels

resulting from expression of either individual subunit alone.

VIII-5.1 Heteromultimer Formation in Inward Rectifier Channels

The formation of heterotetrarneric K channels has been well-described for the

Shaker-related voltage gated K (Kv) channels. Heterornultimerization usually

occurs only within a subfamily, but flot between members of different Kv subfamilies

(Li et aï., 1992; Shen et aÏ., 1993). It is believed that the main regions responsible for

co-assembly of Kv family subunits are located in the N-terminus and the Si segment

(Li et aï., 1992; Shen et aï., 1993). Deletion of the N-terminus has the potential to

remove the specïficity of subfamily co-assembly (Lee et al., 1994b).

Co-assembly in the inward rectifier group is less well understood.

Heteromultimerization of inward rectifier K channels bas been shown to occur and

to be functionally important in the Kir3 group. The molecular basis of the G-protein

gated inward rectifier potassium current acetylcholine-dependent current (IKACh) is a

heterotetramer of the inward rectifier channels Kir3.1 and Kir3.4 (Krapivinsky et al.,

1995). Functional heteromultimers consisting of Kir3.1 and Kir3.2 exist in the

central nervous system (Lesage et aÏ., 1994; Lesage et aÏ., 1995). Tucker et aï.

(1996) showed that Kir4. I subunits form heteromeric channels when co-expressed

with members of the Kir3 subfamily, but that the resulting channels are flot functional

(Tucker et aÏ., 1996). The inhibition of Kir4.1 current is likely due to degradation of

the co-assembled channels rather than to the formation of stable nonconducting

heteromeric channels (Tucker et aÏ., 1996). Glowatzki et al showed that Kirl.1 and

4.1 subunits can co-assemble, and that co-assembled channels have distinct functional

properties (Glowatzki et al., 1995). Oocytes co-injected with cRNA for Kir4.2 and

KirS.l displayed currents with properties distinct from those expressing Kir4.2 alone.

Co-injected oocytes displayed larger currents than Kir4.2, with novel kinetic
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properties and an increased sensitivity to Ba2 block at negative potentials, suggesting

that Kii-4.2 forms functional heteromultimeric cliannels with Kir5.1, as lias been

shown for Kir4.1 (Pearson et aÏ., 1999).

Fakier et aÏ. (1996) reported the formation of functionally distinct

heterotetramers between Kir2. 1 and Kir4. 1 (Fakier et aÏ. 1996). When co-expressed

in Xenopus oocytes, Kir5. 1 and Kir2. 1 are efficiently targeted to the celi surface but

form electrically suent channels in a stoichiometry dependent manner. In vivo there

is overlapping KirS.1 and Kir2.1 mRNA expression in the brain and the kidney.

Kir5.1 thus appears to function as a negative regulator of Kir2.1 cliannel activity in

native ceils (Derst et aÏ., 2001). Pessia et aÏ. (1996) showed that co-expression of

Kir4.1 subunits witli Kir5.1 subunits resuits in functionally distinct channels (Pessia

et aÏ., 1996). In contrast to Kir4.Ï subunits, which form homomeric channels with a

single-channel conductance of 12 pS, and Kir5.1, which does flot form conducting

channels upon heterologous expression, Kir4.1/5.1 co-expression produces channels

with single-channel conductance of 43 pS. The properties of Kir4. 1/5.1 heteromeric

channels depend on the order of subunits, and KirS.1 co-injection did flot modify the

properties of currents carried by Kirl.1, 2.2, 2.3, 3.1, 3.2 or 3.4 (Pessia et aÏ., 1996).

Heteromeric Kir4.1-5.1 channels may function as a proton sensor in kidney

(Tanemoto et aÏ., 2000) and play a role in C02 chemoreception in central nervous

system neurons (Yang et aÏ., 2000). Co-injection of Kvl.1 and Kir2.1 subunits

produces currents compatible with the sum of homomeric channels formed by each

alone, and injection of a Kir2.1-Kvl.1 tandem construct fails to produce measurable

currents despite detection by Western blot of protein witli a molecular weight

corresponding to the predicted size of the tandem (Tytgat et al., 1996). These resuits

suggest that Kir2.1 and KvJ.1 subunits do not co-assemble to produce functional

channels.

Conflicting data have been reported for lieteromultimerization within the Kir2

family. Tinker et aÏ. (1996) addressed the regions responsible for homo- and

heteromultimer formation among Kir2.1, Kir2.2 and Kir2.3 subunits (Tinker et al.,

1996). Their resuits indicate that the formation of hornomultimers is by far the

preferred reaction when Kir2.1 and Kir2.2 or Kir2.3 are co-expressed. The principal
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regions responsible for the co-assembly of homomeric channels and for the lack of

co-assembly between Kir2.l and Kir2.2, 2.3 and 6.1 appear to be the M2 segment and

the proximal C-terminus (Tinker et aÏ., 1996). Fink et al. (1996) studied the

structural determinants that define the specificity of co-assembly of Kir2 channels

and preclude the formation of heteromers between Kir2.3 and Kïr3.2 subunits (Fink

et al., 1996). They found that chirneric constructs containing the N-terminal of

Kir2.3 and the M1-M2-proxirnal C-terminal moiety of Kir3.2 have a dominant

negative effect upon co-injection with Kir2.3, irrespective of whether the C-terminal

of the chimeric protein corresponds to Kir2.3 or Kir3.2. Fink et al. (1996) also noted

suppression of Kir2. 1 culTents when Kir2. 1 was co-injected along with chimeras

containing the Kir2.3 N-terminal and the Kir3.2 M1-M2-proximal C-terminal,

irrespective of whether the distal C-terminal was derived from Kir2.3 or 3.2. These

findings, along with the co-localization of Kir2. 1 and 2.3 in similar brain regions, led

the authors to conclude that the N-terminus of Kir2.3 determines co-assembly and

that Kir2.Ï and 2.3 likely form heterotetramers in vivo (Fink et aÏ., 1996). Very

recently Preisig-MLiller et al. (2002) showed that Kir2. I, Kir2.2 and Kir2.3 can form

heterotetramers with distinct properties and suggested that diversity of inward

rectifier channel co-assembly miglit underlie different phenotypes of Andersen’s

syndrome. Using a yeast two-hybrid system they found that co-assembly occurs

between the C- and N-termini of Kir2 subunits (Preisig-Mffller et al., 2002).

Our findings were similar to those of Preisig-MLiller et al. (2002), in that we

found that Kir2. 1 can co-assemble with Kir2.4 to form functional heterotetramers and

that channels consisting of different subunits may have specific properties different

from those of homomeric channel composed of either subunit alone. Furtherrnore,

we found that co-assernbly of Kir2.1 and Kir2.4, whether via co-injection or

expression of concaterners, led to currents with Ba2 1C50’s lower than those of Kir2.l

and Kir2.4 alone. Preisig-Mtiller et al. (2002) found that co-assernbled Kir2.l-3

channels had Ba2 sensitivities of the same order as those of the more sensitive

homomeric constituent subunit.
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VIII-5.2 Novelty and Potential Significance

ileteromultimerization is a potentially important contributor to the functional

diversity of K channels (Coetzee et aÏ., 1999). The native ‘KACh cuiTent, an ion

conducting pathway of central importance to parasympathetic nervous system

effector pathways, is composed of heteromultimeric Kir3.1 and Kir3.4 subunits

(Krapivinsky et aÏ., 1995). There is evidence that the important transmembrane

gradient in the slow delayed rectifier current ‘Ks, a key determinant of the cardiac

ventricular transmural gradient in action potential duration, (Liu & Antzelevitch,

1995) is caused by differential transmural distribution of a splice variant of KvLQTI

with dominant negative function (Pereon et aÏ., 2000). Heteromultirner formation

may contribute to the properties of cardiac transient outward currents in tissues that

express both Kvl.4 and Kvl.5 proteins (Po et aÏ., 1993). Differential

heteromultimerization among Kir2.1-3 might underlie the different phenotypes of

Andersen’s syndrome (Preisig-Miiller et aÏ., 2002).

In the present study, we demonstrate with both biochemical and

electrophysiological methods that Kir2.4 subunits co-assemble with Kir2. 1 subunits.

Kir2.1 and 2.4 were co-purified by His6 pulldown when only Kir2.1 was covalently

bound to His6, dominant negative Kir2.1 suppressed Kir2.4 currents upon co

expression and a tandem Kir2.1/2.4 construct carried Ba2 sensitive currents with

voltage-dependent Ba2 sensitivity similar to that of co-expressed Kir2. 1 and 2.4. The

results of our Kir2.1/2.4 co-expression and Kir2.1/2.4 chimeric channel studies

suggest that heteromeric Kir2. 1/2.4 channels have properties that are different from

those of homomeric channels formed by either subunit alone. In particular, the Ba2

sensitivity of heteromeric channels is clearly greater than that of homomeric Kir2.1

channels and much greater (by an order of magnitude) than that of Kir2.4 channels,

similar to the findings of Pearson et aÏ. (1999), who showed that co-expression of

Kir4.2 and KirS.1 results in cuiients with higlier Ba2 sensitivity than when Kir4.2 is

expressed alone (Pearson et aÏ., 1999). Currents resulting from Kir2.1 and Kir2.4 co

expression were of the sanie magnitude as Kir2.l or Kir2.4 currents whereas currents

carried by Kir2.l/2.4 chimeras were reduced by approximately 50%, possibly due to

structural constraints limiting functional insertion.
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Overlapping expression of Kir2. 1-3 rnRNA in the rat brain has been reported

(Horio et aï., 1996; Fink et aï., 1996; Morishige et aï., 1993; Karschin et aï., 1996).

Northern blot analysis and RT-PCR have shown that Kir2.1 and Kir2.4 rnRNA is

expressed in the brain, heart, kidney and skeletal muscle (Kubo et aï., 1993;

Takahashi et aï., 1994; Derst et aï., 2001; Topert et aï., 1998). In situ hybridization

studies of rat brain tissue have shown both Kir2. I and Kir2.4 to be expressed in the

pons, the facial nucleus and strongly in the rnidbrain (Topert et aï., 1998; Karschin et

aï., 1996). The fact that Kir2.1 and Kir2.4 channels are expressed in the same

regions, as well as their ability to co-assemble, raise the possibility that Kir2.1/2.4

heterotetramers may contribute to inward rectifier function in the CNS. A recent

study by Liu et al. (2001) found Kir2.4 to be present in guinea pig heart, but

immunocytochemical studies showed Kir2.4 to be present only in neuronal elements.

More experiments are warranted to determine whether Kir2.4 is present in myocardial

tissues of other species.

VIII-5.3 Potential Limitations

Changes in subunit arrangement can affect channel properties, as has been

shown for Kir4.1 and Kir5.1 (Pessia et aï., 1996). The formation of heteromeric

channels with different Kir2. 1/Kir2.4 subunit alTangements and stoichiometry might

therefore lead to the expression of channels with functionally different properties.

Further studies are required to assess the effects of different subunit arrangements and

stoichiometries on the properties of currents carried by systems co-expressing Kir2. 1

and 2.4 subunits. There are discrepant observations regarding the structural

determinants of Kir2.x subunit co-assembly (Tinker et aï., 1996; Fink et aï., 1996;

Preisig-MUller et al., 2002). Further work is necessary to establish the structural

basis for the ability of Kir2.4 subunits to co-assemble with Kir2.l, as well as to

establish whether Kir2.4 can also co-assemble with other inward rectifier channels.

The structural basis for the differing Ba2 sensitivities of Kir2 subfamily channels, as

well as the mechanisms that lead to enhanced Ba sensltlvity of Kir2.1-2.4

heteromultimers, is a subject of considerable potential interest that our study raises

but cannot answer. Single-channel experiments to evaluate the detailed biophysical
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properties of the channels formed by the tandem construct in comparison with

homomeric Kir2.1 and 2.4 would be quite interesting, but are beyond the scope ofthe

present work. Finally, more detailed studies of the quantity and localization of Kir2.x

protein expression would be of interest in order to assess the potential physiological

importance of Kir2.4-Kir2. 1 heteromultimerization.
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Figure 27: Effects of dn-Kir2. 1 on Kir2. 1 and Kir2.4 currents in Xenopus oocytes.

Currents recorded from Xenopus oocytes injected with Kir2. 1 or 2.4 cRNA alone (left

panels) or together with dn-Kir2.1 (rniddle panels). Results are shown for Kir2.1 (A)

and Kir2.4 (B). Mean ± S.E.M. current-voltage relations for 15 (Kir2.1), 16

(Kir2.1/dn-Kir2.1), 10 (Kir2.4), and 21 (Kir2.4/dn-Kir2.1) oocytes are illustrated on

the right. Closed symbols represent currents recorded from oocytes injected with

Kir2.x cRNA alone, whereas corresponding open symbols represent currents recorded

from oocytes co-injected with equal arnounts of Kir2.x cRNA and dn-Kir2.1 cRNA.

P <0.001 for significance of difference between cuiTent density in co-injected

oocytes vs. Kir2.x.
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figure 2$: Effects of dn-Kir2.4 on Kir2.1 and Kir2.4 currents in Xenopus oocytes.

CuiTents recorded from Xenopus oocytes injected with Kir2.lor 2.4 cRNA alone (left

panels) or together with dn-Kir2.4 (middle panels). Resuits are shown for Kir2.1 (A)

and Kir2.4 (B). Mean ± S.E.M. current-voltage relations for 6 (Kir2.1), 8 (Kir2.1/dn-

Kir2.4), 10 (Kir2.4), and 10 (Kir2.4/dn-Kir2.4) oocytes ai-e illustrated on the right.

Closed symbols represent currents recorded from oocytes injected with Kir2.x cRNA

alone, whereas corresponding open symbols represent culTents recorded from oocytes

co-injected with equal arnounts of Kir2.x cRNA and dn-Kir2.4 cRNA. P <0.001

for significance of difference between current density in co-injected oocytes vs.

Kir2.x.
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His - pulldown

I I
1 2 3 4 5 6 7

67 kDa
55kDa

Kir2.Y — His6 — + + + + — —

Kir2A — Ftag + — — + — —

Antibody F 2.1 H F F F 2.1

Figure 29: Western blots of ceil lysates from Cos-7 celis transfected with either

Kir2. 1 -His6, Kir2.4-Flag or both.

The constrncts transfected and antibody probes used are indicated at the bottom. +

indicates construct transfected, - indicates construct flot present. Primary antibodies

are designated by f for anti-Flag, 2.1 for anti-Kir2. 1 and H for anti-His. Arrows on

the left indicate molecular weights of specific bands detected by specific primary

antibodies. Molecular weights are given in kilodaltons (kDa). Lane 1 is a Western

blot of Cos-7 celi lysate transfected with Kir2.4-Flag and purified on a Flag-Affinity

gel (Sigma). CelI Jysates in lanes 2 to 7 were subjected to His6-pulldown prior to

incubation with the primary antibody. Lane 2 and 3 were obtained with a lysate of

cells transfected with Kir2.1-His6 only and lane 4 was obtained with a lysate of celis

co-transfected with Kir2.4-Flag and Kir2.1-His6. Lane 5 was obtained from celis

transfected with Kir2.1-His6 and incubated with anti-flag after His-pulldown. Lane 6

is a western blot of lysate of Cos-7 ceils transfected with Kir2.4-flag only incubated

with anti-Flag. Lane 7 is a Western blot with crude (non-transfected) Cos-7 celi

lysate incubated with anti-Kir2. 1.



Figure 30: Ba2 block of Kir2. 1, Kir2.4, Kir2.1-Kir2.4 tandem and co-injected Kir2.1

and Kir2.4, original recordings.

Original current recordings obtained from oocytes injected with Kir2.1 (A), Kir2.4

(B), the Kir2.1-Kir2.4 tandem (C) and co-injected Kir2.1 and 2.4 (D) under control

conditions (left panels) and in the presence of 10 JIM (left middle panels), 100 iM

(right middle panels) and I mM (right panels) Ba2.

Cui-rents were elicited by voltage steps from a holding potential of -60 mv to step

potentials between -150 mV and +30 mV in 10 mV increments as shown by the

voltage protocol in the insert.
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Figure 31: Ba2 block of Kir2.1, Kir2.4, Kir2.1-Kir2.4 tandem and co-injected Kir2.1

and Kir2.4, mean ± S.E.M. current-voltage relations.

Mean ± S.E.M. current-voltage relations just after the onset of the voltage step (left

panels) and under steady-state conditions (right panels).

N= 6, 8, 5 and $ oocytes for Kir2.1 (A), Kir2.4 (B), tandem (C) and co-injected

constructs (D).
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figure 32: Comparison of Ba2 block of Kir2.1, Kir2.4, Kir2.1-Kir2.4 tandem and

co-expressed Kir2. Ï and Kir2.4. Dose-response curves and 1C50/TP.

Ba2 block of currents resulting from the expression of Kir2. I (A), Kir2.4 (B), Kir2. 1-

2.4 tandem (C), co-expressed Kir2.1 and 2.4 (D). Left panels show original

recordings from one oocyte under control conditions (open circles) and in the

presence of Ba2 at the following mrvi concentrations: 0.01 (open diamonds), 0.1

(closed squares), 1 (closed circles) and 10 (stars). The middle panels show

corresponding mean ± S.E.M. concentration-response curves based on end-pulse block

at each concentration upon hyperpolarisation to —120 rnV (N= 19, 9, 11 and 12

oocytes for Kir2.1, Kir2.4, tandem and co-injected constructs respectively). The right

panels show mean 1C50s obtained from the type of analysis illustrated in the rniddle

panels, at each test potential studied (N= 19, 9, 11 and 12 oocytes for Kir2.1, Kir2.4,

tandem and co-injected constmcts respectively). To facilitate direct comparison of

data obtained in oocytes following injection of Kir2.4 and engineered constructs with

data for Kir2.1, data for Kir2.1 are reproduced in the right panels, as indicated by the

dashed unes. *J <0.05, ** <0.01, *** <0.001 vs. Kir2.1 at the same voltage.
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CHAPTER IX: BARIUM BLOCK 0F KIR2

AND HUMAN CARDIAC INWARD

RECTIFIER CURRENTS: EVIDENCE FOR

SUBUNIT-HETEROMERIC CONTRIBUTION

TO NATIVE CURRENTS

Reprinted f rom Cardiovascular Research, 59, Schram G, Pourrier M, Wang Z,

Nattel S., Barium block of Kir2 and human cardiac inward rectifier currents:

evidence for subunit-heteromeric contribution to native currents, 328-338,

2003, with permission from the European Society of Cardiology.
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IX-1 Abstract

Background: Kir2 subunits are believed to underlie the cardiac inwardly

rectifying current ‘KJ. The subunit composition of native ‘K! currents is uncertain,

and it lias been suggested that heteromultirner formation may play a role. Methods:

We studied Ba2 block of homo- and heteromeric Kir2 cliannels in Xenopus oocytes

and compared the properties observed to those of human cardiac ‘K! in ceils isolated

from myocardial biopsies of normal human hearts. Resuits: Homomeric expression

of Kir2.1 and Kir2.3 produced currents with similar Ba2 sensitivities (e.g. ICo at -

120 mV: 16.2±3.4, n=1 1 and 18.5±2.1, ii=10 respectively), but these were less

sensitive to Ba2 than native ‘KI (4.7±0.5 tM, n=10, P=0.001, P<0.001, respectively)

and had different Ba2 blocking kinetics from cardiac ‘KJ• Kir2.2 sensitivity was

similar to cardiac ‘K! (e.g. 2.8±0.4 1iM, Kir2.2, n=9, versus 4.7±0.5 tM for ‘K!). but

the blocking kinetics of Kir2.2 were faster than those of ‘KI. Currents resulting from
2+co-expression of Kir2 subumts had similar Ba sensitivities and blockmg kinetics

among groups and were similar to ‘K! in both Ba2 sensitivity (e.g. 1C50 at -120 mV:

4.5±1.0, 2.5±0.5, and 2.3±0.4 tM for co-injected Kir2.1/2.2, iz=6, Kir2.1/2.3, n=5,

and Kir2.2/2.3, ,i=4 respectively) and blocking kinetics. Conclusion: Co-injection

of Kir2 subunits resuits in currents with Ba blocking properties different from

homomeric Kir2 expression but similar to cardiac ‘KI These observations suggest

that a substantial proportion of native ‘KI may resuit from heteromultimer formation

among diverse Kir2 family subunits.

Keywords: Ion transport; K channel; Arrhythmia (mechanisms); Ion

channels; Sudden death
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iX-2 Introduction

The inward rectifier cunent (‘K) was first described in 1949 in skeletal

muscle [1]. In the heart, ‘KI sets the resting potentia] close to the K equilibrium

potential [2] and contributes significantly to cardiac repolarization [3-5].

Dysfunction of ‘KI causes cardiac arrhythmias in Andersen’s syndrome (LQT7) [6].

A variety of genes encoding inwardly rectifying K (Kir) channel subunits

have been cloned and grouped into 7 farnilies (KirI -7). Subunits of the Kir2 family

are believed to underlie ‘KI in the heart [2]. Three pore-forming Œ-subunits of the

Kir2 farnily, Kir2.1-3, are expressed in cardiomyocytes [7]. In the human heart,

Kir2.1 transcripts are 10-fold more abundant than those of Kir2.2 or Kir2.3 [8]. The

relative expression of Kir2 transcripts fails to explain a variety of cardiac ‘KI

properties [8]. Heteromultimer formation among Kir2 subunits resuits in cunents

distinct from those produced by homomeric Kir2 subunit expression [9,10],

potentially contributing to phenotypic diversity in Andersen’s syndrome [9].

However, no study in the literature bas compared directly currents carried by

homomeric and heterorneric Kir2 channels to native ‘KI•

High-potency block by extracellular Ba2 is a striking pharmacological

property of ‘KI [10]. Kir2-based channels have different sensitivities to Ba2 [7,9-11].

The goal of the present study was to compare Ba2tNocking properties of currents

carried by single Kir2 subunits with cunents carried by coexpressed subunits and

with human cardiac ‘K•
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IX-3 Methods

IX-3.1 Functional Expression of Cloned Inward Rectifier Subunits in Xenopus

Oocytes

Kir2. 1 and Kir2.2 were subcloned into a modified expression vector (pCRII,

Invitrogen) containing a poly (A+) tau (A+-pCRII). Kir2.1-A+-pCRII was a kind gift

of Lily Leh Jan, San Francisco, California. Kir2.2-A+-pCRII was a kind gift of

Barbara Wible, Cleveland, Ohio. After linearization with BamHI, cRNA for injection

into Xenopus oocytes was prepared with T7 RNA polyrnerase. Kir2.3 was a kind gift

of Carol Vandenberg, Santa Barbara, California. Kir2.3 cDNA was subcloned into a

Bluescript SK- (Stratagene) vector. After linearization with HindITi, cRNA was

prepared with T3 RNA polymerase, and 6 to 12 ng cRNA of either a single clone or a

mixture of equal amounts of different cRNAs (two at a tirne) to a total amount of 6 to

12 ng were injected into stage IV-V Xenopus oocytes, followed by two-electrode

voltage clamp 24-72 h later. Currents were elicited at 22°C by 750-ms voltage steps

from a holding potential of -60 rnV to test potentials between -150 mV and +30 mV

in 10 mV increments with a GeneClamp-500 amplifier and pClamp 6.0 software

(Axon). The external solution consisted of (mM) 5 KCI, 100 NaCI, 2 MgCI2, 10

HEPES, 0.3 CaCI2. Niflurnic acid (10 !IM) was added to block the Ca2-dependent

Ci current. The external pH was adjusted to 7.4 with NaOH and the pipette was filled

with 3-M KCI. Ba2-containing solutions were superfused until steady-state block

occurred (generally after —10 mm) at each concentration before repeating full

voltage-clamp protocols. Glass microelectrodes (3-M KC1-filled) had 1.3-1.8 MQ

resistances. Ail cRNA transcriptions were perforrned with the mMESSAGE

mMACHINE kit, Ambion Inc., Austin, Texas.
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IX-3.2 Celi Isolation

Human right ventricular myocytes were obtained via endomyocardial biopsies

from patients undergoing routine follow-up after heart transplantation. Ca2ttolerant

myocytes were isolated and stored for use within 12 h according to previously

described procedures [8J. Written informed consent was obtained as approved by the

Ethics Committee of the Montreal Heart Institute. Ceils were dispersed by trituration

with a Pasteur pipette and stored in a high K-storage medium (in mM: KCI 20, K-

glutamate 70, KH2PO4 10, glucose 25, -hydroxybutyuric acid 10, taurine 20, EGTA

10, albumin 0.1%, and mannitol 40) at 4°C. AIl chernicals were purchased from

Sigma Chemical Co., St Louis, MO, USA, unless otherwise specified.

IX-3.3 Whole-Cel] Patch-Clamp Recordings

Experiments were conducted at 22°C and ionic currents were recorded under

whole-cell voltage-clamp mode using an Axopatch 200B amplifier (Axon

Instruments Inc. USA). Borosilicate glass electrodes (1-mm O.D.) had tip

resistances of 2-4 MQ when filled with pipette solution (mlvi): 0.1 GTP, 110 K

aspartate, 20 KCI, 1 MgCI2, 5 Mg-ATP, 10 HEPES, 5 EGTA, 5 Na2-phosphocreatine.

The pH was adjusted to 7.4 with NaOH. Command pulses were generated by a D-A

converter controlled by pClamp 6.05 software (Axon hstruments). Tip potentials

were zeroed before formation of the membrane-pipette seal in Tyrode solution. The

capacitance and series resistance (Rs) were electrically compensated to minimize the

duration of the capacitive surge on the current recording and the voltage drop across

the clamped celI membrane. 200 tM Cd2, 500 tM 4-aminopyridine (4-AP) and 1

jiM atropine were added to the extracellular solution to inhibit current contamination

by L-type Ca2-current, transient outward K-current and acetylcholine-dependent

K-current respectively. Adenosine triphosphate (ATP)-dependent K-current was

minimized by including ATP (Mg-sait, 5 mM) in the pipette and glyburide (10 jaM)

in the bath solution.
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IX-3.4 Statistical Ana]ysis

Data analysis was conducted with Axon Clampfit 6, SPSS 11, Graphpad

Prism 3 and Microsoft Excel 2000. Group data are expressed as the mean±S.E.M.

Statistical comparisons were made with one-way ANOVA followed by Tukey’s post

test (SPSS 11). A 2-tailed probability <0.05 was taken to indicate statistical

significance. Concentration-response data were analyzed using curve-fitting

functions of Prism 3 software (GraphPad Software, Inc. CA, USA).
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IX-4 Resuits

Fig. 33 shows original recordings in oocytes injected with Kir2.1 (A), Kir2.2

(B) or Kir2.3 (C) cRNA and from a human cardiomyocyte (D). Left panels show

currents recorded in the absence of Ba2 (Control). Left rniddle panels, right middle

panels and right panels show currents in the presence of 10 iM, 100 iM and 1 mM

Ba2, respectively. Ba2-bIock was concentration- and voltage-dependent for ail

currents. Fig. 34 shows respective Kir2 mean end-pulse current-voltage relationships

under control conditions and in the presence of 1, 10 and 100 tM Ba2. Kir2.1 and

Kir2.3 showed similar Ba2tsensitivity, with high-level block requiring 100-iM Ba2.

Both Kir2.2 and cardiac ‘K! were reduced by >60% with 10-11M Ba2 and completely

blocked by 100-jiM Ba2, indicating qualitativeÏy-similar sensitivity that was greater

than that of Kir2. 1 or Kir2.3.

Fig. 35 shows original current recordings obtained from Xenopus oocytes

co-injected with both Kir2.1 and Kir2.2 (A), Kir2.1 and Kir2.3 (B) or Kir2.2 and

Kir2.3 (C) cRNA, under control conditions (left panels) and in the presence of 10,

100 iM and 1 mM Ba2. Panel D shows the results from the same human

cardiomyocyte as in Figure 33, for comparison purposes. The response of co-injected

oocytes was qualitativeÏy like that of the human cardiomyocyte. Corresponding mean

cunent-voltage relationships are shown in Fig. 36. The current-voltage relationships

of co-injected oocytes qualitatively resemble those of cardiac ‘KI in both the absence

of Ba and in the presence of various Ba concentrations. The Ba -sensltlvity of

homomeric channels and channels resulting from co-injected Kir2 subunits showed

significant group differences over the entire voltage range tested (-150 to -90 rnV,

P<0.00l).

IX-4.1 Concentration and Time Dependence of Ba2 BIoch of Hornomeric Kf r2

Subunits and Cardiac ‘Ki

To pursue the issue of Ba2tblock of the various constructs studied, we

analyzed the block quantitatively. Fig. 37, left panels, shows original cunents

recorded from one oocyte before and after each of 3 Ba2 concentrations for cells
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expressing Kir2.1 (A), Kir2.2 (B) or Kir2.3 (B), along with corresponding data from a

human cardiomyocyte (D). For clarity, currents obtained at only one voltage (upon

hyperpolarization to -120 mV) are shown. Whereas Kir2.1 and Kir2.3 showed

similar Ba2 sensitivity (approximately 30% current reduction at end of pulse by 10

tM Ba2, Fig. 37A and C), Kir2.2 was approxirnately one order of magnitude more

sensitive to Ba2 than Kir2.l or Kir2.3. For example, 10 iM Ba2 almost completely

inhibited Kir2.2 end-pulse current (Fig. 37B, left), sirnilar to the effect of 100 1iM

Ba2 on Kir2.1 (Fig. 37A, left) or Kir2.3 (Fig. 37C, left). Cardiac ‘KI was more

sensitive to Ba2 than Kir2.1 or Kir2.3 (e.g. approximately 70% end-pulse current

inhibition by 10 iM Ba2, Fig. 37D, left), displaying Ba2tsensitivity more similar to

that of Kir2.2.

The time-dependence of block is illustrated in the rniddle column of Fig. 37.

Fractional block was calculated as control current (Icti) minus current in the presence

of Ba2 (‘Ba) divided by control current ([Jctl — ‘Bal / and expressed as a function

of time during the pulse. For Kir2.1 and 2.3, block at 10 tM was viiïually time

independent. At the same concentration, block of Kir2.2 showed a very rapid onset.

The time-dependent block of cardiac ‘KI was substantial at 10 tM and showed a slow

onset. The onset of Ba2 block was quantified as the time for 50% of steady-state

time-dependent block (t½), since the kinetics did not consistently follow simple

mono- or biexponential models. Block onset was analyzed at approximately equi

effective concentrations (10 iM for Kir2.2 and ‘KI 100 tM for Kir2.1 and 2.3). The

ty2 values of homorneric constructs were smaller than the value for ‘K! (Table X).

The right panels show mean concentration-response curves of the form

B 1/(1 + 1C50/C), where B is Ba2-block at any concentration C and 1C50 is the

50%-blocking concentration. The Ba2 IC50s were comparable for Kir2.1 and 2.3

(16.2±3.6 and 18.5±2.1 tM respectively), about an order of magnitude greater than

for Kir2.2 (2.3±0.4 tM). Cardiac ‘KI had an ICo (4.7±0.4 !IM) of the same order as

that of Kir2.2 and much smaller than for Kir2. Ï or 2.3 (Table X).
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IX-4.2 Concentration and Time Dependence of Ba2-B1ock of Co-Injected Kir2

Subunits and Cardiac ‘KI

Fig. 38, left panels show original current recordings obtained from Xenopus

oocytes co-injected with either Kir2.1/Kir2.2 (A), Kir2.l/Kir2.3 (B) or Kir2.2/Kir2.3

(C), in comparison with human cardiac ‘KI (D), upon hyperpolarization to -120 mv.

Currents resuiting from co-injected Kir2 subunits showed quaiitativeiy similar Ba2t

sensitivity to cardiac 11(1. The middle column shows time-dependent block onset.

Like ‘KI, block of Kir2.1/Kir2.2 and Kir2.1/2.3 showed significant, slow time

dependent onset at 10 jiM Ba2. The ty2 values for Kir2.1/2.2 and Kir2.1/2.3

coinjected were similar to those of ‘KI (Table X). The ty was somewhat faster for

Kir2.2/2.3 subunits. The corresponding concentration-response relations are shown

in the right column. In contrast to the homomeric subunit-based culTents, the currents

resulting from co-injection showed similar and low IC50s (Table X). This was the

case even for Kir2.1/Kir2.3 currents, despite the fact that both Kir2.1 and Kir2.3 had

much higher IC50s when expressed alone. The IC50s for ail co-injected subunit

combinations were comparable to the values for ‘K

IX-4.3 Comparison of Ba2 Blocking Properties of Homomeric and Co-Injected

Kir2 Subunits with Cardiac ‘KI

Fig. 39 shows a comparison of block at -120 mV for each pair of co-injected

Kir2 subunits with that of ‘KI (middle panels) and for each of the corresponding

homomeric culTents with ‘K! (left panels). The right panels show Ba 1C50 values as

a function of voltage for each of the corresponding currents. The asterisks in the right

panels show the statistical significance of differences for biocking potency at each

voltage versus that of ‘K!. For Kir2.1 and 2.2 (A), block is less potent for Kir2.l and

more potent for Kir2.2 at -120 mV compared to cardiac ‘K! (ieft panel). Block of

Kir2.1/2.2 co-injected currents at -120 mV is quite similar to that of ‘K! (rniddle).

Comparing resuits at ail voltages (right panels), results for Kir2.1 were signifcantly

different from those of ‘K!. Resuils for Kir2.2, 2.1/2.3 and ‘K! were flot statistically

distinguishable. For Kir2.l and 2.3 (panel B), either homomer resulted in currents

less sensitive to Ba2 than ‘K! (ieft panel), but co-injected oocytes showed a
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sensitivity comparable to that of ‘KI (middle panel). Exarnining the entire voltage

range, homomeric Kir2.1 and 2.3 were cadi significantly ]ess sensitive than currents

resulting from Kir2.l/2.3 co-injection, which were indistinguishable from ‘KI (right).

The corresponding data for Kir2.2 and 2.3 (C) indicates that once again co-injected

oocytes have currents with Ba2-sensitivity similar to that of IKI.
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IX-5 Discussion

We have compared the Ba2tblocking response of currents carried by

homomeric channels composed of Kir2.1, Kir2.2 and Kir2.3 with the response of

currents resulting from co-expressed subunits and with human cardiac ‘KI• The

principle novel findings are that the response of co-expressed subunit-currents is flot

the simple algebraic sum of individual subunit responses, and that the response of

native human 11(1 is more sirnilar to that of co-injected subunits than of each subunit

expressed alone.

IX-5.1 Importance and Molecular Basis of ‘KI

11(1 is crucial in cardiac electrophysiology [2,11], setting the resting potential

and contributing to terminal repolarization [5]. Resting potential depolarization has

complex effects on cardiac excitability (Dominguez and Fozzard, ca. 1975). Mild

depolarizatïon increases excïtability by decreasing the depolarization needed to reach

threshold, but stronger depolarization decreases excitability and conduction velocity

by inactivating Na-channels. 1ncreased excitability facilitates arrhythmias arising

from abnormal automaticity and triggered activity, whereas impaired conduction

promotes reentry. Impaired phase-3 repolarization caused by ‘K! dysfunction could

lead to excess action potential prolongation and early afterdepolarizations. Thus, ‘KI

abnormality can promote a wide range of arrhythmia mechanisms, any of which

might be implicated in ventricular tachyarrhythmias associated with Kir2. I

dysfunction in Andersen’s Syndrome [6].

Our understanding of the molecular basis of ‘K! is limited. At the mRNA

level, the most abundant Kir2 subunit is Kir2.1, with ventricular concentrations that

are >l0-fold greater than those of Kir2.2 or Kir2.3 [8]. Although Kir2.1-4 have been

detected in the heart [12-17], only Kir2.I-3 appear to be expressed in

cardiomyocytes, whereas Kir2.4 is found in cardiac neuronal tissue [7]. There is 78%

greater abundance of Kir2. 1 protein in ventricle versus atrium and 228% greater

abundance of Kir2.3 in atrium versus ventricle, but the relative quantities of Kir2.l

versus Kir2.3 protein are unknown [18]. Unitary ‘KI conductances change with
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development, suggesting developmentally-based molecular alterations [19,20]. Four

different ‘KI single-channel conductances are displayed in human atrial ceils,

compatible with molecular heterogeneity [15]. Kir2.1 anti-sense oligonucleotides

suppressed, but did flot eliminate, ‘K! in rat ventricular myocytes, but residual cunent

was detected, suggesting other contributors [211. In mice geneticaily engineered to

Iack Kir2.1 cornpleteiy, ‘K! is absent in the presence of physiological (4-mM)

extraceliular [Kj [22]. Knockout of Kir2.2 reduces ]J( by —50% [22]. These resuits

suggest that Kir2.1 is a component of virtually ail murine ‘K! channels, whereas

Kir2.2 subunits are present in about half. This possibility would be most easily

explained by the formation of Kir2.1-Kir2.2 heteromers [22].

IX-5.2 Potential Role of Kir2 Heteromultimers

Initial studies suggested possible co-assembly between Kir2.1 and Kir2.3

subunits, mediated by N-terminal interactions [23]. Subsequent work suggested littie

or no heteromultimer formation between Kir2. 1 and 2.2 or 2.3, with determinants for

co-assembly localized to the M2 segment and proximal C-terminus [24]. Preisig

Mtiller et al. recently provided extensive evidence for Kir2.1, Kir2.2 and Kir2.3

heteromultimer formation [9]. They showed that concatemers of different Kir2

subunits form functional channeis, that dominant negative Kir2.1, Kir2.2 or Kir2.3

constructs suppress currents carried by wild-type subunits of each subtype upon co

injection, that Kir2.l and Kir2.3 subunits can be co-immunoprecipitated, that

cytosolic carboxyterminal domains play a key role in protein-protein interaction, and

that Andersen syndrome Kir2. 1 mutations have dominant-negative effects upon co

expression with Kir2.1, Kir2.2 or Kir2.3.

We have shown that Kir2.I and 2.4 subunits co-assemble, and that

Ba2tbiocking properties of co-assembied channels differ from hornomeric Kir2.l or

2.4 [10]. In fact, the Ba2tsensitivity of Kir2.1-2.4 channels was greater than those of

either Kir2. 1 or 2.4 aione, suggesting that heteromeric channeis are not mereiy an

intermediate hybrid forrn, but may have distinct properties of their own [10]. In our

study of Kir2.l-Kir2.4 interaction, as in Preisig-MUller’s studies of Kir2.1, Kir2.2 and

Kir2.3 interaction, currents carried by co-injected subunits behaved like channels
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formed by concatemers (which of necessity consist of co-assernbled subunits, since

the subunits are covalently lïnked). In the present study, currents carried by Kir2.2

co-injected with either Kir2.1 or 2.3 subunits had a Ba2 1C50 indistinguishable from

Kir2.2-subunit homomeric channels, rather than between the 1C50 of Kir2.2 and the

larger 1C50 of Kir2.1 or Kir2.3. Moreover, the ICo of co-injected Kir2.1/Kir2.3 is

lower than for either homomcric subunit and of the same order as the 1C50 for Kir2.2.

This observation resembles our previous findings for Kir2.1/Kir2.4 and supports the

notion of distinct properties for heteromeric Kir2 channels.

The present study is the first direct comparison between properties of currents

carried by combinations of Kir2 subunits with those of native ‘Ki. The response to

Ba2 of currents carried by ail combinations of co-injected subunits was more sirnilar

to that of human ‘KI in terms of sensitivity, and Kir2. 1/2.2 and Kir2. 1/2.3 current Ba2

biocking kinetics were more like those of ‘KI, than homomeric channeis. This finding

supports the notion that a significant portion of 11(1 may be carried by Kir2

heteromers, as initially suggested by Zaritsky et aI. [22] and recently reinforced by

the elegant studies of Preisig-Muller and co-workers [9].

Our resuits help to resolve an issue alising from a recent study that compared

homomeric guinea pig Kir2 subunits to guinea-pig cardiac ‘KI [7]. Based upon Ba2-

biocking properties, the authors concluded that Kir2.2 was iikely the predorninant

subunit underlying ‘K!. However, in both human [8] and mouse [22] heart, Kir2.i

transcripts are much more abundant than those encoding Kir2.2. We found that Ba2-

blocking sensitivity of heteromeric Kir2 channels is similar to those of Kir2.2. Thus,

the guinea-pig findings [7] are compatible with a prominent role for heteromeric Kir2

channels in native ‘K!, and do flot necessarily imply predominance of Kir2.2 per se.

This notion would fit well with results ofKir2.1 knock-down [21] and knockout [22]

studies, while being agreeing with the guinea-pig Ba2tsensitivity data [7].

IX-5.3 Potential Limitations

We did not study single-channel Kir2 or ‘K! properties. Single-channel studies

of native I have provided a wide variety of resuits. Wible et al. described four

distinct conductances (41, 35, 21 and 9 pS) in human atrium [15], whereas Liu et al.
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found only three conductances (10.5, 22 and 32.5 pS) in guinea-pig cardiomyocytes

[7]. Nakamura et al. described six diverse conductances (8, 14, 21, 35, 43 and $0 pS)

in rat ventricle [21]. Conductances of native ‘Ki channels may differ from those of

heterologously-expressed Kir2 subunits of the same species [7]. Furthermore,

homomeric mou se Kir2. I channels show a broad fange of conductances ranging from

2 to 33 pS [25]. Thus, single-channel analyses have not to date provided clear

insights into the molecular composition of ‘K] channels.

We used Xenopus oocytes as a heterologous expression system. Although this

system has been widely used to study biophysical properties of Kir2 subunits in the

past, we cannot exciude the possibility that intracellular protein processing pathways

in oocytes may be different from mammalian ceils and cardiomyocytes. This might

represent a potential confounding factor in the interpretation of how the various Kir2

subunits co-assemble. Co-assembly of Kir2. 1 and Kir2.3 has been shown in to occur

in HEK293 ceils, from which both subunits could be co-immunoprecipitated [9].

IX-6 Conclusions

This is the first study to compare properties of heteromeric Kir2 currents with

those of native cardiac ‘K]. Our resuits support the notion that a substantial

proportion of native ‘K] may resuit from heteromultimer formation among Kir2

subunits.
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IX-9 Tables

IC0 T112

tM (n) rns (n)

Homomeric constructs

Kir2.1 16.2±3.6 (11) ** 67±10(7)*

Kir2.2 2.3±0.4 (9) 75±10 (7)*

Kir2.3 18.5±2.1(10) *** 118±20(7)

Co-expressed constmcts

Kir2.1 + Kir2.2 4.5±2.2 (6) 355±60 (5)

Kir2.1 + Kir2.3 2.5±0.5 (5) 205±30 (5)

Kir2.2 + Kir2.3 2.3±0.4 (4) 87± 10 (4)

CardiaclKl 4.5±0.4(10) 205±50 (7)

* P<0.05; P<0 .01; P<0.001 versus corresponding value for cardiac ‘K!

Table X: Potency and time-course of Ba2 block of various constructs.
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Kir2.3
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1 mM Ba2

___I2IA

250 ms

Figure 33: Ba2 block of Kir2.1, Kir.2.2,

recordings.

Kir2.3 and cardiac ‘K!, original current

Original current recordings obtained from oocytes injected with Kir2.1 (A), Kir2.2

(B) or Kir2.3 (C) and from human right ventricular myocytes (D) under control

conditions (left panels) and in the presence of 10 tM (left middle panels), 100 tM

(right middle panels) and 1 mM (right panels) Ba2. Kir2 currents were elicited by

voltage steps from a holding potential of -60 mv to step potentials between -150 mV

and +30 mV in 10 mV increments as shown by the voltage protocol in the inset. ‘K!

was elicited by voltage steps from a holding potential of O mV to step potentials

between -120 mV and +40 mV in 10 mV increments as shown by the voltage

protocol in the inset.
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mV -120-100 -80 40 -40 -20

CardiacI7

figure 34: Ba2 block of Kir2.1, Kir.2.2, Kir2.3 and cardiac ‘KI, Mean±S.E.M.

current-voltage relations.

Mean±S.E.M. current-voltage relations under steady-state conditions without drug

(Control, squares) and in the presence of 1, 10 and 100 tM Ba2 (triangles, circles

and diamonds, respectively). n=14, 9, 11 and lOceils for Kir2.1 (A), Kir2.2 (B),

Kir2.3 (C) and cardiac ‘KI (D).
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Figure 35: Ba2 block of Kir2.x/Kir2.y heteromers and cardiac ‘KI, original current

recordings.

Original current recordings obtained from oocytes co-injected with Kir2.1/Kir2.2 (A),

Kir2.1/Kir2.3 (B) or Kir2.2/2.3 (C) and from a human right ventricular myocyte (D)

under control conditions (left panels) and in the presence of 10 1.tM (left rniddle

panels), 100 jiM (right middle panels) and 1 mM (right panels) Ba2. Kir2 currents

were elicited by voltage steps from a holding potential of -60 mV to step potentials

between -150 mV and +30 rnV in 10 mV incrernents, as shown by the voltage

protocol in the inset. ‘KI was elicited by voltage steps from a holding potential of O

mV to test potentials between -120 mV and +40 mV in 10 mV increments, as shown

by the voltage protocol in the inset.
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mV -120-100

-.- Control
-*-1 iM
--101.cM
-.- 100 j.tM

Kir2.1 ÷ Kir2.3

1 B

5 D

Figure 36: Ba2 block of Kir2.x/Kir2.y heterorners and cardiac ‘KI, rnean±S.EM

cuiTent-voltage relations.

Mean±S.E.M cuITent-voltage relations under steady-state conditions without dmg

(control, squares) and in the presence of 1, 10 and 100 tM Ba2 (triangles, circles and

diarnonds, respectively). n=7, 6, 4 and lOcelIs for Kir2.l / Kir2.2 (A), Kir2.1 /

Kir2.3 (B), Kir2.2 I Kir2.3 (C) and cardiac ‘K! (D).
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Figure 37: Krnetics ofBa block of Kir2.1, Kir.2.2, Kir2.3 and cardiac ‘K!.

Ba2tb]ock of currents resulting from the expression of Kir2. I (A), Kir2.2 (B), Kir2.3

(C) and hurnan ventricular ‘K] (D). Left panels show original recordings obtained

from one oocyte under control conditions and in the presence of 1, 10 and 100 iM

Ba2. Currents were elicited by steps from a holding potential of -60 mV to -120 mV

in oocytes and by steps from O mV to -120 rnV in myocytes, as shown in the

protocols in the insets. Kinetics of Ba2 block in the sarne oocyte or rnyocyte,

respectively, are shown as fractional block in the middle panels. Fractional block was

calculated as control current (lctl) minus current in the presence of Ba (‘Ba) divided

by control current ([Ici] — ]Ba]’ kti). The positions of the tI/2s for each example are

shown by arrows. The right panels show coiTesponding mean±S.E.M concentration

response curves based on end-pulse block at each concentration upon

hyperpolarization to -120 mV (,i=1 1, 9, 10 and 10 cells for Kir2.1, Kir2.2, Kir2.3 and

cardiac ‘KI respectively).
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Figure 38: Kinetics of Ba2 block of Kir2.x/Kir2.y heteromers and cardiac ‘KI.

Ba2 block of currents resulting from the co-expression of Kir2. 1 / Kir2.2 (A), Kir2. I

/ Kir2.3 (B), Kir2.2 / Kir2.3 (C) and human ventricular ‘KI (D). Left panels show

original recordings obtained from one oocyte under control conditions and in the

presence of 1, 10 and 100 iM Ba2. Currents were elicited by steps from a holding

potential of -60 mV to -120 mV in oocytes and by steps from O mV to -120 mV in

myocytes, as shown in the protocol in the inset. Kinetics of Ba2-block in the same

oocyte or myocyte, respectively, are shown as fractional block in the right panels.

Fractional block was calculated as control current (Icti) minus current in the presence

of Ba2 CIBa) divided by control current ([Jctl - ‘Bal’ loi). The positions of the t½5 are

indicated by arrows in the middle panels. The riglit panels show corresponding

mean±S.EM. concentration-response curves based on end-pulse block at each

concentration upon hyperpolarization to -120 mV (,i=7, 6, 4 and 10 cells for Kir2.1,

Kir2.2, Kir2.3 and cardiac ‘K! respectively).
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figure 39: Comparison of mean±S.E.M. concentration-response curves based on

end-pulse block at each concentration at a test potential of -120 rnV.

Left panels compare Ba2 block of currents carried by homomeric Kir2 channels with

cardiac ‘Ki. Heteromeric channels composed of subunits shown in left panels are

compared to cardiac ‘KI in the middle panels. Right panels: comparison of

homomeric and heteromeric Kir2 and cardiac ‘KI mean Ba2 IC50s at test potentials

between -120 mV and -90 mV. *p<0.05, **P<•rn, versus cardiac ‘KI

at the same voltage.

A, left panels: Kir2.1, Kir2.2 and cardiac ‘KI (open squares, open circles and filled

diamonds, respectively; ,i=11, 9 and 10 cells for Kir2.1, Kir2.2 and cardiac IKI).

Middle panels: Kir2.1 / Kir2.2 (open diamonds, n=7) and cardiac ‘Ki (filled

diamonds; n=10).

B, left panels: Kir2.1 (open squares, n=l 1), Kir2.3 (filled circles, ii=l0) and cardiac

‘KI (filled diamonds, ,z=10). Middle panels: Kir2.1 / Kir2.3 (open diamonds, n=6)

and cardiac ‘KI (filled diarnonds, n=10).

C, Ieft panels: Kir2.2 (open circles, ii=9), Kir2.3 (filled circles, ,i=10) and cardiac ‘Ki

(filled diamonds, n=10). Middle panels: Kir2.2 / Kir2.3 (open diamonds, n=4) and

cardiac ‘K (filled diamonds, ii=10).
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CHAPTER X: FUNCTIONAL EXPRESSION

0F KIR2.X IN HUMAN AORTIC

ENDOTHELIAL CELLS: THE DOMINANT

ROLE 0F KIR2.2.

Reprinted from The American Journal of Physiology Ceil Physiology, 289,

Fang Y., Schram G., Romanenko V., Shi C., Vandenberg CA., Davies PF.,

Nattel S., Levitan I., Functional expression of Kir2.x in human aortic

endothelial cells: the dominant role of Kir2.2, Cl 134-Cl 144, 2005.
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X-1 Abstract

Inwardly-rectifying K (Kir) channels are a significant determinant of

endothelial-ceil membrane potential, which plays an important role in endothelium

dependent vasodilatation. Several complernentary strategies were applied to

determine the Kir2-subunit composition of human aortic endothelial celis (HAECs).

Expression levels of Kir2.1, 2.2 and 2.4 mRNAs were similar, whereas Kir2.3

mRNA-expression was significantly weaker. Western blot analysis showed clear

Kir2.1 and Kir2.2 protein expression but Kir2.3 protein was undetectable. Functional

analysis of endothelial inwardly-rectifying K current demonstrated that: (j) inwardly

rectifying K current sensitivity to Ba2 and pH were consistent with currents

determined by Kir2.1 and Kir2.2 but not Kir2.3 and Kir2.4, and (ii) unitary

conductance distributions showed two prorninent peaks corresponding to known

unitary conductances of Kir2. 1 and Kir2.2 channels with a ratio of approximately 4:6.

When HAECs were transfected with dominant negative- (dn-) Kir2.x mutants,

endogenous current was reduced —50% by dn-Kir2.1 and —85% by dn-Kir2.2,

whereas no significant effect was observed with dn-Kir2.3 or dn-Kir2.4. These

studies suggest that Kir2.2 and Kir2. 1 are primary determinants of endogenous K

conductance in HAECs under resting conditions and that Kir2.2 is the dominant

conductance in these celis.

Key words: K channels, aortic endothelium, Kir2.2, inward rectifier potassium

channel
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X-2 Introduction

Vascular endothelial celis constitute the inner lining of blood vessels and are

actively involved in the regulation of vascular tone. K channels set the negative

resting membrane potential of endothelial celis, providing the driving force for Ca2

influx and regulating Ca2 dependent intracellular signalling [29]. Clamping the

membrane potential at a depoiarized value or blocking K channels inhibits

bradykinin-, acetyicholine- and flow-induced Ca2 influx and NO release [17, 23] as

weJl as flow-induced vasodilatation [47], consistent with the proposed role of K

channeis in flow-mediated vasorelaxation [4, 12, 31]. Jnward rectifier K channels

composed of Kir subunits are one of the rnost prorninent types of K channels in

endothelial celis, and are believed to be important in maintaining endothelial-ceil

resting membrane potential [1, 29J. lndeed, several studies have shown that exposing

endothelial celis to Ba2t a known blocker of Kir channels, results in significant

membrane depolarization [21, 44, 50]. Conversely, activation of endothelial Kir

channels by shear stress produces membrane hyperpolarization, underscoring their

potential physiological importance [20, 21, 31]. Physiological significance of Kir

channels in the vasculature was further supported by a recent study showing that

disruption of the Kir2.1 gene impaired K-mediated vasodilatation in genetically

engineered mice [51]. Furthermore, we have recently demonstrated that endothelial

Kir currents are strongly suppressed by hypercholesterolernia [37] suggesting that

these channels may also play a significant role in hypercholesterolemia-induced

vasodilatation abnormalities.

Currently, four key Kir2 subunits have been identified (Kir2.i-Kir2.4) in a

variety of tissues. Three of these (Kir2.i-Kir2.3) are expressed in cardiac cells [24,

25, 52], vascular smooth muscle cells [14, 51] and neurons [27], whereas expression

of Kir2.4 bas only been reported in neuronal cells [35, 43]. To date, only Kir2.1

mRNA bas been identified in vascular endothelial cells [7, 9, 13, 50]. Here we show

that ail four Kir2.x channels are expressed in HAECs at the transcript level, but

provide evidence suggesting that only Kir2.i and Kir2.2 contribute significantly to
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native endothelial Kir current. Furthermore, our resuits suggest that Kir2.2 is the

dominant K conductance in HAECs under resting conditions.
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X-3 Materiats and methods

X-3.; Celi Culture

Human aoiïic endotheliai celis (HAECs) were purchased at passage 2 from

BioWhittaker Cambrex (Rutherford, NI) and maintained between passages 3 and 5 in

2% fetal bovine serum endothelium growth medium-2 (EGM-2, Cambrex). Porcine

aortic endothelial celis were freshiy harvested from aduit pig aortas (Juvenile

Yorkshire females), as previously described [32]. Briefly, endothelial ceils were

gently scraped from a 2-cm2 region located at the inner wall of descending thoracic

aorta and transferred directly to endothelial culture media EGM-2. Ceil purity was

confirmed by immunostaining with EC-specific antiplatelet-endothelial celi adhesion

molecule 1 (PECAM-1, CD31) and anti-von Willebrand Factor (vWF) antibodies. No

positive u-SMA (smooth muscle ceil specific anti-a-actin antibodies) staining was

observed, indicating the absence of contaminating smooth muscle cells.

X-3.2 Electrophysiology

Ionic currents were measured with the whole celi and cell-attached

configurations of the standard patch clamp technique. Pipettes were pulled (SG1O

glass; Richiand Glass, Richland, NJ) to give a final resistance of 3-5 M) and

generated high resistance seals without fire polishing. A saturated sait agar bridge

was used as a reference electrode. Currents were recorded with an EPC9 amplifier

(HEKA Electronik, Lambrecht, Germany) and accompanying acquisition and

analysis software (Pulse & PulseFit, HEKA Electronik, Lambrecht, Germany)

running on a PowerCenter 150 (Mac OS) computer. Pipette and whole-cell

capacitance was automatically compensated. Whole-cell capacitance and series

resistance were compensated and monitored throughout each recording. Whole-cell

current was recorded during 500-ms linear voltage ramps or a series of voltage steps

from —160 or —110 mV to +60 mV at an interpulse interval of 5 s. The standard

external solution contained (in mM) 150 NaCI, 6 KCI, 10 HEPES, 1.5 CaC12, I

MgCI2 and I EGTA, pH 7.3. In some experiments, 156, 96, or 60 mM extracelÏular

KCI was used with equimolar substitution of KC1 for NaCI to maintain osmolarity.
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The pipette contained (in mM) 145 KC1, 10 HEPES, 1 MgCI,, I EGTA, and 4 ATP,

pH 7.3. For cell-attached configuration, single-channel recordings were obtained in

1.6-s sweeps with a 0.l-ms sampling interval and filtered at 500 Hz. Bath and pipette

solutions for single-channel recordings contained (in mM): 156 KCI, 10 HEPES, 1.5

CaC12, 1 MgCb, and Ï EGTA, pH 7.3. AIl experiments were performed at room

temperature (22-25°C).

X-3.3 RNA Isolation and RT-PCR

Total RNA was extracted using the Absolutely RNATM Miniprep Kit

(Stratagene, La Joua, CA). Highly-purified total RNA was treated with DNAse I to

remove traces of genomic DNA. The integrity and quantity cf RNA were evaluated

with an Agilent 2100 Bioanalyzer and the RNA 600 Nano Chips assay kit (Agilent

Technologies, Waldbronn, Germany). cDNA was generated using Superscript II

reverse transcription reagents (Invitrogen, Carlsbad, CA) with oligo (dl) primers.

PCR primers (Table XI) were designed based on known human Kir2.1 (Genbank

Accession # U 12507), Kir2.2 (Accession # AB074970), Kir2.3 (Accession # U07364

& # U24056) and Kir2.4 (Accession # AF081466) sequences with Oligo Primer

Analysis Software (Molecular Biology Insights, Inc., Cascade, CO). Primer

specificity was confirmed by BLAST search. PCR was performed for 35 cycles

consisting of: denaturation (98°C), annealing (60°C), and extension (72°C).

X-3.4 Quantitative Real-Time PCR (QRT-PCR)

Quantitative real-time PCR (QRT-PCR) was performed using the FastStart

DNA Master SYBR Green I Kit and the LightCycler® System (Roche Applied

Science, Indianapolis, IN). Mg2 concentration, annealing temperature and primer

concentration were optimized for each gene according te the manufacturer’s

instructions. To distinguish specific amplicons from non-specific amplifications, a

melting (dissociation) curve for amplicons was generated. Melting curve analysis of

Kir2.x amplicons resulted in a single peak indicating the formation of a single

amplicon for each targeted gene and the lack of primer-dimer formation. Standard

curves were generated with serial dilutions cf known cDNA copy number for each

gene in order te determine the copy number in the experirnental sample. The standard
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curves were iog-linear for at least four orders of magnitude (102106 copies). To

measure relative abundance of Kir2.x mRNA in HAECs, cDNAs were synthesized

from 1.5 ig total RNA in a 20 t1 reaction. 0.1 t1 of the cDNA reaction was used in

20 tl QRT-PCR reactions under optirnized conditions. RNA extraction and cDNA

synthesis, followed by QRT-PCR, were pefformed for ail targeted Kir2.x genes in

each of 4 biological samples. Each QRT-PCR measurement was performed in

triplicate.

X-3.5 Immunoblotting

For preparation of total membrane (TM) samples, ceils were scraped into

Buffer A (in mM): 150 NaCÏ, 20 HEPES, 5 EDTA, pH 7.4, Protease Inhibitor

Cocktail (PIC), 1 tg/rn1 pepstatin; homogenized in a Dounce tissue grinder and

centrifuged for 10 min at 1,000 g. The pellet was resuspended in Buffer A,

homogenized, and re-centrifuged for 10 min at 1,000 g. The combined supernatant

was centrifuged for 1 h at 200,000 g (SW4OTi rotor, Beckrnan). The pellet was

resuspended in Laemrnli buffer and sonicated. Sample protein was measured using

BCA Protein Assay Kit (BioRad). Proteins were resolved with 12% SDS PAGE at

reducing conditions followed by transfer to PVDF membranes (Amersham). Channel

specific rabbit anti-peptide antibodies to Kir2.1 (rat amino acids 390-411), Kir2.2 (rat

amino acids 390-410) and Kir2.3 (human arnino acids 2-19) were prepared and

purified by affinity chomatography or Protein A chromatography as previously

described for Kir2.2 [361. The membranes were probed with anti-Kir2.1 (1:1000),

anti-Kir2.2 (1:250), and anti-Kir2.3 (1:1000), with dilutions optimized by probing

CHO cells over-expressing Kir2.x subunits. Kir2.x-specific bauds were detected

using secondary antibodies conjugated with Horseradish Peroxidase (Jackson

Laboratories). Finaliy, immunoreactivity was visualized with ECL Plus reagent

(Amersham). The specificity of the antibodies was tested by transfecting COS-1 ceils

with Kir2.x constructs and harvesting the ceils 2 days after transfection as previously

described [19]. Samples were run on 10% SDS-PAGE, transferred to nitrocellulose,

and probed with affinity- or Protein A purified-antibodies (1:250) to Kir2. 1, Kir2.2,
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or Kir2.3, followed by probing with secondary antibodies conjugated to horseradisli

peroxidase, and visualized with Supersignal West Dura (Pierce).

X-3.6 Construction and functional Assessment of Dominant Negative (dn)

Kir2.x Constructs

Dominant negative (dn)Kir2.x subunits were engineered by replacing the

GYG motif of the selectivity filter by 3 alanine residues (AAA). A 5’ and a 3’

fragment were generated by PCR (Elongase® Amplification System, Invitrogen) and

combined by overlap extension. The resulting constnicts were cloned into pCRII®

TOPO® (Invitrogen) and verified by sequencing. (Dn)Kir2.x constructs were

subcÏoned into the bicistronic mammalian celi expression vector pIRES2-EGFP

(CLONTECH laboratories, Inc.). Kir2.2/pCRII and Kir2.4/pSGEM were kind gifts

from Barbara Wible, (Case Western Reserve University, Cleveland, Ohio) and

Andreas Karschin (University of Gi5ttingen, Germany) respectively.

Kir2.3/BluescriptSK was previously described [33]. Kir2.x and dn-Kir2.x cRNA was

generated using the mMESSAGE mMACHINE kit (Ambion Inc., Austin, Texas).

Functionality of dn-Kir2.x constructs was verified by co-expression of Kir2.x-WT

with the respective dn-Kir2.x-WT in Xenopus oocytes as previously described in

detail [40].

X-3.7 Transfection

CHO celis and HAECs were transfected with wild-type or dn-Kir2.x

constructs using Lipofectamine (Gibco-BRL) according to the manufacturer’s

instructions. Electrophysiological recording and Western blotting were performed

24h after transfection.

X-3.8 Data Analysis

Statistical analyses of the data were performed using a standard two-sample

Student’s t test assuming unequal variances of the two data sets. Statistical

significance was determined using a two-tail distribution assumption and was set at

5% (p<O.O5). The time-constants of voltage-dependent inactivation were rneasured by

fitting a single exponential function V(t)=A&Ut where A is current amplitude and r is



the tirne constant. The fits were obtained with the Levenberg-Marquardt algorithm

using PulseFit software (HEKA Electronik, Lambreclit, Germany). Single-channel

events were analyzed with TAC software (Braxton, Seattie, WA). The frequency

distribution of single channel conductance was fitted by a weighted sum of two

Gaussians (bimodal distribution) assuming unequal means and equal variance using

Origin 6.0 software (Microcal Software, Inc. MA).
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X-4 Resuits

X-4.1 Membrane Conductance in HAECs is dominated by strong Inwardly

Rectifying K Current

Under resting conditions, 85% of HAECs showed a pronounced inwardiy

rectifying K current with significant inward currents at voltages below the reversai

potential and smaii outward culTents at voltages above the reversai potential (Fig.

40A). The reversai potential averaged -79 ± 2 mV, close to the theoretical reversai

potential of a K-specific current under these recording conditions (-80 mV). No Ca2

was added to the pipette solution to suppress Ca2-activated K channels. The strong

rectification of the endogenous current in HAECs suggests that it is carried by

members of the Kir2 inward-rectifier famiiy [28]. Indeed, the current-voitage (1V)

relationship of the endogenous HAEC current appears to be identical to the W

relationship of currents carried by Kir2.x subunits expressed in Chinese hamster

ovary ceiis (CHO), a celi une that bas no endogenous inwardiy-rectifying K current.

Typicai current recordings of Kir2.1, Kir2.2, Kir2.3, and Kir2.4 are shown in the inset

to Fig. 40A. Each subunit was expressed separately in CHO ceils. Endogenous HAEC

cunent shows two typical features of the Kir2 channels: sensitivity to the level of

extracei]uiar K (Fig. 40B) and voltage-dependent inactivation at hyperpoiarizing

voltages (Fig. 40C) [28, 29].

To verify that similar inwardly-rectifying K currents are observed in freshiy

isolated native ceils, the currents were aiso recorded from freshly isoiated porcine

aortic endothelial celis (PAEC5) within 1-4 hours after their isolation. Pronounced

inwardiy-rectifying K currents were recorded in ‘—76% of PAECs exarnined, similar

to HAECs. Both TV reiationships and current densities of K currents in freshiy

isoiated PAECs were virtuaiiy identicai to those in HAECs (Fig. 41). Maintaining the

ceils in culture for 5 passages had no significant effect on Kir cuiTent densities or

rectification properties (Fig. 41B), supporting the physiologicai reievance of the

HAEC system.
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X-4.2 HAEC Kir2.x mRNA Expression.

To determine which Kir2.x transcripts are expressed in HAECs, RT-PCR was

performed. For ail experiments, the RNA profile revealed two strong 2$S and 1 $S

ribosomal peaks, present at an approximate 2:1 ratio, with littie tailing and a flat

baseline, as expected for high integrity RNA (Fig. 42A). Table XI lists the primer

pairs used for RT-PCR of each of the four known Kir2 subunits. Fig. 42Ba shows

clear bands of the predicted size for ail four Kir2.x PCR products (ail primers were

designed within the single exon that contains the reading frame of each subunit). No

bands were observed when PCR was performed directiy on RNA samples (RT

negative controls), indicating that the PCR products were free of contaminating

genomic DNA. Note that the hand for Kir2.3 is much weaker than the bands for the

other three subunits, suggesting weaker Kir2.3 mRNA expression. To exclude further

the possibiiity of genornic contamination, expression of Kir2.1 and Kir2.4 was tested

with intron-spanning primers for Kir2.1 and Kir2.4 (Fig. 42Bb). Kir2.2 lias no intron,

and therefore oniy non-spanning primers can be designed for this channel. The

specific expression of ail four Kir2.x subunits in HAECs was confirmed by

sequencing of the PCR products. Ail four PCR products were 99-100% identical to

the reported sequences of human Kir2.x.

X-4.3 Relative Abundance of HAEC Kir 2.x mRNA by quantitative Real Time

PCR.

Quantitative RT-PCR was utiiized to determine the relative expression levels

of Kir2.x transcripts in HAECs. The melting curves of ail PCR products showed

single prominent peaks, indicating the specificity of the primers (Fig. 43A) and a iack

of primer-primer dimerization [4$]. Fig. 43B shows the PCR amplification standard

curves generated with known amounts of Kir2.x cDNAs. In this panel, threshold PCR

cycle number was plotted as a function of the Kir2.x cDNA amount, where the

threshold cycle is defined as the onset of the log increase in PCR amplification. The

relationship between the threshold cycle number and log [concentration] of the Kir2.x

cDNA was linear. The standard curves were used to calculate the relative abundance

of Kir2.x subunits in HAECs (Fig. 43C). Consistent with the RT-PCR resuits
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presented above, the expression of Kir2.3 was significantly lower than that of the

other subunits. The rnRNA level of Kir2.2 was higher than that of Kir2. 1 in each of

the four independent cell-derived samples. These observations suggest that not only

Kir2.1 but also other Kir2.x subunits, Kir2.2 in particular, are candidates to contribute

substantially to the endogenous inwardly-rectifying K current in HAECs.

X-4.4 K1r2.x Protein Expression in HAECs.

The presence of Kir2.x protein in HAECs was assessed using western blot

analysis. Kir2.1, Kir2.2 and Kir2.3 proteins were probed with polyclonal antibodies

raised against rat (for 2.1 and 2.2) or human (2.3) Kir2.x subunits [36] (no antibody

against Kir2.4 subunit was available). Kir2.x antibodies provided clear bands upon

probing COS-1 ceils transfected with mouse Kir2.1, rat Kir2.2 or human Kir2.3

subunits (Fig. 44A). Signal was detected only in the lane corresponding to the

specific Kir2.x subunit to which the antibody was designed, and no signal was present

in lanes containing other Kir2.x subunits or with non-transfected COS-1 ceils,

demonstrating the specificity of these antibodies for individual Kir2.x subunits.

Similar bands were also observed upon probing CHO celis transfected with mouse

Kir2.1 or Kir2.2 subunits or human Kir2.3 subunits (Fig. 44B) but no signal with

non-transfected CHO celis pointing to antibody specificity. CHO celis transfected

with Kir2.x subunits presented prominent bands at approximately 50 kDa (MW for

Kir2.1, Kir2.2, and Kir2.3 subunits predicted from their prirnary structures are 48, 49

and 49.5 kDa respectively). Probing of HAECs showed corresponding bands for

Kir2.1 and Kir2.2 subunits but flot for Kir2.3 subunit (Fig. 44B). The molecular

weights of Kir2. 1 and Kir2.2 in HAECs were similar to mouse Kir2. 1 and Kir2.2

expressed in CHO celis. The specificity of the Kir2.2 band was further confirmed by

blocking the antibody with the antigen [36]. In addition, a larger band (--65-70 kDa)

was observed in some experirnents for Kir2.2 subunits. The latter observation is

consistent with an earlier study showing that Kir2.2 isolated from rat brain presented

a band at approximately 64 kDa (36). A lack of a Kir2.3 band in HAECs suggests

that the channel is either flot expressed at the protein level or that its expression is
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below the detection limit of the antibodies. Indeed, this is consistent with the low

level of Kir2.3 mRNA expression.

X-4.5 Sensitivity of endothelia] Inwardly-Rectifying K Current to Ba2 B]ock

and to pH.

Differences in sensitivity of Kir2.x currents to extracellular Ba2 and pH

provided a valuable assay to further distinguish among Kir2.x subunit contributions

to endogenous HAEC currents. Ail Kir2.x currents are blocked by extracellular Ba2,

but while the sensitivities of Kir2.1, Kir2.2 and Kir2.3 are known to overlap [22, 34,

41], currents carried by Kir2.4 subunits have significantly lower Ba2 sensitivity than

other Kir2.x subunits: the IC50s of Kir2.i-Kir 2.3 range between 3-16 jiM for Kir2.1,

0.5-2.3 tM for Kir2.2, and 10-18.5 jiM for Kir 2.3, whereas the 1C50 of Kir2.4 is

more than 200 jiM at voltages -100 to -120 rnV [22, 40, 41J. It is also important to
+note that Ba sensltlvlty of Kir2.x channels may depend on the extraceliular K

concentration [22, 40, 41]. h this study, Ba2 sensitivity was determined at 60 mM

extracelluiar K, under which conditions the IC0 values for Ba2 block were 3.2, 0.5,

10.3 and 235 iiM for Kir2.i, Kir2.2, Kir2.3 and Kir2.4 respectively [22]. Our data

show that the 1C50 for Ba2 block of the endogenous inwardly-rectifying K current in

HAECs at —100 rnV was 3.2 jiM, whereas above 100 tM Ba2 there was virtually no

current (Fig. 45A&B). Since homotetrameric Kir2.4 channeis are known to be only

slightly inhibited by 100 pM Ba2 [15], these observations suggest that

homotetrameric Kir2.4 does not contribute significantly to native inwardly-rectifying

K current in HAECs.

Consistent with an earlier study of inwardly-rectifying K current in bovine

endotheiial cells [13], endogenous inwardly-rectifying K current in HAECs is not

sensitive to extracellular pH (Fig. 45C). Since both Kir2.3 and Kir2.4 currents show

strong sigmoidal dependence on pH with the currents being inhibited at low

extracellular pH and enhanced at high pH [3, 11], a lack of pH sensitivity of the

endogenous currents in HAECs suggests that neither Kir2.4 nor Kir2.3 contribute

significantly to the whole-cell inwardly-rectifying K current in HAECs as

homotetramers. Therefore, on the basis of low transcript and undetectable protein
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‘+expression (for Kir2.3), a lack of pN sensltlvlty, and the range of Ba sensltlvlty of

the current, we conclude that the contribution of Kir2.3 and Kir2.4 homotetrameric

channels to the endogenous cunent in HAECs is negligible. These observations, of

course, do not exciude the possibility that Kir2.3 and/or Kir2.4 subunits may form

functional heterotetramers with Kir2. I and/or Kir2.2.

X-4.6 Distribution of Kir Unitary Conductance.

To further assess which Kir2.x channels constitute the endogenous inwardly

rectifying potassium conductance in HAECs, unitary conductance was evaluated

using single-channel analysis. The typical values of Kir2.x unitary conductances are

20-30 pS for Kir2.l, 35-40 pS for Kir2.2, 10-15 pS for Kir2.3, and 14-15 pS for

Kir2.4 respectively [16, 22, 26, 33, 42, 43]. In HAECs, 90% of the channels had

unitary conductances between -20 and 45 pS (Fig. 46), as would be expected if only

Kir2.1 and Kir2.2 channels contribute sïgnificantly to the whole ceil endogenous

inwardly-rectifying K currents in these celis. Furthermore, there appear to be two

distinct peaks in the distribution of the unitary conductances, one with a mean at 25

pS and another at 35 pS (Fig. 46B), supporting the notion that both Kir2. I and Kir2.2

contribute to the endogenous inwardly-rectifying K current in HAECs. It is also

noteworthy that the peak at 35 pS is more prorninent, suggesting that Kir2.2 is the

major Kir2.x channel in HAECs. The ratio between the integrals for the major and the

minor histogram peaks is 1.58, suggesting that Kir2.1 channels constitute

approximately 40% and Kir2.2 constitute 60% of the channel population. A double

peak histogram of unitary conductances, however, does not exclude the possibility

that multiple channel populations contribute to the endogenous Kir current in

HAECs. This possibility is addressed further using dorninant-negative Kir2.x

constructs.

X-4.7 Inhibition of endogenous Inwardly-Rectifying K Current by dn-Kir2.x.

Specïflc inhibition of currents in HAECs by dominant negative Kir2.x

subunits was utilized 10 further discriminate between channel subunits that underlie

the endogenous cuirents. dn-Kir2.x constrncts were generated by replacing the GYG

region of the pore by AAA, a substitution known to prevent ion throughput [34, 40].
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The efficiency of the constructs was tested by coinjecting dn-Kir2.x RNA with the

respective Kir2.x wild type into Xenopus oocytes. Ail four Kir2.x were efficiently

inhibited by the appropriate dn-Kir2.x (Fig. 47). To evaluate the relative contributions

of Kir2.x channels to the endogenous inwardly-rectifying K in HAECs, ceils were

transfected with dn-Kir2.x constructs, one at a time, subcloned into a bi-cistronic

vector containing an EGFP fluorescent marker. This system allowed much higher

fidelity for the identification of successfully transfected celis than standard co

transfection procedures and by subcloning the constructs into the bi-cistronic vector,

complications inherent in tagging GFP to the molecule of interest were minimized.

To avoid possible non-specific effects of over-expression, only ceils with moderate

fluorescence were used for current recordings. Transfection of HAECs with the

EGFP marker alone had no effect on inwardly-rectifying K current. However,

transfecting the celis with dn-Kir2.1 and dn-Kir2.2 signiftcantly inhibited native Kir

current. It is also noteworthy that the effect of dn-Kir2.2 was significantly stronger

than that of dn-Kir2.1 (Fig. 48A,B). In contrast to dn-Kir2.1 and dn-Kir2.2, no

significant effects were elicited by dn-Kir2.3 and dn-Kir2.4 (Fig. 48A,B). These

observations are consistent with assignment of the major Kir conductances to Kir2.1

and Kir2.2 based on the double peak histogram of Kir unitary conductances as well as

with the dominance of Kir2.2. The lack of dominant negative effects of dn-Kir2.3 and

dn-Kir2.4 suggests that Kir2.3 and Kir2.4 subunits do flot contribute significantly to

functional Kir channels in HAECs.

Since dn-Kir2.1 only partially inhibited the macroscopic currents in HAECs, it

was possible to extend the analysis to the single-channel level, and investigate

whether one or both peaks of unitary conductances were specifically affected by dn

Kir2.1. When dn-Kir2.1 constructs were expressed in HAECs, we observed a shift in

the distribution of unitary conductance of endothelial Kir channels, SO that under

these conditions the histogram presented a single peak at 35 pS corresponding to the

unitary conductance of Kir2.2, whereas the minor peak at 25 pS, whose unitary

conductance corresponded to Kir2.l channels, was absent (Fig. 4$C). These

observations support the hypothesis that HAECs express two distinct populations of

Kir2.x channe]s.
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X-5 Discussion:

In this study we performed a detailed analysis of the molecular identity of

inwardly-rectifying K channels in HAECs. The general biophysical characteristics of

whole-cell inwardly-rectifying K current in HAECs are similar to those reported

earlier in other types of endothelial cells [9, 13]. Here, however, we show that

HAECs express flot only Kir2.1 mRNA as previously described [7] [9, 13, 50], but

also Kir2.2, 2.3 and 2.4 mRNA. Furthermore, analyses of biochemical and

pharmacological properties of whole ceil HAEC Kir current as well as of biophysical

properties of single-channel events suggest that Kir2.2 contributes prominently and

that Kir2.1 provides a significant but smaller contribution to endogenous HAEC

current. Kir2.3 and Kir2.4 on the other hand do flot appear of physiological

importance in HAECs. Consistent with these observations, a dominant negative

Kir2.2 construct strongly suppressed endogenous inwardly-rectifying K currents in

HAECs, whereas a dominant negative Kir2.1 construct had a smaller effect. Dn

constructs of Kir2.3 and Kir2.4 had no significant effect on HAEC Kir current.

Together, these observations suggest that Kir2.2 channels provide the primary K

conductance in HAECs under resting conditions.

X-5.1 Consideration of the System

Low-passage HAECs as used in this study appear to be the best available cdl

model to investigate inwardly-rectifying K currents in human aortic endothelium.

Although it was reported earlier that aortic endothelial ceils freshly isolated from

mouse or from rabbit aortas lack inwardly-rectifying K channels [39], we show here

that inwardly-rectifying K cui-rents ai-e clearly active in freshly isolated PAECs.

Furthermore, inwardly-rectifying K currents in low-passage PAECs were similar to

those in freshly-isolated celis. Thus, the fraction of ceils that express inwardly

rectifying K currents (—80%) and the average current density of the current ai-e

similar in low-passage HAECs, low-passage PAECs and freshly isolated PAECs,

supporting the relevance of the low-passage HAEC system. The difference between

the endothelial celis isolated from mouse, rabbit or pig aorta could be due to inter

species differences in Kir expression or due to different isolation protocols. Inter-
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species differences in cardiac Kir-subunit expression are well recognized [24, 5]. It is

not surprising that inwardly-rectifying K currents in HAECs and in PAECs are more

similar than inwardly-rectifying K currents in mouse or rabbit endothelium because

it is generally accepted that pig vasculature is more similar to liuman than that of

mice or rabbits. Kir expression appears to vary in different types of endothelial celis.

Nilius & Schwarz showed that only a fraction of endothelial celis freshly isolated

from human umbilical vein express inwardly-rectifying K currents [30] and Himmel

et al. showed that microvascular endothelial celis from human omentum lack

inwardly-rectifying K current [101. In contrast, freshly isolated coronary endothelial

ceils show pronounced inwardly-rectifying K current with a unitary conductance

similar to that observed in aortic endothelium [45]. It is also possible that the

expression profiles of Kir channels are modified under different physiological or

pathological conditions. Thus, it is important to take into account both the differences

among species and between endothelial cells isolated from different vascular beds

when comparing the properties of endothelial inwardly-rectifying K channels.

X-5.2 Molecular Diversity of Kir2-based Native Currents

In HAECs, the molecular diversity of Kir2 subunits at the transcript level is

higher than the diversity of functional inwardly-rectifying K channels. While for

Kir2.3 this discrepancy could be explained by undetectable level of protein

expression due to very low transcription, the transcript level of Kir2.4 is similar to

that of Kir2. 1 suggesting that Kir2.4 functional expression is regulated at a

posttranscriptional level. A discrepancy between the heterogeneity of K channels at

transcript and at functional levels lias been reported earlier for Kir2.x channels in

hurnan myoblasts [8] and for voltage-gated K channels in rat cardiomyocytes [2, 49]

and it lias been proposed that translational/posttranslational steps may contribute a

rate-limiting step to cliannel expression [3$]. Protein expression of Kir2.x subunits in

HAECs is consistent with the functional expression of the channels.

The peak Kir unitary conductances in HAECs (25 and 35 pS) are similar to

previously-reported values in human umbilical vein endothelial cells (29 pS) and in

bovine aortic and pulmonary artery endothelial ceils (30-42 pS) [13, 29, 30, 37]. We
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observed a dual-peak distribution of Kir unitary conductances in HAECs. A similar

distribution with an additional peak at a lower value (34 pS, 24 pS and 11 pS) was

reported in guinea pig cardiac myocytes [22]. These peak values are consistent with

the unitary conductances of Kir2.2, Kir2.1 and Kir2.3 expressed in Xenopus oocytes

(34-36 pS, 21 pS, and 8-15 pS respectively) [16, 33, 42J.The exact values of Kir2.x

unitary conductances can vary among celi types but an — 10 pS difference between

Kir2.1 and Kir2.2 is maintained. For example, Kir 2.1 and Kir 2.2 have conductances

of 21 pS and 2$ pS respectively when expressed in human myoblasts [8] and 31 pS

and 42 pS respectively when expressed in HEK293 celis (human embryonic kidney

cells [22]). These variations have been attributed to possible binding of an

intracellular ligand [22]. We propose that the observed bimodal distribution ofunitary

conductances suggests that both Kir2.1 and Kir2.2 contribute to the endogenous

inwardly-rectifying K current in HAECs. Taking into account the difference in

unitary conductances between both channels, Kir2.2 appears to be the dominant

conductance, contributing —70% of the whole celi K current. These ideas are

supported by the observation that dn-Kir2.1 suppressed only the lower-conductance

portion of the single-channel current histogram.

Dissecting the contributions of different Kir2.x subunits to the endogenous

inwardly-rectifying K cuiTent with dn-Kir 2.x constructs further supports the

hypothesis that both Kir2.1 and Kir2.2 are the main constituents of endothelial

inwardly-rectifying K with Kir2.2 having the dominant role. Earlier studies showed

that co-expression of wild type and dn-Kir2.x subunits resulted in formation of Kir2.x

heterotetrarners [34, 40]. Furthermore, Zobel et al. [52J demonstrated that both dn

Kir2. I and dn-Kir2.2 inhibited endogenous inwardly-rectifying K current in

myocytes by more that 50%, suggesting formation of heterotetrarners between dn

Kir2.x and endogenous Kir2.x subunits. Consistent with these findings, our data show

that the sum of current inhibition by dn-Kir2.x in HAECs (dn-Kir2.2 -—85% and dn

Kir2.1 —50%) produces a value greater than 1, implying possible

heteromultirnerization of native Kir2.x subunits. It is important to note, however, that

heteromultimerization between over-expressed dn-Kirs and native Kirs does flot

necessarily mean that native Kirs forrn heterotetrarners. As was pointed out by Zobel
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et aI. [52], if a significant proportion of endogenous Kir channels were Kir2.1-Kir2.2

heterotetramers, then dn-Kir2.1 and dn-Kir2.2 would be expected to equally inhibit

endogenous Kir. That was indeed the case for rabbit cardiomyocytes, but in HAECs

dn-Kir2.1 had a weaker effect than dn-Kir2.2.

X-5.3 Potential Significance of our findings

Multiple Kir2.x subunits are expressed in individual celis of several types,

including cardiomyocytes [22, 46] and smooth muscle celis [14]. It is noteworthy that

since Kir2.x subunits have differential sensitivities to several modulatory systems,

such as those related to protein kinase C [15], G-protein coupled receptors [6], and

chaperone molecules [18, 19], the expression pattern of multiple Kir2.x subunits may

underlie differences in tissue electrophysiological properties. Indeed, differential

expression of multiple Kir2.x in atrial vs. ventricular myocytes was suggested to

account for different resting potentials and excitability properties between the two

heart tissues [15] and it was suggested that changes in Kir2.x expression profile may

be important for plasticity of electrophysiological responses in arterial smooth

muscles [14]. In summary, this study is the first to demonstrate the expression of

multiple Kir2.x subunits in endothelia] celis and to identify the relative roles of

specific subunits of endogenous endothelial inwardly-rectifying K current.
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X-8 Tables

Kir gene Primer Size

Kir2.1 Kir2.1 Forward 5’GATGTGTCACGGATGAATGC3’ g bp
Reverse 5’ACTCGCCACATCAAACACAG3’

Kir2.1S Forward 5’AAACCACTGGATCUACATGCC 3’ 410 bp
Reverse 5’TCGGGTGTGGACTTTACTCT3’

Kir2.2 Kir2.2 Forward 5’CCTCATGTGGCGTGTGGGTAAC ‘ 151 bp
Reverse 5’GTCCAGGCCCTTGTCGAA3’

Kir2.3 Kir2.3 Forward 5’GAAGAACGGCCAATGCAAC3’ 361 bp
Reverse 5’TGTCACGCACCGGAACCCATAG3’

Kir2.4 Kir2.4 Forward 5’CGCTGACCCTGCCTCCAT3 362 bp
Reverse 5’CTATACCATTGGCTTCTCACCC3’

Kir2.4S Forward 5’CCCAAGAAGCGCAACGAGA3’ 302 bp
Reverse 5’TCGGCACGTCCTAGCTCATACA3’

Table XI: Molecular sequence and expected length of RT-PCR products for the

different human Kir2.1, Kir2.2, Kir2.3, and Kir2.4 prirners.
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Figure 40: Basic properties of the inward rectifier K current (‘K) in human aortic

endothelial ceils (HAECs).

A: Typical currents recorded from HAECs at low (6 mlvi) extracellular K

concentration ([K1); inset, current recordings from Chinese hamster ovary (CHO)

ceils transfected with the four subunits of inward rectifier K channels (Kir): Kir2. Ï—

Kir2.4.

B: Comparison of currents recorded at low (6 mM) and high (156 mM) extracellular

[K] solutions in the same ccli. Note a shift in the reversai potential from —79 to —2

mV.

C: Voltage-sensitive inactivation of the ‘K as measured using a two-pulse voltage

protocol. Inactivation ratio (R; inset) was determined as the ratio of the current

amplitude in response to a test voltage pulse adrninistered after prepulses to different

voltages and a control test pulse given from the holding potential of—60 mV.
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Figure 41: Comparison of ‘K in HAECs and in freshly isolated or low-passage

cultured porcine aortic endothelial celis (PAECs).

A: Superimposed currents recorded from freshly isolated PAECs and from HAECs at

156 mM extracellular [KJ solutions.

B: Average current densities recorded in HAECs (passages 3—5; n = 17), freshly

isolated PAECs (n = 23), and 10w-passage cultured PAECs (passage 3, n 5;

passage 4, n = 3; passage 5, n = 6). Each data set is expressed as the mean ± S.E.M.
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Figure 43: Quantification of Kir2.x mRNA level in HAECs using quantitative real

time PCR (QRT-PCR).

A: Melling curves of Kir2.x amplicons representing plots of fluorescence (—dF]/dt)

vs. temperature (°C).

B: Standard curves for the real-time PCR amplification of human Kir2.x cDNA

representing threshold cycle number vs. the copies of purified hurnan Kir2.x cDNA.

C: rnRNA expression levels for Kir2.x channels estimated from cDNA copy numbers

normalized to Kir2.1 in the same biological sample. four independent experirnents

(RNA isolation and cDNA synthesis, followed by QRT-PCR) were pefformed, and

the values shown are means ± S.E.M. * < 0.05.



263

4’..

4,
4’

Non
Transt. HAECs

CHO

t

+0

}
4’ 4’ -75

-50

-75

-50

-75

A

Kir2.1

Kir2.2

Kir2.3

B

K1r2.1

Kir2.2

e -50

Transf.
CHO

—66

—45

+Antiqen

—66
e —45

—66
K1r2.3

—45



264

Figure 44: Protein expression of Kir2.x in HAECs.

Typical examples of Kir2.x immunoblots of total membrane fractions of COS-l or

CHO cells transfected with cDNA encoding mouse or rat Kir2.1 and Kir2.2 and

human Kir2.3, as well as HAECs.

A: characterization of antibody specificity. The same amount of ceil lysate (5—10

ig/1ane) was loaded for COS-1 cells transfected with mouse Kir2.1, rat Kir2.2,

human Kir2.3, and nontransfected cells. Blots were probed with antibodies to Kir2.1

(top), Kir2.2 (middÏe), and Kir2.3 (bottom).

B: same amount of protein (30 pg/1ane) was ioaded for transfected and

nontransfected CHO cells. For HAECs, the gels were loaded with the maximal

sample volume (80 pg total proteins) for ail three Kir subunits. The Kir2.2 band was

completely abolished by preabsorbing the antibody with the specific antigen. AIl of

the experiments were repeated in at least three independent biological samples.
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figure 45: Ba2 bÏock and pH sensitivity of the ‘K in HAECs.

A: ‘K recorded in a single HAEC at 0.1, 5, 10, and 230 iM extracellular Ba

(extracellular [Kj was 60 mM).

B: Concentration dependence of Ba2 block. Fractional block was determined at —100

rnV and calculated as (Icontrol — 1Ba)/1controI, where ‘control is the current recorded before

application of Ba and ‘Ba is the current recorded at a specific Ba concentration.

Each point is the mean ± S.E.M. (n = 5). The data were fitted with the function

‘Ballcontrol = 11(1 + [Ba2]/Kd) where Kd is the dissociation constant.

C: ‘K amplitudes plotted as a function of extracellular pH normalized to the current

measured with pH 7.5 solution in the same celI. The amplitudes were measured at —

100 mV. The protocol for current recording and K concentration ([KJ) in bath and

pipette solutions were identical to those in Fig. 5. Data are means ± S.E.M. (n = 5).
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Figure 46: Distribution of single-channel conductances of endogenous Kir channels

in HAECs.

A: typical single-channel currents at different membrane potentials recorded from

HAECs in the cell-attached configuration. Bath and pipette solution contained 156

mM [KJ. The closed level of the channel is indicated by a bar to the right of each

trace. The two examples show the rnost prevalent unitary conductances observed in

these experiments.

B: conductance histograms of single-channel recording. The single-channel siope

conductance was calculated by performing linear regression analysis from celi

attached recordings at membrane potentials in the range of —60 to —140 mV. The

histogram was generated in 2-pS bin steps. The bimodal histograms were fitted with

two Gaussians of the same width (thin unes). The sum of the two Gaussians is

indicated by a heavy black une.



Figure 47: Suppression of Kir2.x current by dominant-negative (dn-) Kir2.x

constructs.

Left: representative recordings of Kir2.x wild-type recordings in Xenoptts oocytes.

Representative recordings of coexpression of Kir2.x channels with the respective dn

Kir2.x construct are shown in middle images. Kir2 currents were elicited by voltage

steps from a holding potential of —60 mV to step potentials between —150 rnV and

÷30 mV in 10-mV increments as shown by the vo]tage protocol in the inset. Right:

mean current-voltage (1-V) relationships of Kir2. 1 (n = 7), Kir2. 1 + dn-Kir2. I (n = 9),

Kir2.2 (n = 9), Kir2.2 + dn-Kir2.2 (n 9), Kir2.3 (n = 9), Kir2.3 + dn-Kir2.3 (n = 5),

Kir2.4 (n = 9), and Kir2.4 + dn-Kir2.4 (n = 9) as indicated.
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Figure 48: Inhibition of the endogenous ‘K in HAECs by dnKir2.x constructs.

A: currents recorded in HAECs transfected with pWES2-EGFP, pWES2-EGFP-

dnKir2. 1, pIRES2-EGFP-dnKir2.2, pIRES2-EGFP-dnKir2.3, or pWES2-EGFP-

dnKir2.4.

B: average current densities in native HAECs (n = 10) and in HAECs transfected

with dnKir2.1 (n = 15), dnKir2.2 (n = 13), dnKir2.3 (n = 14), or dnKir2.4 (n = 19)

norrnalized to the average current density in control celis (transfected with pRES2-

EGFP; n = 26). Each point is the mean ± S.E.M. The external solution contained 156

mM [K].

C: conductance histograms of single-channel recording in ceils expressing dnKir2. 1

(light bars), compared with the histogram obtained from control ceils (dark bars).
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PART III: GENERAL DISCUSSION

AND CONCLUSION



CHAPTER XI: DISCUSSION 0F RESULTS.
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XI-1 Major Nove! Contributions tmd Sigmficance in Context

ofLiterature

In this thesis, we present data that lias considerably contributed to the

understanding of the molecular composition of native inward rectifier cunents calTied

by Kir2 channels in different biological systems. Major novelties presented in this

thesis are:

1. Kir2.1 and Kir2.4 subunits co-assemble. Resulting Kir2.1-Kir2.4 channels

are functional and have unique biophysical properties distinct from Kir2.1, Kir2.4 or

the algebraic sum of both. Our study is one of the first two publications (Preisig

Muller et al. (2002) and Schram et aï. (2002a)) demonstrating heteromeric Kir2

channel assembly. Presentation of preliminary resuits at international scientific

conferences represented the first demonstration of heterotetramer formation amongst

Kir2 subfamily members (Schram et al., 2000a; Scliram et aï., 2000b).

2. Heteromeric assembly of Kir2 subunits might underlie human cardiac ‘KI.

Our data presents the first analysis of Kir2 subunit function in liuman heart and

strongiy supports the notion that a substantial proportion of human cardiac ‘Ki may

resuit from heteromuhimeric formation among Kir2 subunits (Schram et aï., 2003).

3. Kir2.2 current might represent the major K-conductance in human aortic

endothelial ceils. Our data is the first dernonstration that human aortic endothelial

celis express ail four Kir2 subfamily members and not only Kir2.1, as previously

believed (Forsyth et aï., 1997; Kamouchi et ai., 1997; Esclike et aï., 2002). Our study

shows that both Kir2.1 and Kir2.2 are functionally important in HAECs and that the

major conductance in these ceils might be carried by Kir2.2 currents (Fang et aï.,

2005).

The following pages wiii discuss our resuits in context of the current

literature.
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XI-1.1 K1r2.1 and Kir2.4 form Heteromeric Channels with Distinct Properties

XI-1.1.1 Primary Nove]ty and Resuits Reported in this Study

In this study, we showed that Kir2.4 and Kir2.Ï subunits co-associate and that

resulting heteromeric channels are functional and have distinct biophysical properties.

When mRNA of Kir2. 1 and a dominant negative (dn-) Kir2.4 mutant were co

injected in Xenopus oocytes, Kir2.1 currents were completely suppressed. Sirnilarly,

co-expression of Kir2.4 with dn-Kir2. 1 rnRNA resulted in complete suppression of

Kir2.1 currents indicating subunit co-assembly. Kir2.4 co-precipitated with Kir2.1

from Cos-7 celis transfected with both Kir2. Ï and Kir2.4 cDNA affirming that both

subunits co-assemble with a tight physical association. b determine whether co

assembled channels are functional and if so, to evaluate their properties, we

constmcted a chimeric constmct, in which Kir2.Ï and Kir2.4 cDNA were covalently

linked. Translation of this DNA resulted in a protein with Kir2.1 and Kir2.4

physically attached, and any channels formed would have had to be composed of co

assembled Kir2.1 and Kir2.4. Kir2.1/Kir2.4 chimeras conducted robust current

demonstrating that heteromeric channels were functional. Ba2-b1ock of Kir2. 1/Kir2.4

chimeras was different from Kir2. 1 or Kir2.4 homomers alone or from what would

have been expected from the simple sum of properties of homomeric channels

indicating that channels resulting from Kir2.lIKir2.4 co-assembly have distinct

biophysical properties. Ba2 blocking properties of co-expressed Kir2.1 and Kir2.4

subunits were identical to those of Kir2.1/Kir2.4 chimeras indicating that formation

of Kir2.1/Kir2.4 heteromers occurs spontaneously and is preferred over formation of

Kir2. 1 and Kir2.4 homotetrarners (Schram et al., 2002a).

XI-1.1.2 Discussion of Resuits in Context of the Literature

first evidence for potential formation of Kir2 heteromers was controversial

(Fink et aï, 1996a; Tinker et aï, 1996). However, while our manuscript was in

submission another study was published, which provided strong evidence for

heterotetramer formation between Kir2. 1, Kir2.2 and Kir2.3 subunits (Preisig-Muller

et aï., 2002). Many of the techniques used in this study were identical to methods we
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had previously published (Schram et al., 2000a; Schrarn et al., 2000b). Preisig-MUller

et al. showed that Kir2.1-3 channel subunits co-assemble via interactions of their C

and N-terrnini. While flot clarifying the exact mechanism for Kir2 channel assembly,

these resuits resolved the apparent controversy between the resuits of Fink and Tinker

who had found the N-terminus (Fink et aï, 1996a) or part of the M2 segment and the

C-terminus (Tinker et aÏ, 1996) were essential for assembly of Kir2 subfarnily

channels. Similar to our resuits, Preisig-MLiller and co-workers showed that chimeric

construct of Kir2.x/Kir2.y subunits were functional and had Ba blocking properties

that differed substantially from the value expected for independent expression of

homomeric channels. Co-expression of dn-Kir2.x constructs with wild-type Kir2.x

channels generated both homomeric and heterorneric dominant-negative effects.

Kir2. 1 and Kir2.3 co-immunoprecipitated in membrane extracts from isolated guinea

pig cardiomyocytes. In addition, the authors reported that Kir2.1 mutants related to

Anderscn’s syndrome suppressed Kir2 current in homo- and heteromeric Kir2

channels thus emphasizing the pathophysiological relevance of Kir2 channel

heteromerization (Preisig-Muller et aï., 2002).

Our resuits are different from data pubÏished by Tinker et al. (1996) in that our

data suggests spontaneous co-assembly of Kir2.1 and Kir2.4 subunits whereas Tinker

et al. reported that formation of homomultimers is by far the preferred reaction when

Kir2.1 is co-expressed with either Kir2.2 or Kir2.3 (Tinker et aÏ., 1996). While it

could be argued that co-assembly between Kir2.1 and Kir2.4 is due to distinct

properties of the Kir2.4 subunit which are not present in Kir2.2 or Kir2.3, the data of

Fink et al (1996) who reported formation of Kir2. 1/Kir2.3 heteromultimers (Fink et

al., 1996a) and Preisig-Miiller et al. (2002) who provided convincing evidence for the

formation of Kir2 heteromeric channels consisting of Kir2.1, Kir2.2 and Kir2.3

subunits in both a heterologous expression system and in vivo strongly supports our

data. Our findings are similar to those of Preisig-Mtiller et al. in that we show that

Kir2.l and Kir2.4 can co-assemble, that covalcntly linked Kir2.1/Kir2.4 channels

conduct robust current, and that Ba -blocking properties of Kir2.1/Kir2.4 currents

ai-e different from their homomeric constituents. Like Preisig-MUI]er et al., we found

that dn-Kir2 constructs suppress currents of other Kir2 subfamily members when co
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expressed in a heterologous expression system. Whule Preisig-Mtiller et al. co

precipitated Kir2.1 and Kir2.3 from ventricular myocytes of guinea pigs, we co

precipitated Kir2.1 and Kir2.4 from Cos-7 ceils co-transfected with Kir2.1-His6 and

Kir2.4-flag constructs. Whereas we found that Ba2 sensitivity of chimeric

Kir2.1/Kir2.4 and co-expressed Kir2.1/Kir2.4 channels was higher than that of either

Kir2.4 or Kir2.1, Preisig-MUller reported that co-assernbled Kir2.x/Kir2.y culTents

had Ba2 sensitivities in the range of those of the more sensitive homomeric

constituent subunit (Preisig-Muller et al., 2002). However, absolute values reported

by Preisig-MUller for heteromeric Kir2.x/Kir2.y channels is in good agreement with

our data (Preisig-MuIIer et aÏ., 2002; Schram et al., 2002a).

Taken together, our data in context of the literature strongly suggests that

formation of functionally distinct heteromeric Kir2 channels in vivo may represent a

commonly occurring mechanism to achieve diversity of Kir2 channel function.

XI-1.1.3 Potential Scientific Significance of Resu]ts Reported

Heteromerization is an important contributor to functional diversity of K

channels (Coetzee et aÏ., 1999). Kir2.4 is expressed in the central (Topert et aÏ., 1998;

Hughes et al., 2000) and peripheral nervous system (Liu et aÏ., 2001). It was

previously assumed that Kir2.4 expression in the CNS is limited to various cranial

nerve motor neuron nuclei in the midbrain, pons, and medulla. Kir2.4 mRNA

expression as evaluated by Northern blot analysis was also seen in rat heart but to a

lesser extent than in the brain (Topert et aï., 199$). Recent data, however, points to a

much more important physiological role of Kir2.4 than previously assumed. Using

polyclonal monospecific affinity-purified antibodies against the less conserved

carboxy-terminal sequences of Kir2 subunits Pruss et al. (2005) demonstrated a far

more widespread distribution of Kir2.4 in rat brain than previously reported. Strong

co-localization of Kir2.4 and Kir2. 1 is found in Layers II — VI in the neocortex. In the

hippocampus, Kir2.4 and Kir2. 1 co-localize in the granule ceil layer of the dentate

gyrus, CAI-CA3 regions, the basal nucleus of Meynert and the basal ganglia.

Particularly strong co-localization of all four Kir2 subunits is found in the neocortex

and the granule celI layer of the dentate gyrus. In the oculomotor nucleus and
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hypothalamic supraoptic nucleus, Kir2.4 co-localizes with Kir2.2. Co-localization of

Kir2.4 with Kir2.3 and Kir2.1 is found in the deep nuclei of the cerebellum (Pruss et

al., 2005). In rat striatum, Kir2.4 channels are localized to striatal patch compartment

and giant cholinergic interneurons, important structures in basal ganglia circuitry and

thus in movement disorders such as Parkinson’s disease (Pruss et al., 2003). Thus,

heteromeric Kii-2. 1 /Kir2 .4 channels (and other Kir2 .4 subunit-containing heteromeric

channels) might represent ion channels specifically tailored to modulation of neuronal

excitability in specific tissues through fine tuning of cellular excitability (Karschin et

aï., 1996; Liu et al., 2001).

XI-1.2 Comparison of Barium Block of Cardiac ‘ici with Homo- and

Heteromeric Kir2 Channel Complexes

XI-1.2.1 Primary Novelty and Resuits Reported in this Study

In this thesis, we present the first study to compare properties of heteromeric

Kir2 channels with those of native cardiac I. High-potency block by Ba2 is a

hallmark property of ‘KI and channels of the Kir2 family. We defined Ba2 blocking

properties of different Kir2 channels and showed that Ba2 block is a valuable

pharmacological tool to distinguish between Kir2 subunits (Schram et aï., 1999a;

Schram et aï., 1999b; Schram et aï., 2000a). This approacli lias been generally

accepted in the scientific community and was adopted in several publications (Liu et

aï., 2001; Preisig-Muller et aï., 2002; Zobel et aï., 2003; Fang et aï., 2005).

To analyze Ba2 blocking properties of Kir2. l-3 subunits and compare them to

human cardiac ‘KI’ we expressed homomeric Kir2.l-3 channels in Xenopus oocytes.

Cardiac ‘KI was recorded from single ventricular myocytes isolated from myocardial

biopsies of normal human hearts. Five different Ba2 concentrations were applied and

responses to Ba2 measured and analyzed. Our results showed that Ba2 block of

homomeric Kir2.l-3 currents was concentration and voltage-dependent, similar to

cardiac ‘K!. However, Ba2 sensitivity of ‘K! in human ventricular rnyocytes was

greater and kinetics showed siower time-dependent onset of block than Ba2 block of

currents carried by homomeric Kir2 channels. Using the sarne strategy, we then

proceeded to evaluate the potential significance of heteromeric channels formed by
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Kir2 subunits known be expressed in the human heart (Wang et aL, 1998). To

compare Ba2 biocking propeflies of heteromeric Kir2.x/Kir2.y channels, we co

injected various combinations of two distinct Kir2 subunits in a 1:1 stoichiornetry in

Xen opus oocytes and studied their responses to different concentrations of Ba2.

Channels resulting from Kir2. 1/Kir2.2, Kir2. 1/Kir2.4 and Kir2.2IKir2.3

heteromultimer formation were more sensitive to Ba2 than either of their homorneric

constituents, and had Ba2 sensitivities similar to cardiac ‘K. No difference in Ba2

sensitivity was noted between Kir2.2 and heteromeric Kir2 channeis. Time-dependent

onset of Ba2 biock was significantly siower in Kir2.1/Kir2.2 and Kir2.1/Kir2.3

channels when compared to homomeric Kir2 channeis, but matching Ba2 blocking

kinetics of cardiac ‘Ki. Onset of block was somewhat faster in Kir2.2/Kir2.3 channels.

XI-1.2.2 Potentia] Significance of Resuits in Context of the Literature

Besides ours, five other studies have been published that examined the

potential molecular composition of cardiac ‘KI in different tissues. Nakamura et al.

(1998) found that application of Kir2.i antisense oligonucleotides significantiy but

incompletely suppressed ‘KI in rat ventricular myocytes. The authors concluded that

Kir2. 1 is the major contributor to rat ventricular ‘KI and that other subunits must play

a role (Nakamura et al., 199$). Zaritsky et al (2001) constructed mice in which the

genes coding for Kir2.1 or Kir2.2 had been deleted. Consistent with results obtained

from Nakamura et ai, Kir2.1 knockout mice showed a significant reduction in ‘KI

current but displayed measurable remaining inward rectifier current. Deletion of the

Kir2.2 gene resulted in a 50% suppression of ‘Kl• These resuits indicate that in mouse

ventricular myocyte Kir2.1 is the main determinant of ‘KI and that Kir2.2 must be

present in about 50% of native channel complexes (Zaritsky et ctÏ., 2001). Liu et al.

(2001) cloned Kir2.1-3 from guinea pig cardiomyocytes. Using

immunocytochemistry they demonstrated that Kir2.4 expression in guinea pig heart is

restricted to neuronal tissue. Based on Ba2 sensitivity and the single channel

conductance of native ‘KI fl guinea pig cardiomyocytes, the authors concluded that

Kir2.2 homomeric channels underlie the major Kir conductance in guinea pig heaiï.

No quantification of Kir2 mRNA or protein was published (Liu et al., 2001). Preisig



280

Millier et al. (2002) showed that Kir2.x/Kir2.y chimeric constructs have similar single

channel conductances between 2$-30 pS, that Kir2.1 and Kir2.2 spontaneously co

assemble and that Ba2 blocking properties of co-assembled channels are identical to

that of chimeric Kir2.x/Kir2.y chimeric constructs. Physical association in native

tissue was demonstrated by co-immunoprecipitation of Kir2.1 and Kir2.3 from single

cardiomyocytes. Yeast two-hybrid experiments showed interaction of C- and N

termini of different Kir2 subunits (Preisig-MuÏler et al., 2002). However, no

comparison between heteromeric Kir2.x/Kir2.y channels and cardiac ‘KI was

performed. Zobel et ai. (2003) transfected rabbit cardiomyocytes with dn-Kir2. 1 and /

or dn-Kir2.2 subunits. Both transfection with dn-Kir2.1 or dn-Kir2.2 decreased ‘KI

density by about 70%, as did co-transfection with both dn-Kir2.1 and dn-Kir2.2.

Increasing amounts of transfected dn-Kir2 cDNA did not cause any further decrease

in cardiac ‘Kl• Functionai properties such as Ba2 sensitivity of the remaining current

were unaffected. Kir2.3 protein was not detected in these ceils and transfection with a

dn-Kir2.3 subunit had no effect on native ‘K! current (Zobel et aÏ., 2003). The authors

conciuded that native ‘KI in rabbit cardiomyocytes must at least consist of Kir2.1 and

Kir2.2 subunits. Residual Kir current after dn-Kir2 transfection couid be caused by

insufficient current suppression by the dominant negative Kir2.x subunit(s), a channel

turn-over rate resulting in rapid regeneration of functional Kir2 channeis or the

presence of an unknown Kir2 subunit.

The major novelty of our data in the context of these studies is that our study

is the first and only study to date to compare properties of heteromeric Kir2 channels

to hurnan cardiac ‘KI• Our data is in good agreement with the above mentioned

studies in that it strongly supports the notion that a substantiai proportion of cardiac

‘K! may resuit from Kir2 heteromultimer formation. Similar to Preisig-Mtiller et al.

and in agreement with our data on Kir2.i/Kir2.4 heteromer formation, our data shows

that Ba2-block of co-expressed Kir2 subunit current is not sirnply the algebraic sum

of individual subunit responses. In addition we show that the response of native

human ‘K! to Ba2 is more similar to that of co-injected subunits than of each subunit

expressed alone, supporting the notion that Kir2 heteromer formation plays a role in

human cardiac ‘K!.
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It is important to mention at this point, that currents carried by Kir2.2 co

injected with either Kir2.1 or Kir2.3 had Ba2 sensitivity indistinguishabie from

homomeric Kir2.2 channels. A sirnilar observation was made by Preisig-Mtiller et al.

This observation is important for the interpretation of data published by Liu et al.

(2001). Based upon Ba sensitlvity and single channel conductance the authors

concluded that Kir2.2 is the major conductance in guinea pig cardiomyocytes (Liu et

aÏ., 2001). Biochemical and functional data obtained in various species however

points to a predominant role of Kir2.1 in native ‘KI in different species (Nakamura et

aï., 1999b; Wang et aï., 199$; Melnyk et al., 2002; Zaritsky et aï., 2001). Liu and

colleagues neither measured Kir2 mRNA nor protein expression in guinea pig

cardiomyocytes. As discussed above, Ba2 blocking properties of heteromeric

channels are indistinguishabie from those of Kir2.2 (Schram et aï., 2002a; Schram et

aï., 2003; Preisig-Muller et al., 2002). Therefore, the guinea pig findings are in good

agreement with a prominent role of Kir2 heteromeric channels in guinea pig ‘K].

XI-1.3 Kir2 Channels in HAECs

XI-1.3.1 Primary Novelty and Results Reported in this Study

In this study we have shown that Kir2.1-4 are expressed in human aortic

endothelial celis and that only Kir2. 1 and Kir2.2 appear to be of functional relevance.

Our resuits point to Kir2.2 as the primary determinant of inward rectifier current in

HAECs.

Inward rectifier currents were found in 85% of HAECs under resting

conditions, consistent with a resting membrane potential of -79.0 ± 2.0 mV. ECs are

known to change their ion channel expression pattern during culture (Nilius &

Droogmans, 2001) and it is important to note that culturing of HAECs had no effect

on current density and rectification properties. Messenger RNA of ail four Kir2

subfamily members was detected in HAECs by RT-PCR. Real-time PCR showed that

Kir2.2 mRNA expression was strongest, followed by intermediate Kir2.4 rnRNA

expression. Kir2.1 mRNA expression levels were lower than Kir2.2 or Kir2.4. Kir2.3

mRNA expression was weak and Kir2.3 protein was flot detected. Protein expression

of Kir2.1, Kir2.2 was in agreement with transcript levels. No Kir2.3 protein was
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detected. A Kir2.4 antibody was flot availabie. Transfection with dn-Kir2.1 and dn

Kir2.2 subunits significantly decreased endogenous HAEC currents with dn-Kir2.2

causing stronger current suppression than dn-Kir2.1. Transfection with dn-Kir2.3 or

dn-Kir2.4 did flot affect native HAEC currents. Ba2 blocked native HAEC currents

with strong potency. Single channel analysis revealed two peaks of single channel

conductances similar to those measured from heteroÏogously expressed Kir2.1 and

Kir2.2. Transfection with a dn-Kir2. 1 subunit eliminated one of the two peaks.

Taken together, our resuits indicate that Kir2.Ï and Kir2.2 contribute to native

inward rectifier currents in HAECs and that Kir2.2 appears to be the predominant

channel subunit.

XI-l.3.2 Potentia] Significance of Results in Context of the Literature

Very little data is available on the molecular composition of endogenous

inward rectifier currents in ECs. The evaluation of ionic currents in ECs is made

difficuit by the ability of cultured ECs to condition their media and change their ion

channel expression pattern in conditioned media (Nilius & Droogmans, 2001). In our

system, current densities were similar in freshly isolated and iow passage HAECs,

supporting the relevance of the system. Previous studies have found only Kir2. 1 to be

expressed in ECs (Kamouchi et aÏ., 1997; Eschke et aÏ., 2002; Hoger et aÏ., 2002;

Yang et aï., 2003a) and no inward rectifier currents have been detected in mouse or

rabbit aortic endotheliai celis (Rusko et al., 1992).

Here we show that ail four members of the Kir2 family, including Kir2.4, are

expressed in HAECs. We found Kir2.2 and Kir2.1 to be the expressed on both the

mRNA and protein level. Kir2.2 expression was prominent when assessed with

biochemical or functional methods. Kir2.3 mRNA expression was low and no Kir2.3

protein was detected. Kir2.4 mRNA was abundant but Kir2.4 protein was not

measured. Lack of pH dependence and high Ba2 sensitivity of native HAEC current

as well as lack of current suppression by a dn-Kir2.4 construct suggest that Kir2.4

homomeric channels do flot play an important role in HAECs. However, the

contribution of Kir2.4 subunits to heteromeric Kir2.2/Kir2.4 and Kir2.l/Kir2.4

channels can not be excluded.
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In summary, our study is the first to demonstrate that ail four Kir2 farnily

members are expressed in HAECs and that native EC Kir current might be dominated

by Kir2.2 channels.

XI-2 Potential Limitations

We have flot included the evaluation of Kir2.1/Kir2.4 heteromultimers as

potential contributors to cardiac ‘K in our publication. Kir2.4 mRNA expression bas

been shown in the heart by Northern blot analysis (Topert et aÏ., 1998). RT-PCR has

revealed the presence of Kir2.4 in both human atrial and ventricular tissue and Ba2

blocking properties of Kir2. 1/Kir2.4 provided striking resemblance of human

ventricular ‘K! (Schram et al., 2000a). In guinea pigs, Kir2.4 bas been found in whole

tissue but not in isolated myocytes and capillary fragments. Imrnunohistochemistry

bas revealed that in guinea pig cardiac tissue, Kir2.4 expression is limited to

perikarya of local parsympathetic ganglia and axons (Liu et al., 2001). Our resuits

demonstrating Kir2.4 mRNA expression in human heart were obtained with non

intron-spanning primers from whole tissue. Therefore it can not be excluded that we

amplified Kir2.4 from cardiac neuronal tissue or genomic DNA. Species specific

differences in subunit composition of cardiac ‘K! are well recognized (Nakamura et

al., 1998; Wang et al., 1998; Zaritsky et aÏ., 2001; Zobel et al., 2003; Dhamoon et al.,

2004). Lack of Kir2.4 expression in guinea pig cardiomyocytes therefore does not

exclude potential Kir2.4 expression in cardiomyocytes of other species. Zobel et al.

reported incomplete ‘KI current suppression in rabbit ventricular myocytes transfected

with dn-Kir2.1 or dn-Kir2.2 subunits. Kir2.3 was flot detected in these celis (Zobel et

aÏ., 2003). Residual current could therefore be due to Kir2.4 conductance. However,

Ba2 sensitivity of residual currents was not compatible with Kir2.4 homomultimers.

One might also expect that in the case of heteromeric Kir2 subunit assembly, Kir2.4

current wouid be suppressed by dn-Kir2.1 subunits (Schram et al., 2002a). On the

other hand, dn-Kir2.3 and dn-Kir2.4 subunits had no effect on endogenous HAEC

culTents (Fang et al., 2005) while dn-Kir2.4 subunits resulted in suppression ofKir2.1

current when co-expressed in Xenopus oocytes (Schram et al., 2002a). It therefore

cannot be excluded that dominant negative subunits might have different effects on
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currents in a native system than when they are co-expressed with functional Kir2

subunits in a heterologous expression system.

In summary, Kir2.4 expression in cardiomyocytes might explain certain

experimental findings and future experiments on localization and quantity of Kir2.4

protein expression might delineate a role for Kir2.4 in cardiac tissue in different

species. However, current data does not support a functional role of Kir2.4 in

cardiomyocytes and we therefore did not include the possibility of Kir2.1/Kir2.4

heteromer formation in our analyses of human cardiac ‘KI.

We have not recorded single channel conductances in both the Kir2.1/Kir2.4

co-expression study and the Kir2.l-3 heterotetramer study. Single-channel

conductances are often measured and various Kir2.l-3 heteromultimeric channels

were found to have single-channel conductances distinct from their homorneric

constituents but similar to each other. Picones et al. have studied single channel

conductances of Kir2.1 and reported multiple values ranging from 2-33 pS (Picones

et al., 2001). We therefore believe that single-channel analyses may not provide clear

insight into the molecular composition of native inward rectifier channels and have

thus not performed single channel analyses.

In the analyses of the molecular composition of inward rectifier K

conductance in endothelial ceils, we have concluded that Kir2.4 is present on the

transcriptional level but not functionally important. This conclusion was based on the

lack of pH modulation, Ba2 blocking properties, and lack of current suppression by

transfection of native celis with a dn-Kir2.4 subunit. Our conclusion bears two major

weaknesses: First, Kir2.4 protein was not measured. In order to prove that Kir2.4 is

not translated into protein, the absence of such protein would have to be proven by

western blot experiments. Second, our data evaluated only potential homomeric

channel assembly and did not investigate the potential role of heteromeric Kir2

subunit channels in endothelial ceils. The assumption that Kir2.2 is the major

contributor to endothelial inward rectifier current is based on strong Kir2.2 mRNA

and protein expression, most potent native cuiTent reduction by transfection with a

dn-Kir2.2 subunit and a single channel conductance that is compatible with Kir2.2
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and flot affected by transfection with a dn-Kir2.1 subunit. The major single channel

conductance and Ba2 sensitivity of native ceils we report in this study are compatible

with values reported for Kir2.1-3 heteromultimers (Preisig-Muller et aï.,

2002;Schram et al., 2003). We can flot exciude that heteromultimer formation of Kir2

subunits contributes to native Kir current in HAECs but the fact that dn-Kir2.3 and

dn-Kir2.4 subunits did not suppress native current suggests that these subunits might

flot be functionally important. Potential formation of Kir2. l/Kir2.2 heterornultimers

can flot be assessed by methods used in this study.

XI-3 future Directions

It is currently generally accepted, that only Kir2.1, Kir2.2 and Kir2.3 subunits

are expressed in cardiac tissue. However, this assumption is based on one study only,

who found restriction of Kir2.4 to neuronal tissue in guinea pig heart (Liu et aï.,

2001). Inter-species variations in cardiac Kir subunit are well known (Dhamoon et

al., 2004) and reflected in functional studies (Nakamura et aï., 1998; Zaritsky et al.,

2001; Zobel et aï., 2003). In addition, members of the same group who reported the

absence of Kir2.4 in cardiomyocytes now found far more widespread distribution of

Kir2.4 in rat brain with newly designed antibodies targeted to the less well conserved

Kir2 C-terminal and reported lack of sensitivity of their Kir2.4 antibody for

previously reported low Kir2.4 protein expression in the brain (Pruss et al., 2003;

Pruss et al., 2005). Growing evidence of an important physiological role of Kir2.4 in

the brain (Pruss et aÏ., 2003; Pruss et al., 2005) and the demonstration of Kir2.4

expression in non-neuronal tissues (Fang et aÏ., 2005) justifies a re-evaluation of the

role of Kir2.4 in the heart in different species. Kir2.4 might be expressed in human

cardiomyocytes as shown by RT-PCR and Ba2 blocking properties of Kir2.1/Kir2.4

(Schram et al., 2000a). In rabbit cardiomyocytes, sustained inward rectifier current

after suppression of Kir2.1 and Kir2.2 might be attributable to Kir2.4 channels.

Suggested experiments include screening for Kir2.4 mRNA with intron-spanning

primers and western blot experirnents in isolated single myocytes.

Immunocytochemistry could demonstrate subcellular ]ocalization of Kir2.4 subunits

and possible co-localization with other Kir2 subfarnily members.
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Substantial co-localization of Kir2.4 with other Kir2 family subunits is found

in the brain (Pruss et aÏ., 2005). A particularly important subunit appears to be Kir2.2

(Pruss et aï., 2003; Pruss et aÏ., 2005). No data exists on functional Kir2.4 and Kir2.2

assembly. In the context of its potential physiological importance in the brain, co

assembly between Kir2.2 and Kir2.4 should be structurally and functionally

investigated. Experirnents to be performed include aiready established methods such

as yeast two hybrid systems, functionai evaluation of heterologously expressed

chimeric Kir2.2/Kir2.4 constructs and channeis resuiting from co-expression of

Kir2.2 and Kir2.4, co-expression of Kir2.4 with dn-Kir2.2 and vice versa, and co

precipitation of Kir2.2 and Kir2.4 from brain tissue. A Kir2.4 knockout mode! might

provide insight into the physiological importance of Kir2.4 by showing functional

consequences of its absence. However, extensive co-localization of Kir2 subunits in

the brain might provide a “back-up” mechanism by which one Kir2 subunit rnight

substitute the loss of another Kir2 subunit in the brain (Pmss et aÏ., 2003) thus

diminishing the usefulness of a Kir2.4 knockout model.

Nothing is known about the structural changes occurring during Kir channel

co-assembly. Regardless of their subunit composition, heteromeric Kir2 channels

have higher Ba2 sensitivity (with the exception of Kir2.2) and different time

dependence of block than their homomeric constituents (Preisig-MulJer et al., 2002;

Schram et aï., 2002a; Schram et al., 2003). Modeling studies could try to simulate the

dynamics of channel co-assembly and provide insight into structural changes

occurring during channel assembly and their functional consequences. A very

interesting observation is that Ba2 block of homomeric Kir2.4 channels is virtually

voltage-independent. Mutation of S142 to a threonine, the coiresponding amino acid

in Kir2.1, Kir2.2 and Kir2.3, confers strong voltage-dependence of block as seen in

the other Kir2 subfamiiy members (Herrera et ai., 2006). 5142 is located at the C-

terminal end of the pore-helix. In general, K channels have a highiy conserved

threonine at this position (Doyle et aÏ., 1998; Jiang et aï., 2002b; Jiang et aï., 2003a;

Long et aï., 2005a) which is essential for stabilization of the Ktion in the centrai

water fiiied cavity (Morais-Cabral et cil., 2001). A functionai tetrameric channel

wouid therefore have the carboxy terminais of four threonines pointing at the center
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of the central cavity, coordinating the permeant ion. Heteromeric Kir2. l/Kir2.4

channels show strong voltage-dependence of block despite the fact that only two

threonines are available to coordinate the permeating ion in the center of the water

filled cavity. Obtaining a crystal structure of a heteromeric channel assembly would

be of great interest because it would allow us to see structural changes underlying

heterotetramer specific channel properties. Due to its unique biophysical properties,

Kir2.4 would be an interesting candidate in such a heteromeric channel.

Kir2.4 western blots should be performed in HAECs to confirm the absence of

Kir2.4 protein. The absence of native current suppression in HAECs by dn-Kir2.4 is

surprising since dn-Kir2.4 suppresses Kir2.1 current when heterologously expressed

in Xenopus oocytes (Schrarn et aï., 2002a). A possible explanation could be that

heteromerization of Kir2 channels somehow “rescues” or “protects” the channel

protein from defective ion channel subunits. A sirnilar concept bas been suggested by

Pruss et al. in brain tissue, where extensive differential co-localization of Kir2

subunits might account for formation of heteromeric Kir2 channels “rescuing” native

inward rectifier current in Andersen’s syndrome, where mutations of Kir2. 1 suppress

native Kir current in a dominant negative fashion (Preisig-Muller et al., 2002; Pruss

et aï., 2003). This hypothesis would be difficuit to prove but heterologous co

expression of a Kir2.1/Kir2.4 chimeric construct with Kir2.1 and dn-Kir2.4 may

represent an experimental approach. Further necessary experiments to investigate the

role of heterotetramers in HAECs include co-precipitation of Kir2 subunits from

HAECs. Immunocytochemistry would be helpful to determine the subcellular

localization of Kir2 subunits. Another approach to evaluate the functional role of

distinct Kir2 subunits is the application of si-RNA. Kir2.1 and Kir2.2 knockout

models exists (Zaritsky et aï., 2000; Zaritsky et aï., 2001), however, might not

represent a good model for investigation of Kir2 subunits in MAEC due to the lack of

inward rectifier currents in freshly isolated ceils from mice indicating inter-species

differences in Kir expression (Rusko J., et aï. 1992).
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XI-4 Conclusions

We have investigated the molecular basis of inward rectifier cuiTent in

different biological systems and examined the potential role of Kir2 heterotetramers.

Kir2. I associates with Kir2.4 subunits to form functional heteromeric channels with

Ba -blocking properties different from those of homomeric channels. Heteromenc

assembly of Kir2.1/Kir2.4 channels might be functionaiiy important in the brain

where significant co-localization of Kir2 subunits occurs. Heteromeric Kir2 channels

consisting of Kir2.1-3 subunits have Ba blocking properties resembling hurnan

cardiac 11(1, supporting the notion that native ‘KI may at Ïeast partly resuit from

heteromultimer formation among Kir2 subunits. Ail four Kir2 family members are

expressed in human aortic endothelial celis but only Kir2.1 and Kir2.2 seem to be

functionally important. Based upon biophysical properties, Kir2.2 appears to be the

dominant conductance in these celis.

Taken together, our resuits suggest that formation of heteromeric Kir2

channels may represent a common physiological mechanism to achieve diversity of

functionally distinct inward rectifier channels, specifically tailored to adjust Kir2

channel function to distinct physiological requirements in distinct tissues. The relative

importance of different Kir2 subunits might differ between tissues.
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