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ABSTRACT 

The goal of experiments performed in this dissertation was to determine 

molecular mechanisms underlying cardiac action potential prolongation, induced by 

acidosis and by the administration of the Class III antiarrhythmic agents clofilium and 

amiodarone. Kv1.2 and Kv1.5 are two voltage-gated potassium channels expressed in 

heart that contribute to cardiac action potential repolarization. I found that Kv1.5 

channels are blocked at acidic pH while Kvl .2 channels are not. Kvl .5 channels show 

enhanced C-type inactivation at acidic pH, and accumulation of channels in this 

inactivated state likely explains pH-dependent block of the channel subtype. A histidine 

residue in the third extracellular loop of Kv1.5 (H452) accounts for the difference in pH-

sensitivity between the Kv1.5 and Kv1.2 channels. Mutation of H452 to a neutral 

glutamine prevents enhanced C-type inactivation of Kv1.5 channels at acidic pH. These 

data provide insight into the molecular mechanisms subserving increases in cardiac 

action potential duration induced by acidosis. 

Class III antian'hythmic agents such as clofilium and amiodarone exert their 

therapeutic effects by prolonging cardiac action potential duration. I found that Kvl .5 

potassium channels are blocked by clofilium in a state-dependent manner, and that 

structural modifications of clofilium alter properties of Kv1.5 channel block. Clofilium and 

other quatemary amine analogs seem to bind and unbind primarily from the open channel 

confomiation, and rapid closing at negative potentials 'Iraps" the charged blocking 

agents. Conversely, a tertiary amine analog of clofilium appears to access and exit the 

receptor site in closed as well as open channel states, presumably because the neutral 

compound can escape from the closed via an altemative hydrophobic pathway 

inaccessible to the charged compounds. Amiodarone blocks Kvl .2 channels by shifting 

the voltage-dependence of channel activation to more depolarized voltages. This effect 
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occurs at acidic but not neutral pH, and could be due to acid-induced changes in either 

receptor or drug conformation. In summary, results presented in this dissertation provide 

a novel characterization of mechanisms underlying prolongation of the cardiac action 

potential induced by acidosis and the administration of the Class III antiarrhythmic 

compounds, clofilium and amiodarone. 
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CHAPTER 1. Background and Literature Review 

1.1 HISTORICAL PERSPECTIVE ON THE DISCOVERY OF ION CHANNELS 

The foundation of ion channel research was laid from 1880 to 1950 by several 

pioneering investigators whose ingenuity and insightfulness helped bring about our 

current understanding of the cell membrane and bioelectrics. The role of ions in 

membrane excitability was first discovered by Sidney Ringer (1880-1888), who 

demonstrated that correct proportions of sodium, potassium, and calcium ions are 

required for maintenance of the rhythmic beating of isolated heart tissue (Hille, 1992). 

The fonnulation he derived, called normal Ringer's solution, is still in use today. 

Concurrently, Nernst determined that the diffusion of electrolytes in solution creates 

electrical potentials, a concept logically applied by early electrophysiologists to ion 

gradients across the lipid bilayer and the formation of membrane potentials. 

Based on the discoveries of Ringer, Nemst, and others, Julius Bemstein 

proposed that electrical excitability in membranes is due to time dependent changes in 

ion conductances across the membrane. Bemstein hypothesized that selective 

permeability of the membrane to potassium establishes the resting membrane potential, 

and that excitation was due to "membrane breakdown". He theorized that during 

membrane breakdown, selective permeation of potassium is lost and subsequent 

diffusion of all ion types leads to a membrane potential that approaches zero at the peak 

of the action potential (Bemstein, 1902). Bemstein's hypothesis relating membrane 

excitation to changes in ion permeability was supported and refined in experiments 

performed by Cole and Curtis on the axon of the giant squid Lofigo and giant alga Nitella. 

Cole and Curtis demonstrated that the upstroke of the action potential is paralleled by a 

reduction in membrane impedance, and that repolarization is followed by a subsequent 
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increase in impedance (Cole and Curtis, 1939). While these experiments illustrated that 

excitation was indeed due to changes in membrane conduction, they refuted the 

"membrane breakdown" portion of Bernstein's theory; impedance changes were one 

millionth smaller than what would predicted by a total "membrane breakdown", leading 

Cole and Curtis to conclude that only "delicate" changes in permeability spread uniformly 

across the surface of the cell membrane during excitation. 

The more refined view held by Cole and Curtis on membrane pemneation during 

excitation was supported by the first intracellular recordings of action potentials of the 

squid giant axon, performed by A .L. Hodgkin, A. F. Huxley, and B. Katz. Contrary to the 

total "membrane breakdown" theory which predicted that membrane potential would go to 

zero at the peak of the action potential, their recordings showed that the peak of the 

action potential overshot zero by -1-25 mV, a phenomena that could only be explained by 

selective permeability of an ion with a positive Nemst potential such as calcium or 

sodium (Hodgkin and Katz, 1949). Additionally, they discovered that reduced extemal 

sodium decreased the amplitude and the rate of rise of the action potential while elevated 

extemal sodium increased these parameters in a manner predicted by the Nemst 

equation (see 1.2, below). These key pieces of information led them to deduce that the 

rising phase of the action potential is not due to increased permeability of all ions, but 

instead due to a selective increase in sodium permeability. 

With the invention of voltage clamp, Hodgkin and Huxley were able to characterize 

the sodium and potassium components of ionic currents in squid axon. They found that 

membrane depolarization activated an early transient inward sodium cun-ent followed by a 

delayed and prolonged outward potassium current (Hodgkin, Huxley and Katz, 1949; 

Hodgkin and Huxley, 1952). The time dependence of activation of these currents under 

voltage clamp conditions reinforced their hypothesis that an inward sodium current is 



15 

responsible for the initial upstroke of the action potential, and led them to the notion that a 

delayed outward potassium flux mediates repolarization. These studies prompted 

Hodgkin and Huxley to propose that sodium does not cross the membrane in its ionic 

form, but may "enter into a conformation with a lipoid soluble earner in the membrane 

which is only free to move when the membrane is depolarized. Potassium ions cannot 

cross the membrane by this route because their affinity for the carrier is assumed to be 

small." This is one of the first suggestions of a transporter that is voltage-dependent and 

ion selective (Hodgkin and Katz, 1949). 

(1) Ionic permeabilities determine membrane potential 

Hodgkin and Huxley's model of the action potential ascribes the membrane 

depolarization to sodium currents and repolarization to potassium currents. Applying 

concepts initially established by Nemst explains how these specific conductances control 

membrane potential (Hille, 1992). When channels open and allow selective conductance 

of a specific ion type, the membrane potential is driven toward the equilibrium potential 

for that particular ion. The equilibrium potential for an ion can be calculated using the 

Nernst equation (Nemst, 1888); 

t,ev 2Fin[X]| 

Where; Erev = equilibrium potential for ion X 
R = universal gas constant 
T = temperature 
z = ionic charge of X 
F = Faraday constant 
[X]o = extracellular concentration of ion X 
[X]| = intracellular concentration of ion X 

Application of this equation to physiologic intracellular and extracellular 

concentrations of sodium, calcium, and potassium (in skeletal muscle for example) yields 
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equilibrium potential approximations of +67, -••129, and -98 mV, respectively (Hille, 1992). 

When several different ionic conductances are present, the membrane potential is 

calculated as the mean of the Nemst potentials of the permeant ions weighted based on 

the relative permeability of each ion type. In this case, can be calculated using the 

Goldman-Hodgkin-Katz equation (example shown is for K", Na^, and CI' permeability); 

P RT /PK[K1O -H P^,INa1o-»- Pci[Ch]i \ 

• F \ Pk[K^i + P^alNali + Pc,[CI-]o / 

These calculations predict that when sodium or calcium conductances dominate, the 

membrane potential of the cell will approach their respective equilibrium potentials (+67 

or •M29 mV) and become depolarized. Conversely, potassium has a very negative 

equilibrium potential of -98 mV, therefore potassium conductance drives the membrane 

potential towards hyperpolarization. Application of these concepts neatly explains the 

selective ion permeabilities observed by Hodgkin and Huxley during the action potential 

from giant squid axon; the upstroke of the action potential is due to sodium conductance 

which drives the membrane potential towards the depolarized sodium equilibrium 

potential, while repolarization is due to potassium conductance which drives the 

membrane potential towards the hyperpolarized potassium equilibrium potential. 

(2) Voltage-gated potassium currents modulate ctfaracteristics of the action potential 

It was soon ascertained that the fundamental concepts established in the squid 

axon model were applicable to other electrically excitable membranes, and that various 

potassium currents of differing activation and inactivation properties regulated excitability 

and action potential firing in these systems. In the 1970's, Connor and Stevens 

discovered that the outward potassium current they observed in cell bodies of Anisodoris 
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(a marine gastropod) was actually an aggregate of two different potassium currents, 

which they were able to differentiate based on properties of voltage-dependence of 

activation and kinetics of inactivation (Connor and Stevens, 1971a,b). They found that 

depolarizations to voltages more positive than -30 mV activated a voltage-dependent 

outward potassium conductance that did not inactivate, similar to that observed in squid 

axon, which they named U- Today, IK is commonly called a delayed-rectifier potassium 

current; activation of IK is delayed when compared to the activation rate of sodium 

currents, and the cunrent-voltage relationship of IK is nonlinear, a property called 

rectification. Connor and Stevens also found that when they stepped the command 

potential to voltages more negative than the activation threshold of Ik (-50 to -35 mV), 

they observed an outward potassium current that reached peak conductance within 

milliseconds, similar to Ik, but then decayed exponentially over time such that after 100 

milliseconds, current amplitude retumed to baseline. They name this current 1^ or A-type, 

after Anisodoris, which is a general term that is still used today to describe a transient 

outward or inactivating potassium current. 

What is the physiological role of these two currents in the cell body of Anisodoris 

neurons? Since delayed rectifiers in this system activate at more depolarized voltages, 

their role is to repolarize the action potential. On a general level, one can imagine that 

specific expression of various delayed-rectifiers with distinct properties of voltage-

dependence and kinetics of activation would allow different cell types to modify the shape 

and duration of the action potential to fit their functional requirements. A-type currents 

observed in Anisodoris regulate the frequency of action potential firing (Connor, 1978), a 

property important for modulation of cell to cell signalling. This function arises because 

of the relatively negative voltages at which this current activates and because of its 
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inactivation characteristics. When a cell receives a mildly depolarizing stimulus, the 

membrane potential is pushed to the activation range of the A-type channels whose 

conductance delays depolarization of the membrane to threshold between each action 

potential, effectively slowing the frequency of action potential firing. A larger depolarizing 

stimulus places the membrane potential in a range where A-type currents are inactivated 

and therefore cannot contribute to action potential rate control, creating a faster 

frequency of action potential firing. In summary, delayed-rectifier potassium cun-ents 

repolarize action potentials while A-type potassium currents modulate action potential 

firing frequency in the cell body of Anisodoris neurons. From this model system we leam 

that relative levels of expression of different types of potassium currents detennine the 

firing rate and shape of action potentials. 

While the initial characterization of voltage-gated potassium channels was 

performed on marine invertebrates, their importance in the regulation of membrane 

excitability in mammalian systems is ubiquitous. The roles of delayed-rectifier and A-type 

potassium currents obsen/ed in Anisodoris are directly applied to rat hippocampus. 

Differential potassium channel expression in this brain region mediates the fast-spiking 

frequency of interneurons and the regulariy spiking frequency of pyramidal neurons; fast-

spiking intemeurons express a large number of delayed rectifier potassium channels for 

rapid action potential repolarization, while pyramidal neurons express a high 

concentration of A-type potassium channels, presumably to limit firing frequency (Martina 

et ai, 1998). Potassium channels also regulate (but are not limited to) skeletal, cardiac, 

and smooth muscle contraction (Vullhorst et al., 1998; Giles and Shibata, 1985; Martens 

and Gelband, 1998), insulin release from pancreatic P-cells (Smith et al., 1990), cerebral 

vasculature tone (Faraci and Heistad), excitability of auditory and vestibular neurons 

(Peusneref a/., 1998), pulmonary vasoconstriction (Weir ef a/., 1998), macrophage 
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activation (Eder, 1998), and T lymphocyte activation (Decoursey et al., 1987). The 

extremely diverse roles of potassium channels in cellular electrophysiology indicates the 

existence of a large gene family. Molecular cloning of the proteins underlying these 

currents has greatly enhanced our understanding of the mechanisms by which potassium 

channels mediate membrane excitability. 

(3) The first potassium channel clone 

The story of the first voltage-gated potassium channel clone begins with landmark 

work perfomned by Lily Yeh and Yuh Nung Jan (reviewed by Jan and Jan, 1997) with a 

mutant DrosophHa melanogaster strain, named Shaker because the affected flies shake 

their legs vigorously when placed under ether anesthesia. Because the flies released 

asynchronous and abnormally large amounts of neurotransmitter at the neuromuscular 

junction due to a prolonged increase in calcium conductance, they hypothesized that 

these flies may have an ion channel defect (Jan and Jan, 1977). They predicted that 

abnormal transmitter release was due to (1) a failure of calcium channels to close after 

membrane repolarization; (2) a prolonged depolarization at the nerve terminal due to a 

lack of sodium channel inactivation; or (3) a lack of repolarization due to a deficiency in 

functional potassium channels. Sodium channels were eliminated from the list because 

tetrodotoxin, a sodium channel blocker, was not effective in reducing abnormal 

transmitter release. Calcium channels were not a likely candidate because manual 

induction of nerve terminal hyperpolarization after stimulation (which mimics the role of 

repolarizing potassium cunrents) was effective in eliminating latent calcium currents and 

abnormal transmitter release. In addition to this observation, the mutant phenotype could 

be reproduced by treating wildtype DrosophHa with the potassium channel blocker 4-

anninopyridine (4-AP), leading them to conclude that defective potassium channels were 
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most likely to be responsible for the Shaker phenotype. 

Cloning of the genomic ONA from the Shaker \ocus of DrosophUa proved to be an 

extensive endeavor. Eighteen exons spread over a 60 kilobase stretch of Dl̂  encoded 

five alternatively spliced variants of the Shaker potassium channel that diverged at their 

amino and carboxyl termini (Papazian et al., 1987; Schwarz et al., 1988). Voltage-gated 

transient outward potassium currents were observed when Shaker channels were 

expressed in Xenopus oocytes and analyzed under voltage-clamp conditions (Timpe et 

al., 1988). The activation threshold, rate of channel inactivation, ion selectivity, and 

sensitivity to 4-AP of the Shaker channels expressed in oocytes were all similar to those 

of A-type currents observed in wildtype DrosophUa. Interestingly, the Shaker M variant 

displayed a greater magnitude of inactivation and dramatically slower kinetics for recovery 

from inactivation when compared to the B1 variant (Timpe et al., 1988). Coupling the 

differential kinetic properties of Shaker splice variants with evidence of differential 

distribution in fly (Schwarz et al., 1988) implicated a complex and distinct physiological 

role for each of the Shaker potassium channel subtypes. 

(4) Shaker is the spnngboard for the identification of other voltage-gated potassium 

channel gene families in DrosophUa 

The existence of additional gene families encoding for Shaker-Wke channels was 

indicated by the fact that DrosophUa Shaker IWes still displayed some currents with 

biophysical properties similar to those of S/iaAcer currents (Salkoff, 1983; Salkoff and 

Baker, 1990). Using low-stringency library screening techniques based on conserved 

sequences of the putative transmembrane regions of Shaker, three addition gene families 

were identified and named Shab, Shaw, and Shal (Butler et al., 1989). These four 
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potassium channel families differ in their kinetics, voltage sensitivity, and pharmacology 

(Wei et al., 1990). Shab and Shaw in a heterologous expression system are relatively 

non-inactivating while Shaker and Shal Inactivation time constants are approximately 200 

and 500 ms, respectively. The reversal potentials of Shaker, Shab, and Shal closely 

follow the Nemst prediction for a potassium channel, while Shaw has a more depolarized 

reversal potential at physiological ion concentrations, indicating that this family has less 

potassium ion selectivity. Shaker, Shal, and Shaw currents are blocked by 4-AP while 

Shab currents are relatively insensitive. Conversely, Shab is highly sensitive to 

tetraethylammonium chloride (TEA) while Shal and Shaw are not. The diverse properties 

of these four gene families conceivably lends a molecular explanation for the wide variety 

of potassium currents detected in vivo. 

(5) A family of Shaker-related mammalian voltage-gated potassium channels 

Screening of mammalian cDNA libraries with probes designed from conserved 

Shaker and other Drosophila K* channel family sequences yielded a large family of 

mammalian voltage-gated potassium channels corresponding to those found in 

Drosophila (Table 1.1). The mammalian families Kv1, Kv2, Kv3, and Kv4 are highly 

homologous to their respective Drosophila counterparts Shaker, Shab, Shaw, and Shal, 

and are also characterized by differential biophysical properties, pharmacological 

sensitivities, and tissue expression patterns. The Kv1 subfamily appears to be the most 

extensive at present, with seven known subtypes of channels, while the Kv2, Kv3, and 

Kv4 families only have 2 to 4 known members. 

Voltage-gated potassium (Kv) channels subtypes display different pattems of 

expression throughout the mammalian system (Table 1.2). All subtypes in all four groups 

have been detected in brain to varying extent, while only expression of Kvl .2, Kvl .4, 
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Kv1.5, Kv2.1, Kv4.2 and Kv4.3 has been detected in heart. Kv channels are also 

expressed in smooth and skeletal muscle, where they may play a role in contraction, and 

in pancreatic islet where they are likely to participate in excitation-induced hormonal 

secretion. Other locations include placenta, T-lymphocytes, macrophages, kidney, vas 

deferens, retina, tongue and olfactory epithelium, and lung. The diversity of expression of 

Kv channels is not surprising given their role in action potential repolarization and 

maintenance of the resting membrane potential. 

Distinct tissue and subcellular expression patterns demonstrate the specificity of 

Kv channel expression. In heart, Kv1.2 and Kv2.1 expression is greater in atrium than in 

ventricle, while Kv4.2 expression is exactly opposite, and Kv1.5 is expressed at 

approximately equal levels in both tissues. Expression of Kv subunits in different brain 

regions is also highly targeted. For example, both Kv1.4 and Kv4.2 protein is expressed 

in thalamus and hippocampus, while Kv1.2 (but not Kv4.2) is found in cerebral cortex and 

basal ganglia, and Kv4.2 (but not Kv1.2) is located in cerebellum and medial habenular 

nucleus (Sheng et al., 1992). Cellular expression within a particular brain region is also 

strictly regulated. In hippocampus, Kv3.1 protein localizes to fast-spiking intemeurons 

while Kv4.2 is more concentrated in pyramidal neurons (Martina et al., 1998). Subcellular 

Kv subunit targeting is also evident in hippocampus; for example, Kv1.4 protein is 

concentrated In axons and axon terminals whereas Kv4.2 expression is localized primarily 

to soma and dendrites (Sheng et al., 1992). 

1.2 STRUCTURAL COMPONENTS THAT DETERMINE THE FUNCTION OF VOLTAGE-

GATED POTASSIUM CHANNELS 

(1) Transmembrane topology 

Extensive studies have been performed to correlate structural features of Kv 



23 

channels with their characteristic functions. The primary alpha subunit of a Kv channel is 

composed of six transmembrane regions (S1-S6) and an intracellular amino and carboxyl 

terminus (Fig 1.1B). An additional hydrophobic region between S5 and S6, which dips 

into the plane of the membrane but does not transverse it, creates H5 or the pore region 

(Jan and Jan, 1992). The alpha subunit of voltage-gated sodium and calcium channels 

has the same transmembrane topology; however, the structural motif equivalent to that of 

a single potassium channel subunit is repeated four times within the polypeptide 

sequence (Fig 1.1 A), implying that sodium and calcium channels may have evolved from 

potassium channels by gene duplication (Hille, 1992). Potassium channels form by 

assembly of four individual alpha subunits whereas sodium and calcium channels are 

created by tertiary arrangement of the four subunit repeats contained in a single alpha 

subunit (Fig 1.1C). 

(2) Voltage-dependent potassium ctiannel gating 

Gating of Kv channels is determined by membrane potential. At hyperpolarized 

potentials such as the resting membrane potential, the probability of Kv channel opening 

is minimal. As the membrane becomes depolarized, such as during the rising phase of 

an action potential, the probability of Kv channel opening increases (Fig 1.5A). Molecular 

mechanisms for voltage-induced channel opening are proposed in the S4 hypothesis 

(Hille, 1992). The S4 transmembrane region is common to all voltage-gated sodium, 

calcium, and potassium channels, and is characterized by placement of a positively 

charged amino acid (arginine or lysine) at every third or fourth position in the S4 a-helix 

(Fig 1.2). The S4 hypothesis predicts that these positively charged amino acids lie within 

the electrical field of the membrane, and that movement of these charges due to changes 

in the electrical field promotes conformational changes that lead to channel opening. 
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Site-directed mutagenesis was used to determine if charged residues in the core 

transmembrane domains of Shaker participate in voltage-dependent gating. The 

ShaketB potassium channel contains seven positively charged amino acids (arginine and 

lysine) in S4, two negatively charged glutamic acids in S2, and a negatively charged 

aspartic acid in S3. Independent substitution of each of these residues with the neutral 

amino acids glutamine or asparagine allowed investigators to test the contribution of each 

amino acid to voltage-dependent channel opening (Papazian et al., 1991; Seoh et al., 

1996). Mutation of three central arginine residues in S4 (R365, R368, R371) and 

glutamic acid in S2 (E293) reduced voltage-dependent gating charge movement, implying 

that these four amino acids are part of the ShakerS voltage sensor. Conversely, mutation 

of the four other positively charged residues in 84 had no significant effect on gating 

charge movement, suggesting that these amino acids may not lie within the electrical field 

of the membrane. Mutation of the negatively charged residue in S3 also had no effect on 

gating. These data indicate that the S4 region certainly contributes to Kv voltage sensing, 

but is not the sole determinant of voltage-dependent Kv channel gating. 

(3) Characterization of the ion pore 

Potassium channels are ten thousand times more selective for K* ions than Na^ 

ions and have the capacity to conduct >10^ ions per second (Jan and Jan, 1992; Hille, 

1992). The pore is thought to have a narrow selectivity filter of 2.6 - 3.0 A with broad 

vestibules (8 A) at both the intracellular and extracellular sides (Bezanilla and Armstrong, 

1972; Pascual et al., 1995). Rapid potassium ion conduction is thought to be facilitated 

by single-file passage of ions along a path of multiple ion-binding sites, such that 

electrostatic repulsion of adjacent ions may enhance ion passage through the pore (Hille 

and Schwarz, 1978). When potassium ions reach the selectivity filter, waters of hydration 
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are shed and solvation is instead provided by oxygen molecules lining this region 

(Bezanilla and Armstrong, 1972). Ionic selectivity is determined by the match between 

the pore and ion diameter. For example, sodium ions do not get past the potassium 

selectivity filter because they are too small in diameter to fit closely against the pore walls 

and receive adequate polar coordination (Hille, 1992). 

Investigators have shown that the loop between transmembrane regions 5 and 6 

of the potassium channel subunit, historically named H5 because it is the fifth 

hydrophobic region in the subunit, lines the channel pore (Fig 1.3). Because the amino 

acid sequence of H5 is highly conserved among K" channels and is more hydrophobic 

than one would expect for an extracellular loop, investigators hypothesized that it dips 

into the plane of the membrane to form the ion pore. Evidence supporting this hypothesis 

was provided by mutagenesis studies: transfer of the entire loop linking S5 and S6 from 

KvS.I to Kv2.1 concurrently transferred single channel conductance properties as well as 

sensitivity to the pore blocker TEA (Hartman et al., 1991). Studies using site-directed 

mutagenesis have demonstrated that amino acids in H5 are critical for appropriate ionic 

selectivity. Mutation of two amino acids in H5 of ShakerB, T441S and F433S, increased 

permeability to ions larger than potassium, such as NH4* and Rb*, while having no effect 

on exclusion of the smaller sodium ion (Yool and Schwarz, 1991). Mutations T439G, 

V443A, G444C and G446Q created channels that were even less selective for K*, with 

increased permeability to Li*, Na*, Rb*, Cs*, and NH/ ions (Heginbotham etal., 1994). 

These studies and others (Yellen et a/., 1991; Kavanaugh et a/., 1991) support the 

hypothesis that the S5-S6 loop of each subunit dips into the plane of the membrane at 

the center of the subunit tetramer to form the ion selectivity filter (Fig 1.1D). 

The hypothesis that other protein regions in addition to the H5 segment may 

contribute to the formation of the ion pore was brought about by the unexpected 
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observation that transfer of the H5 region of Kv3.1 to ShakerB did not convey the pore 

properties of Kv3.1 onto ShakerB (Lopez et al., 1994). Further mutational analysis 

revealed that S6 is also important in pore formation; translocation of the sixth 

transmembrane segment (S6) of Kv3.1 to ShakeiB conferred single channel 

conductances characteristic of Kv3.1 to ShakeiB (Lopez et al., 1994). Additionally, the 

pore phenotype of Kv3.1 was conferred onto ShakerB by transfer of the proximal portion 

of the carboxyl terminus (post-S6, Taglialatela et al., 1994). The intracellular loop 

between S4 and S5 also contributes to pore formation. Mutation of two amino acids in 

the S4/S5 loop dramatically increased ShakerB permeability to Rb^, indicating that this 

region lines the pore and participates in ion selectivity (Slesinger et al., 1993). Discovery 

that other protein regions in addition to H5 contribute to conductivity and ion selectivity is 

consistent with the view that potassium channels contain a long single-file pore with 

multiple ion binding sites (Hille and Schwarz, 1978). 

(4) Potassium channel inactivation 

A. N-type 

Shaker potassium channel opening at depolarized voltages is followed by rapid 

inactivation, a mechanism by which a channel undergoes a voltage-independent 

conformational change to a nonconducting state during membrane depolarization 

(Figl .5A). Shaker amino terminus splice-variants displayed varying degrees of 

inactivation (Iverson etal., 1988; Zagotta et al., 1989), leading investigators to 

hypothesize that this region was responsible for fast channel inactivation. To explore this 

hypothesis, they made a series of deletion mutations in the amino terminus and found 

that deletions within the first 22 amino acids totally disrupted inactivation while deletions 

of amino acids 23 through 37 increased rates of inactivation (Hoshi et al., 1990). These 
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data indicated that the S/ia/cer potassium channel inactivates by a "ball and chain" 

mechanism in which the amino temiinal of a channel subunit swings into the intemal face 

of the channel to inhibit current by occluding the pore (Fig 1.5B). Within the first 22 

amino acids of the amino terminus, a series of hydrophobic residues likely fomn the core 

of the "ball" and are sun'ounded by multiple positively charged residues required for 

interaction with the inactivation receptor. The "chain" is composed of the second group 

of amino acids (23 and beyond); deletion of amino acids in this region increase the rate of 

inactivation, presumably by shortening the chain and decreasing the distance the ball 

must transverse to reach its receptor site. 

The "ball and chain" inactivation mechanism predicts that a cytoplasmic receptor 

exists for the inactivation ball that is likely to be located at near the potassium permeation 

pathway, outside of the voltage field. Since the ball contains a series of basic (positively 

charged) amino acid residues, investigators predicted that the receptor would contain one 

or more acidic (negatively charged) residues for facilitation of binding of the inactivation 

particle. To that end, they independently neutralized all intracellular glutamic acid 

residues in ShakerB by substitution with glutamine, and found that only one mutation, 

E395 in the intracellular loop between transmembrane segments 4 and 5, reduced the 

magnitude of current inactivation (Isacoff et al., 1991). Subsequent mutation of several 

polar and nonpolar amino acids in the region surrounding E395 also decreased the 

amplitude of current inactivation, while reduction of the side chain of leucine 385 to that 

of alanine (L385A) stabilized the inactivated state. The five amino acids that mediate 

inactivation properties are spaced along the S4-S5 loop such that they lie along the same 

face of an alpha helix (Fig 1.4). It has therefore been suggested that an alpha helix 

formed by the S4-S5 loop lines the cytoplasmic portion of the ion pore (several residues 

in this loop are important for K" selectivity) and forms the receptor for the inactivation ball. 
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Alignment of the S4-S5 loop of several channel subtypes shows that these five 

amino acids are highly consen/ed, even in potassium channels subtypes lacking the N-

temiinal peptide required for fast inactivation (Fig 1.4; Kv1.1, Kv2.1, and Kv3.1). 

Interestingly, fast inactivation is bestowed onto Kv1.1 and Kv2.1 by intracellular 

application of a peptide composed of the first 20 amino acids of ShakerB (Zagotta et al., 

1990), the amino acid segment thought to fornn the inactivation "ball". Furthermore, 

mutation of leucine 316 to alanine in the S4-S5 loop of Kv2.1 (equivalent to the L385A 

mutation in ShakerB) stabilizes the inactivated state induced by the ShakerB peptide 

(Isacoff et al., 1991), further establishing the role of the S4-S5 loop as a receptor for the 

inactivation particle. 

B. C-type 

In potassium channels that lack N-type inactivation and in Shaker mutants in 

which fast N-type inactivation has been removed by deletion of the N-terminus, a slow 

cun-ent decay persists and is attributed to an inactivation mechanism independent from 

N-type. This inactivation mechanism is also voltage-independent, but in most cases has 

much slower onset and recovery kinetics than N-type inactivation (Zagotta et al., 1991). 

The term C-type inactivation was coined for this distinct inactivation mechanism because 

properties of slow inactivation differed between the C-terminal splice variants Shaker^ 

and B (Hoshi et al., 1991, Wittka et al., 1991). It was soon discovered that C-type 

inactivation was not dependent on the carboxyl terminus as its name implies. Externally 

(but not internally) applied TEA decreased the rate of slow inactivation of wildtype 

ShakerB channels (Choi et al., 1991). Additionally, C-type inactivation in ShakerB and 

Kv2.1 remained after deletion of both cytoplasmic termini (Zagotta et al., 1991; 

VanOongen et al., 1990). These data implied that transmembrane or extracellular 
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regions of the channel polypeptide likely mediated C-type inactivation. 

Further examination of the C-temiinal splice variants of Shaker {vnith N-type 

inactivation removed) demonstrated that a single amino acid on the extracellular side of 

S6 (V463 in Shaker A and A463 in Shaker B; Fig 1.8) govemed the C-type inactivation 

phenotype for each of these splice variants; substitution of A463 with valine increased the 

Shaker B inactivation rate by 100-fold to that of Shaker A (Zagotta et al., 1991, Hoshi et 

al., 1991). Mutation of an amino acid at position 449 near the outer mouth of the pore 

also had profound effects on C-type inactivation kinetics; substitution of T449 with a 

charged amino acid such as lysine dramatically increased the onset of C-type inactivation 

by three orders of magnitude, while substitution with an amino acid with a large 

hydrophobic side chain such as tyrosine ablated inactivation (Ldpez-Bameo etal., 1993). 

The human Kvl.5 contains a charged amino acid (R487) at the position equivalent to 

T449 in ShakerB. Mutation of R487 in Kvl .5 to a tyrosine (a mutation that removed 

inactivation from ShakerS) had no effect on the kinetices of Kvl .5 C-type inactivation 

(Fedida et al., 1999), indicating that mechanisms controlling slow inactivation may vary 

between different channel subtypes. 

The site-directed mutagenesis experiments described above imply that C-type 

inactivation occurs at the extracellular mouth of the potassium ion pore, a mechanism 

very different from that of the N-type inactivation (Fig 1.5C). This concept was advanced 

by Liu et al. who introduced cysteine residues into the outer mouth of the Shaker pore 

region and looked at state-dependent accessibility of these residues by chemical 

modifiers. Cysteine residues independently introduced into positions 448-450 are 

relatively inaccessible to chemical modifiers when channels are in the closed state, 

partially accessible in the open, and readily accessible when channels are in the C-type 

inactivated state, effectively demonstrating that dynamic rearrangement occurs at the 



30 

outer mouth of the pore during C-type inactivation (Liu et a/., 1996). 

C. N-type and C-type inactivation are coupled 

C-type inactivation occurs at a faster rate in the presence of N-type inactivation 

(Hoshi et ai, 1991), indicating that these two inactivation mechanisms may t)e coupled. It 

was noted that when accompanied by N-type inactivation, the rate of C-type inactivation 

is decreased with increasing extracellular concentrations, while rates of C-type 

inactivation in isolation are independent of extracellular K* concentrations (Baukrowitz 

and Yellen, 1995). These data led investigators to hypothesize that C-type inactivation is 

regulated by a potassium ion binding site at the extracellular face of the pore; occupancy 

of this receptor by potassium inhibits inactivation, whereas vacancy enhances the 

occurrence of C-type inactivation (Baukrowitz and Yellen, 1995, 1996). The probability of 

binding site occupancy is high (and the occurrence of C-type inactivation is low) when 

channels are open because of flux-induced elevation of K" at the extracellular mouth of 

the pore. N-type inactivation blocks the outward flux of potassium ions and reduces 

availability for binding at the mouth of the pore, creating a vacancy at the binding site and 

enhancing C-type inactivation (Fig 1.6A). In channels lacking the N-terminal inactivation 

peptide, C-type inactivation proceeds at a much slower rate because K" concentrations at 

the extracellular mouth and binding site occupancy remain high due to lack of N-type 

inactivation (Fig 1.6B). 

(5) Structural elements involved in IC channel protein-protein interactions 

The cytoplasmic regions of Kv subunits are less conserved than the core 

transmembrane regions, and contain domains required for subunit assembly and 

interaction with auxiliary subunits, kinases, and cytoskeletal elements. Heteromeric 
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assembly of different Kv subunits, modification of current properties by auxiliary beta 

subunits, phosphorylation, and specific subcellular trafficking contribute the amazing 

diversity of Kv currents observed in vivo. 

A. a-subunit assembly 

Potassium channels are formed by co-assembly of four Kv a-subunits 

(MacKinnon, 1991). Coexpression of ShakerA and the ShakerB N-terminal deletion 

mutant into Xenopus oocytes yields a hybrid potassium current that cannot be 

approximated by the sum of currents obtained from homomeric channel expression, 

effectively demonstrating that unique potassium channels can be formed by heteromeric 

subunit association (Isacoff 9tal., 1990). Heteromeric assembly has been found to occur 

only among subunits within the same gene subfamily (Covarrubias et al., 1991). For 

example, Kvl.1 subunits associate with ShakerB subunits (Isacoff et al., 1990) and other 

mammalian Kvl subunits, but do not co-assemble with mammalian Kv2, Kv3, or Kv4 or 

Drosophila Stiaw, Shab, or S^a/subunits (Covarrubias etal., 1991, Shen and Pfaffinger, 

1995). 

Assembly of Kv subunits is partly determined by a sequence of amino acids in the 

amino terminus called the T1 multimerization domain. This 114 amino acid segment is 

located downstream (amino acids 83-196 in ShakerB) from the region of the amino 

terminus that controls N-type inactivation, is highly conserved within Kv subfamilies, and 

is important for subunit association (Fig 1.8). Coexpression of a corresponding 114 

amino acid peptide derived from the amino terminus of ShakerB with the fully intact 

ShakerB polypeptide in Xenopus oocytes inhibits the generation of potassium cun-ents, 

presumably due to inhibitory binding of the peptide at the ShakerB multimerization 
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domain (Li et al., 1992). Assembly of functional channels is also prevented by deletion of 

a homologous sequence in the N-terminal region of Kv1.1 (T1 domain, Shen etal., 1993), 

demonstrating the importance of this segment for homomeric channel formation. The 

requirement of the amino terminus for subunit assembly is not ubiquitous amongst all Kv 

channels since mutant Kv2.1 channels lacking both the amino and carboxyl termini still 

form functional Kv channels, indicating that domains in the core portion of the subunit are 

also important for subunit association (VanDongen et al., 1990). The role of the amino 

terminus may lie more toward the determination of multimerization specificity. 

Replacement of the amino terminal domain of Kv2.1 with that of ShakerB (Kvl subfamily) 

allows the formation of heteromeric Kv2.1/S/7a/(ere channels, even though these two 

subunits are from different subfamilies, implicating a role for the N-terminal region in 

governing the specificity of channel formation within Kv subfamilies (Li et al., 1992). 

Several studies support the claim that heteromeric association of Kv alpha 

subunits occurs in vivo. Messenger RNAs encoding for Kvl .2 and Kvl .4 subunits co-

localize to axons and nerve terminals in cerebral cortex, corpus callosum, and 

hippocampus (Sheng etal., 1993). Moreover, Kvl.4 antibodies co-precipitate Kv1.2 

protein, and Kvl.2 antibodies co-precipitate Kvl.4 protein from solubilized brain 

membranes, while neither antibody immunoprecipitates the Shal subfamily protein, Kv4.2 

(Sheng et al., 1993). Due to their co-localization and known physical interaction, it has 

been suggested that heteromeric channels formed by Kvl .2 and Kvl .4 constitute the 

molecular basis for presynaptic A-type currents that are known to regulate transmitter 

release at nen/e terminals in brain (Sheng et al., 1993). Kvl.1 and Kvl.2 channel 

proteins co-localize in the juxtaparanodal regions of nodes of Ranvier in myelinated axons 

and co-immunoprecipitate from mouse brain membranes, suggesting that these two 

subunits also form heteromeric channels in vivo (Wang et al., 1993). 
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B. |3-subunit association 

Primary a-subunits of Kv channels also associate with auxiliary p-subunits. To 

date, four different Kvp-subfamilies (Kvpi through Kvp4) have been cloned from brain 

and heart (England et al., 1995, Edwards and Weston, 1997). Coexpression of Kvp-

subunits with primary Kva-subunits in Xenopus oocytes modifies properties of Kv channel 

inactivation; the slowly-inactivating delayed-rectifier cun-ent produced by Kv1.1 

homomeric expression is converted to a rapidly inactivating potassium current by 

coexpression with Kv3l.1 (Rettig et al., 1994). |3-subunits also modify properties of Kv 

channel activation; Kv1.5 channels activate at more negative voltages and display 

enhanced inactivation when coexpressed with Kvpi .2 (De Biasi et al., 1997) or Kvpi .3 

(England et al., 1995). In addition to modification of Kv channel activation and 

inactivation properties, P-subunits also act as chaperon proteins that enhance Kv a-

subunit expression by promoting N-linked glycosylation of the a-subunit in the 

endoplasmic reticulum, and by increasing a-subunit stability during transit to the 

membrane surface (Shi et al., 1996). 

The amino terminal domain of P1.1 is homologous with Kv1.4 and Kv3.4 in the 

region that comprises the "ball" required for fast N-type inactivation. Intracellular 

application of a peptide encoding the sequence of the pl.1 ball causes noninactivating 

currents of a Kvl .4 N-terminal deletion mutant to inactivate rapidly. This experiment 

supports the hypothesis that the p-subunit induces fast inactivation by a "ball and chain" 

type mechanism similar to that of N-type inactivation (Rettig et al., 1994). Fast 

inactivation produced by coexpression of Kvp with Kva also promotes C-type inactivation 

in a manner similar to that of intrinsic Kva N-type inactivation (Morales et al., 1996). 

Because removal of the Kv1.5 amino terminus ablates Kvpi.1 binding to the channel 

polypeptide, the P-subunit probably interacts with this domain to facilitate channel 
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inactivation (Sewing et al., 1996). Site-directed mutagenesis of a highly conserved 

regions in the amino terminus of Kvl.5 demonstrates that a sequence of nine amino 

acids within the T1 a-subunit multimerization domain is necessary for (31.1 subunit 

binding and subsequent modification of Kv a-current kinetics (Sewing et al., 1996; Fig 

1.8). Together these data predict that the P-subunit binds to the Kv a-subunit at the 

amino terminus and forms an accessory "ball and chain" to confer fast-inactivation onto 

slowly inactivating tetramers of Kv a-subunits (Fig 1.7). 

C. Kinase association 

The diverse properties of potassium curents observed in vivo and in vitro is partly 

due to phosphorylation-induced changes in channel properties (reviewed by Levitan, 

1994). For example, a delayed rectifier K* channel in squid axon shows a dramatic 

increase in open probability upon photorelease of caged ATP in the presence of protein 

kinase A catalytic subunit (Perozo et al., 1991). Conversely, n type K^ channels in T 

lymphocytes are inhibited by the dual action of protein kinases A and C as a result of 

phosphorylation (Payet and Dupuis, 1992). The complex molecular mechanisms for 

modulation of ion channel properties by phosphorylation are currently being investigated 

by determination of the specific amino acids that are phosphorylated by kinases as well 

as regions of the potassium channel polypeptide that physically interact with the kinases. 

Direct interaction of Src tyrosine kinase and Kvl .5 has been demonstrated by 

coimmunoprecipitation; coexpression of these two proteins results in a 90% suppression 

of Kvl.5 potassium currents due to direct channel phosphorylation (Holmes et al., 1996). 

Association of Src tyrosine kinase with the human Kvl .5 is mediated by binding at two 

SH3 (Src homology 3) domains located in the Kv amino terminus (Holmes et al., 1996). 

Kvl .3 current amplitudes are reduced by > 95% when channels are coexpressed with Src 
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and carboxyl tennini (Fadooi et al., 1997). These data show that kinases can physically 

associate with potassium channels and that subsequent phosphorylation of the channel 

polypeptide can modulate ion currents. 

D. Synaptic proteins 

The complexity and specificity of the subcellular organization of Kv channels 

implies the existence of an organized system for trafficking and localization of these 

proteins. Recently, it has been discovered that the PDZ domain of the synaptic protein 

PSD-95 interacts with the terminal portion of the carboxyl tail of Kv1.4 (Kim and Sheng, 

1996). This interaction promotes clustering of Kv1.4 protein at the surface of the 

membrane in a heterologous expression system (Kim and Sheng, 1996, Burke et al., 

1999), and may occur through the binding of several channels to multiple PDZ domains 

on the same PSD-95 protein, or through aggregation of PSD-95 proteins bound to single 

channel tetramers (Gomperts, 1996). Through the interaction of PSD-95 PDZ domains 

with the carboxyl termini of potassium channel subunits, PSD-95 may play a role in ion 

channel organization and anchoring at pre- and post-synaptic membranes. 

(6) Summary of structural data and their implications for potassium cttannel function 

The wealth of infomnation obtained by structural analysis of voltage-gated 

potassium channels presents a coordinated picture of integrated channel function (Fig 

1.8). Homomeric and heteromeric assembly of primary alpha subunits is mediated in part 

by interaction at the multimerization (T1) domain on the amino terminus of each subunit. 

Channel clustering at the plasma membrane occurs in part through binding of PDZ 

domains of PSD-95 at the terminal portion of the alpha subunit carboxyl tail. Tetrameric 
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subunit association produces a multi-ion pore and selectivity filter comprised of H5, S6, 

and S4/S5 loops from each of the four subunits. Conformational changes required for 

channel opening are thought to t)e triggered by voltage-stimulated movement of S4 and 

S2 transmembrane regions through the electrical field, which in tum position the 

negatively charged S4/S5 loops for binding of the positively charged amino-terminal 

inactivation ball. Fast N-type inactivation inhibits potassium current flux, thereby 

enhancing C-type inactivation via reduction of potassium ion binding at a site at the outer 

mouth of the pore, thought to be the last ion binding site of the multi-ion pore. Slow C-

type inactivation, which is thought to occur by local protein rearrangement at the outer 

mouth of the ion pore, still occurs in the absence of N-type inactivation, although at a 

slower rate. Auxiliary p-subunits can associate with primary a-subunits at the amino 

terminus and enhance fast inactivation, voltage dependence of channel activation, and 

expression levels at the plasma membrane. Channel properties can also be modulated 

by direct phosphorylation of the channel polypeptide through physical association with 

tyrosine kinases. 

In summary, the functional diversity of potassium channels arises not only from 

the existence of a large gene family, but from heteromeric assembly of subunits within 

families, auxiliary beta-subunit association, channel phosphorylation, and specific 

subcellular targeting, thereby allowing different cell types to create unique currents. 

Knowledge of the structural components of the potassium channel polypeptide that 

dictate channel function lends greater understanding of the role that voltage-gated 

potassium channels play in the electrophysiology of an intact system such as heart. 
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1.3 THE ROLE OF POTASSIUM CHANNELS IN HEART 

The heart is an excellent system for describing the vital role that potassium 

channels play in the maintenance of normal cellular electrophysiology. Loss of 

channel function under pathophysiological conditions and during the pharmacological 

targeting of K* channels for the treatment of arrhythmias demonstrates the fundamental 

importance of these proteins for proper cardiac function. 

(1) Normal cardiac electrophysiology 

The heart generates rhythmic electrical activity without the requirement of external 

nen/ous stimulation (reviewed by Hondeghem and Roden, 1995; Shen^vood, 1997). In 

normal myocardium, an electrical wave begins at the sinoatrial (SA) node and propagates 

to the atrioventricular (AV) node, concurrently inducing depolarization and contraction of 

atrial muscle cells. Conduction slows at the AV node to facilitate propulsion of blood from 

the atria into the ventricles. The electrical impulse then travels through the right and left 

bundles of His and spreads out through Purî inje fibers that innervate ventricular muscle, 

effectively inducing synchronized contraction of ventricular muscle cells. 

Pacemaker cells and contractile cells are electrically excitable and work in concert 

to facilitate effective cardiac contraction. Pacemaker cells initiate the electrical signals 

required for cardiac contraction and are present in the SA node, AV node, and His-

Purkinje system. The bulk of heart tissue is composed of muscle cells whose contraction 

mechanically pumps blood through the organ when receiving a propagated electrical 

signal. The action potential characteristics of pacemaker and contractile cells differ in 

several features (Fig 1.9). Autorhythmicity is only present in pacemaker cells, and is 

determined by the rate of depolarization of the resting membrane potential. During 

diastole, cationic currents regulated by hyperpolarization (I,) become active (Clapham, 
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1998) while hypetpolarizing currents are turned off, together inducing pacemaker 

membrane depolarization. When the resting membrane potential of the SA and AV nodal 

pacemaker cells reaches threshold, an action potential is initiated in which the upstroke is 

due to an inward calcium conductance and repolarization is due to an outward potassium 

conductance. While Purkinje fibers display automaticity like that of nodal cells, ion 

conductances during the action potential are more similar to that of contractile cells and 

are discussed below. 

The electrical properties of atrial and ventricular muscle cells and Purkinje fibers 

differ from that of SA and AV nodal pacemaker cells in several ways (Fig 1.9). The 

resting membrane potential of contractile cells remains constant throughout diastole, and 

action potentials in these cells can only be initiated by depolarizations propagated from 

pacemaker cells. The action potential upstroke of Purkinje and contractile cells is due to 

sodium influx, not calcium (phase 0 - I^a). Rapid sodium current inactivation coupled with 

activation of transient repolarizing chloride and potassium currents creates a small notch 

at the peak of the action potential representing early repolarization (phase 1 - ITO). The 

action potential duration of Purkinje and muscle cells is much broader in duration than 

that of nodal cells due to an inward calcium conductance balanced with an outward 

potassium conductance, which creates a long plateau phase (phase 2 - Ica). Late 

repolarization (phase 3 - IK) occurs as inward calcium currents inactivate and outward 

potassium currents prevail. 

The molecular basis for phase 1 (eariy) and phase 3 (late) repolarization has been 

partially elucidated and found to be primarily due to the actions of voltage-dependent 

potassium channels (Table 1.3). Phase 1 repolarization occurs in part by the activation of 

transient outward (i.e., inactivating) potassium currents. Kv4.2 (rat) and Kv4.3 (human, 

rat, and canine) potassium channels display fast N-type inactivation similar in kinetics and 
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pharmacological sensitivity to that of the native ITO in ventricle, and are therefore 

hypothesized to be the molecular basis for phase 1 repolarization in this tissue (Dixon and 

McKinnon, 1994; Dixon etal., 1996). Additionally, transgenic expression of a dominant-

negative Kv4.2 subunit decreases ITO mouse ventricular myocytes (Barry et al., 1998). 

Kvl .7 channels from mouse also inactivate rapidly, but display inactivation kinetics and 

pharmacology more similar to that of the native ITO current obsen/ed in Purkinje fibers 

(Kalman et al., 1998). Because Kv1.4 mRNA transcripts have been detected in human 

heart, investigators once thought this fast-inactivating channel might t)e the molecular 

correlate for the human ITO- However, Kv1.4 protein has not been detected in human 

atrial or ventricular myocytes (Barry et al., 1995), leaving the functional role for this 

channel in humans in question. Based on the kinetics of recovery from inactivation, it has 

been suggested that Kvl .4 may underlie ITO human Purkinje fibers (McKinnon, 1999), 

thus explaining its low protein abundance because Purkinje fibers comprise only a small 

portion of the total mass of the heart. Interestingly, recent studies have shown that Kvl .4 

protein is expressed abundantly in rabbit atrial tissue, suggesting that together with 

Kv4.3, it underiies ITO species (Wang et al., 1999). Kvl .2 and Kvl .5 are also 

expressed in heart but do not possess fast N-type inactivation. However, heteromeric 

association with Kvl.7 subunits (Kalman et al., 1998) or auxiliary P-subunits (England et 

al., 1995) could confer fast inactivation onto these channels, indicating that they cannot 

yet be ruled out as molecular candidates for ITQ. 

Phase 3 late repolarization is due to the native cardiac current IK, an aggregate of 

the slow, rapid, and ultrarapid potassium currents IK,, IKT. and IKUF- These currents activate 

at different rates during phase 2 of the cardiac action potential, as reflected by their 

names, and oppose the inward calcium currents in order to maintain the plateau (Fig 
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1.10). Upon maximal activation late in the action potential, these delay-rectifier 

potassium currents mediate repolarization. The ultrarapid K* current activates with a time 

constant of 7 ms, while the rapid and slow currents activate with time constants of 200 

and 1000 ms in human atrial myocytes voltage clamped to -flO mV (Wang et a!., 1993; 

Wang et a/., 1994). The molecular con-elate for IK, is thought to l3e the minK channel 

complex, which is fomned by the association of KvLQTI and minK subunits. KvLQTI is 

homologous to S/7d/cer-related Kv subunits and produces a delayed-rectifier potassium 

cun'ent when expressed alone, whereas minK has a single membrane spanning domain 

and does not generate currents when expressed independently. Coexpression of these 

two subunits produces a current that activates on the order of seconds, reminiscent of 

that of the native IKJ (Barhanin et a/., 1996; Sanguinetti et al., 1996). The human ether-i-

go-go-related gene (Herg) is similar in topology to the Sttaker-re\ated genes and is the 

molecular candidate for l̂ r- Herg channels show voltage dependence of activation and 

rectification characteristics almost identical to that of the native IKT (Sanguinetti et al., 

1995), and are blocked by E-4031 and MK-499, two drugs specific for IKT (Trudeau et al., 

1995; Spectoref a/., 1996). 

A growing body of evidence supports the hypothesis that Kvl.5 mediates the 

ultrarapid potassium cun-ent (IKUF) in heart. Native IKUP and cloned Kvl.5 channels both 

show very rapid activation (on the order of several milliseconds), slow C-type inactivation, 

and similar activation voltages and single channel conductances (Fedida et a!., 1993). 

The pharmacology of Kvl .5 channels expressed in vitro is also similar to that of the 

native IKUFI both are blocked by micromolar concentrations 4-aminopyridine and insensitive 

to millimolar concentrations of tetraethylammonium chloride (Fedida et al., 1993). 

Molecular evidence also correlates Kvl.5 expression with the native IKUP in heart. 
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Antisense knockdown of Kvl.5 in atrial myocytes reduces IKUF by 50% (Feng etal., 1997). 

In chronic atrial fibrillation, a dramatic reduction in IKUF is paralleled by a marked reduction 

in Kv1.5 protein expression, implying that Kvl.5 plays an integral role in the generation of 

the ultrarapid K" current (Van Wagoner et al., 1997). 

(2) Cardiac electmphysiology in pathological conditions and in genetic defects 

The importance of potassium channels for the maintenance of normal cardiac 

electrophysiology is demonstrated by their activation or loss in pathological conditions, 

and by the effects of their mutation in genetic disorders. Since potassium channels 

control phase 3 of the action potential, one would predict that loss of potassium channel 

expression or inactivation due to a pathological condition would decrease the total 

amount of potassium current controlling repolarization, and therefore cause an increase 

in action potential duration (APD; Fig 1.11). Consistent with this prediction, decreased 

Kvl.5 mRNA expression was found to be accompanied by prolongation of the plateau 

phase of the action potential in a model of ventricular hypertrophy (Matsubara et al., 

1993), corroborating the role of Kvl .5 in action potential repolarization. An increase in 

potassium channel activity can shorten the duration of the cardiac action potential. For 

example, myocardial ischemia decreases the intracellular ATP/ADP ratio and 

consequently activates ATP-sensitive potassium channels (KATP), thus increasing the total 

potassium current contributing to repolarization and producing a cardioprotective 

shortening in APD (reviewed by Yokoshiki et al., 1998). It is interesting that acidosis, a 

known component of myocardial ischemia (Yan and KIdber, 1992), induces an increase in 

the APD (Bethell et al. 1998). Acid-dependent block of potassium channels that control 

action potential repolarization could explain this observation and is a prediction tested in 

this dissertation. 
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Genetic mutation of the genes encoding for potassium channels can also change 

properties of the cardiac action potential. Long QT syndrome is an inherited genetic 

disorder that causes severe ventricular arrhythmias and sudden death due to 

prolongation of the time required for ventricular action potential repolarization, defined as 

the QT interval (Fig 1.12; reviewed by Ackerman, 1998). Excessive prolongation of action 

potential repolarization is sometimes accompanied by an early afterdepolarization and 

initiation of an ectopic calcium-dependent action potential (Fig 1.12; Roden, 1996). QT 

prolongation can therefore create multiple sites of ectopic waveform initiation, called 

torsades de pointes (twisting of points; Dessertenne, 1966), which are manifest as 

abnormal electrical waveforms throughout the ventricles and subsequent ventricular 

tachycardia. Three of the six identified genetic fomns of long QT syndrome (LQT1, LQT2 

and LQT5) are due to mutations in potassium channel genes, demonstrating the 

importance of potassium currents for action potential repolarization (reviewed by 

Ackerman, 1998). KvLQTI, originally cloned from a genetic locus associated with long 

QT syndrome, is a potassium channel that coassembles with minK to generate IK,. 

Mutations in the gene for KvLQTI and the gene encoding for minK form the molecular 

basis for LQT1 and LQT5, respectively. Mutations of Hery, the molecular candidate for 

IKT, are the genetic basis for LQT2. 

(3) Targeting of potassium channels with Class III antianhythmic agents 

Potassium channels are pharmacological targets for the treatment of cardiac 

arrhythmias (reviewed by Roden 1993; Hondeghem and Roden, 1995; Roden 1996). As 

mentioned above, selective reduction of potassium currents can cause a prolongation of 

the action potential duration (a Class III antiarrhythmic effect), which can be therapeutic 

as well as arrhythmogenic. The effective refractory period (ERP) is the time during which 
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a cardiac cell cannot reinitiate another action potential due to lack of recovery of sodium 

channels from inactivation, and is determined by the time required for action potential 

repolarization. Block of potassium channels by Class III antiarrhythmic compounds 

causes an increase in the ERP due to APD prolongation. An increase in the ERP can 

prevent arrhythmias by restraining refractory cells from propagating ectopic waveforms 

that originate at locations other than the SA node. Increased refractoriness can 

effectively prevent abnormal conduction through the heart, such as that seen in reentry 

arrhythmia, a condition in which an impulse excites adjacent areas of the heart more than 

once during the heartbeat interval. 

Administration of Class III antiarrhythmic agents is useful in the treatment of 

reentry arrhythmia. Reentry of a depolarizing wavefront is sometimes caused by the 

marked slowing of an electrical impulse through an area of the heart previously damaged 

by ischemia. When the waveform exits the ischemic zone, it may encounter myocardium 

that has already recovered from a refractory state and re-excite it, inducing aberrant 

impulse conduction known as reentry arrhythmia. Alternatively, reentry events may occur 

when an initial fonward impulse, such as one propagating from the AV node, is totally 

extinguished by a zone of depressed excitability. Larger waveforms such as those 

emanating from the ventricular wall may be strong enough to jump the area of depressed 

excitability, inducing a retrograde electrical signal and premature contraction. Potassium 

channel blockers may reduce the reentry phenomenon by increasing the effective 

refractory period of the healthy cardiac tissue such that it cannot be re-excited by a 

wavefomn exiting an ischemic zone. Caution must be used when prescribing potassium 

channel blockers for the prevention of reentry arrhythmia because potassium channel 

block can often convert mildly depressed areas into areas of unidirectional block, thus 

inciting reentry events (Task Force of the Working Group on Arrhythmias of the European 
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Society of Cardiology, 1991). 

Administration of potassium channel blockers can induce the occurence of 

arrhythmic events (Mattel, 1998). Class III antiarrhythmic agents often exhibit minimal 

blocking efficacy at fast heart rates (when it is most needed), but tend to block 

excessively at slow heart rates, thus causing a marked increase in the QT interval and 

induction of torsades de pointes (Hondeghem and Snyders, 1990). These adverse 

effects tend to be amplified with the administration of drugs that solely target K* channels 

(i.e., clofilium, /V-acetyl-procainamide, and </-sotalol), whereas drugs such as amiodarone 

that combine several antiarrhythmic mechanisms tend not to induce excessive block at 

slow heart rates and torsades de pointes (Hohnloser, 1997). These observations indicate 

that while potassium channel antagonism is a good theoretical approach to the treatment 

of cardiac arrhythmias, further investigations into mechanisms of channel block are 

required for successful clinical application of drugs in this classification. 

To summarize, potassium channel conduction is essential for repolarization of the 

cardiac action potential. Pathological conditions that reduce potassium channel 

conductance increase APD, while those that enhance potassium conductance decrease 

APD. Patients with long QT syndrome, a genetic disease involving defective potassium 

channels, display increased ventricular repolarization times which places them at risk for 

torsades de pointes and sudden death. Potassium channels are phamiacological targets 

for the treatment of cardiac arrhythmias because they play an important role in action 

potential repolarization. Block of channels with Class III antiarrhythmic drugs induces 

a prolongation of the APD, which increases cellular refractoriness and potentially inhibits 

propagation of ectopically initiated waveforms in heart. While this is a promising 

mechanism for the treatment of cardiac arrhythmias, further investigation into the 

biophysical blocking properties of these agents is required to address problems such as 
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reverse-use-dependence and induction of torsades de pointes. 

1.4 GENERAL HYPOTHESIS AND AIMS 

Potassium cunrents mediate repolarization of the cardiac action potential. 

Administration of Class III antiarrhythmic agents blocks potassium currents and induces a 

therapeutic increase in the duration of the cardiac action potential, which can prevent 

arrhythmias by restraining refractory cells from propagating ectopic waveforms (Roden, 

1996). Excessive prolongation of the cardiac action potential duration (APD) is induced 

by acidosis, a detrimental symptom of myocardial ischemic damage that can be 

arrhythmogenic (Orchard and Cingolani, 1994). The purpose of the studies performed in 

this dissertation was to determine molecular mechanisms underlying APD prolongation 

induced by acidosis or the administration of Class III antiarrhythmic agents. I focused my 

studies on Kvl .2 and Kv1.5, two subtypes of voltage-gated potassium channels 

expressed in heart that are thought to contribute to repolarization of the cardiac action 

potential. 

My first specific aim was to test the effects of acidic pH on Kv1.2 and Kvl .5 

channel function. Acidosis induces prolongation of the cardiac action potential duration 

(Bethell et al. 1998), an effect that could be explained by acid-dependent block of Kvl .2 

or Kv1.5. To test if either of these channels is inhibited by acidic pH, I expressed each 

subtype separately in Xenopus oocytes and generated potassium currents using two-

electrode voltage clamp or cell-attached patch clamp. In Chapter 2,1 describe 

experiments performed to determine the effects of external proton concentration on 

current magnitudes, time- and voltage-dependence of activation, kinetics of inactivation 

and recovery from inactivation. These experiments led to the novel discovery of the 

differential sensitivity of Kvl .2 and Kvl .5 to acidic pH, which I explored further by using 
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molecular mutagenesis to elucidate the Kv1.5 channel pH sensor. 

My second specific aim was to test if Kv1.5 channels are blocked by the Class III 

antiarrhythmic agent clofilium. Administration of clofilium to human subjects increases 

the atrial and ventricular effective refractory period and lengthens the QT interval (Greene 

0t al., 1982). Clofilium increases Purkinje fiber APD in vitro (Steinberg et al., 1981), and 

has been shown to inhibit delayed rectifier potassium currents in isolated ventricular cells 

(Arena and Kass, 1988). Kvl.5 is a delayed rectifier potassium channel that is thought to 

fonn the molecular basis for the ultrarapid potassium current that mediates phase 3 

repolarization of the cardiac action potential (Feng et al., 1997; Van Wagoner et al., 

1997). Because Kvl.5 plays an important role in cardiac action potential repolarization, I 

hypothesized that the increase in APD induced by the administration of clofilium is due to 

block of Kvl.5 channels. To test this hypothesis, I expressed Kvl.5 channels in Xenopus 

oocytes and used two-electrode voltage clamp to analyze properties of current block by 

clofilium. I also characterized the blocking properties of two structural analogs of the 

drug, LY97241 and LY97542. In Chapter 3,1 discuss properties of state-dependent block 

of Kv1.5 channels and relate changes In blocking properties to structural features of 

clofilium and the analogs. Specifically, I examine the role of the charged state of the drug 

in receptor binding and compare these obsen/ations to block of voltage-gated sodium 

channels by local anesthetics. 

My third specific aim was to test if Kvl .2 channels are blocked by the Class III 

antiarrhythmic agent amiodarone. Amiodarone is a unique antiarrhythmic agent that 

exhibits properties of all four categories of the Vaughn Williams antiarrhythmics 

classification system (Vaughan Williams, 1992). One clinically useful property of the drug 

is that it produces a prolongation of the cardiac action potential, a Class III effect, 

indicating that amiodarone is a potential potassium channel blocker. Consistent with this 
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prediction, acute application of amiodarone substantially reduces the delayed rectifier 

outward potassium current (IK) in rabbit ventricular myocytes (Kamiya et al., 1995) and 

inhibits both the transient outward potassium current (ITO) and IK in rat cardiomyocytes 

(Guo et al., 1997). To test if the Class III effects of amiodarone observed in vivo and in 

vitro are mediated in part by block Kvl .2,1 examined the effects of amiodarone on Kv1.2 

channels expressed in Xenopus oocytes. Using two-electrode voltage clamp, I analyzed 

the effects of acutely applied amiodarone on the time- and voltage-dependence of Kvl .2 

channel activation. I explain the results of these experiments in Chapter 4. Differences I 

observed in block of Kv1.2 channels by amiodarone at acidic and neutral pH are 

discussed in terms of proton-modulation of drug and receptor conformations. 

Results presented in this dissertation provide a novel characterization of 

mechanisms underlying prolongation of the cardiac action potential induced by acidosis 

and the administration of the Class hi antiarrhythmic compounds, clofilium and 

amiodarone. It is my hope that insight provided by this work will further the development 

of Class III antiarrhythmic agents and lead to a better understanding of molecular 

mechanisms that mediate ischemia-induced cardiac arrhythmias. 
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A. Voltage-gated Sodium or Calcium Channel Topology; 

extracellular 

Intracellular 

B. Voltage-gated Potassium Channel Topology 

C. Tetrameric Channel Formation; D. Ion Selectivity Filter; 

Figure 1.1 Transmembrane topology of voltage-gated ion channels. The proposed 
membrane topology of the primary alpha subunit of a voltage-gated sodium or calcium 
channel (A), or potassium channel (B) is depicted. Potassium channels are comprised of a 
noncovalent assembly of four subunits (C). A conceptual illustration of fomiation of the ion 
selectivity filter by association of the pore loops in the center of the tetramer is shown In panel 
D. The fourth subunit and pore loop are omitted fjrom the illustration for clarity. 
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extracellular 

intracellular 

CO NH 

ShB Dros ILRVIRLVRVFRIFKL S RH S KGLQ 

Kvl. 1 rat ILRVIRLVRVFRIFKLSRHSKGLQ 

Kv2 . 1 rat VVQIFRIMRILRILKLARHSTGLQ 

Kv3 . 1 rat FLRVVRFVRILRIFKLTRHFVGLR 

Kv4 . 1 rat AFVTLRVFRVFRIFKFSRHSQGLR 

Figure 1.2 Sequence of the S4 region. The amino acid sequences of the fourth 
transmembrane segment (depicted in red, top) of mammalian representatives of 
the Shaker, Shab, Shaw, and Shal potassium channel families are are aligned 
with amino acids 360 to 383 of ShakerB (ShE) from Drosophila (Dros). Basic 
(positively charged) residues are shaded in gray. Three central arginine residues 
(R365, K368, R371) found to contribute to voltage-dependent gating of ShakerB 
(are indicated with an asterisk (Papazlan etal., 1991; Seoh etal., 1996). 
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extracellular 

intracellular 

^ * 

O) 
5 

ShB Dros 
K v l . 1  r a t  
K v 2 . 1  r a t  
K v 3 . 1  r a t  

K v 4 . 1  r a t  

EAGSENSFFKSIPDAFWWAVVTMTTVGYGDMTPVGVWGK 
EAEEAESHFSSIPDAFWWAVVSMTTVGYGDMYPVTIGGK 
EKDEDDTKFKSIPASFWWATITMTTVGYGDIYPKTLLGK 
PSASEHTHFKNIPIGFWWAVVTMTTLGYGDMYPQTWSGM 

EKGTSKTNFTSIPAAFWYTIVTMTTLGYGDMVPSTIAGK 

Figure 1.3 Sequence of the pore region. The amino acid sequences of the pore 
region and adjacent extracellular loops (depicted in red, top) of mammalian 
representatives of the Shaker, Shab, Shaw, and Shal potassium channel families are 
aligned with that of ShakerB {ShB) from Drosophila (Dros). Amino acids with greater 
than 50% occurrence within the sequences listed are shaded in gray and the putative 
pore region is underlined in black (amino acids 431-449 In ShakerB). Mutation of the 
amino acids in ShB marked with asterisks resulted in increased NH/ and Rb^ 
permeability (Yool and Schwarz, 1991) while mutation of the amino acids marked with 
diamonds resulted in increased Li\ Na*, Rb"^ Cs* and NH4* permeability 
(Heginbotham et a!., 1994). 



51 

extracellular 

S5 

Intracellular 

CO NH 

oo 
CO 

S4 
• • 
4c • • • • 

a> O) 
CO 

S5 

ShakerB Dros LQ ILGRTLKASMRELG LL 

Kvl. 1 rat LQ ILGQTLKASMRELG LL 
Kv2 . 1 rat LQ SLGFTLRRSYNELG LL 

Kv3. 1 rat LR VLGHTLRASTNEFL LL 

Kv4 . 1 rat LR ILGYTLKSCASELG Hi 

Figure 1.4 Sequence of the S4-SS loop. The amino acid sequences of the 
intracellular loop t>etween transmembrane segments 4 and 5 (depicted in red, top) of 
mammalian representatives of the Shaker, Shab, Shaw, and Shal potassium 
channel families are are aligned with ShakeiS {ShB, amino acids 382-399) from 
Drosophila (Dros). Mutation of the amino acids in ShB marked with asterisks 
resulted in increased Rb* permeability and are thought to line the pore (Slesinger et 
al., 1993). Mutation of the amino acids marked with diamonds decreased N-type 
channel inactivation while substitution of leucine 385 (square) with amino acids with 
smaller side chains such as alanine stabilized the inactivation state, implying that 
these residues likely form the receptor for the inactivation particle (Isacoff et al., 
1991). 
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OUT 
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Figure 1.5 Inactivation of voltage^ated potassium citannels. A highly simplified 
schematic of ion channel state transitions is shown in A. A voltage-gated potassium 
channel undergoes a voltage dependent transition from the closed (nonconducting) to 
open (conducting) state when the membrane is depolarized. After opening, the channel 
can undergo a voltage independent transition to a nonconducting inactivated state. The 
two general types of potassium channel inactivation are "N-type" (amino terminal) and 
"C-type" (carboxyl terminal) based on the regions associated with each functional 
property. B) The process of N-type inactivation is seen in only a subset of voltage-gated 

channels, and is explained as a fast "ball and chain" mechanism in which the amino 
terminal of a channel subunit swings into the internal face of the channel to inhibit current 
by physically occluding the pore. C) C-type inactivation is thought to block the ion 
channel by a local protein rearrangement at the external mouth of the pore. 
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Figure 1.6 N-type and C-type inactivation are coupled. C-type Inactivation Is 
thought to be regulated by a potassium ion binding site located at the extracellular 
mouth of the pore. It is hypothesized that occupation of this receptor by inhibits C-
type inactivation while vacancy enhances C-type inactivation (Baukrowitz and Yellen, 
1995,1996). A) Coupling of N-type inactivation to C-type inactivation may be due to the 
following sequence of events; Membrane depolarization induces channel opening and 
an increase in the concentration at the extracellular mouth of the pore, enhancing 
binding at the putative receptor, which when occupied, inhibits C-type inactivation. 
Subsequent N-type inactivation inhibits further flux of potassium ions, decreasing the 
concentration of at the extracellular face of the pore and the probability of receptor 
binding. The potassium ion receptor site becomes unoccupied and C-type inactivation 
is therefore induced. B) In channels lacking the N-temiinal inactivation peptide, the 
frequency of receptor occupation is much higher due to lack of fast inactivation, 
therefore C-type inactivation proceeds at a much slower rate. 
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Figure 1.7 ^subunit association with primary Kv a-subunits. Intracellular 
auxiliary Kv|3-subunits associate with primary Kva-subunits by interaction of the 
Kvp carboxyl terminus with the Kva amino tenninus to form complexes comprising 
of four a- and four (3-subunits (a4p4). Kvp-subunits can confer fast inactivation 
onto noninactivating Kva channels by a "ball and chain" inactivation mechanism 
similar to that of A-type channels. Kvp-subunits also alter Kva voltage-
dependence of activation and Kva expression at the plasma membrane. 
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Voltage sensors 
C-type inactivation 

mmi 

extracellular 

>i>  

p-Subunit 
Binding Domain 

Multimerization 
Domain Receptor for 

N-type inactivation 
Inactivation Ball 

hydrophilic exterior 
hydrophobic core 

SH3 Binding 
Domains 

intracellular 

PSD-95 binding domain 

Figure 1.8 Summary of Kva-subunit functional domains. A cartoon depiction of 
the transmembrane topology of a Kva-subunit is shown and important functional 
domains are indicated. Not all functional domains are found on all Kva-subunits. 

Voltage sensor: Select charged residues in S4 and S2. 
Pore: H5, S6, S4-S5 loop, post-S6 (proximal carboxy terminus). 
N-type inactivation: The inactivation "ball" is formed by the first 20 amino acids of the 
amino terminus, while the next 60 amino acids comprise the "chain". 
C-type inactivation: Select amino acids in the pore region and 3rd & 4th extacellular 
loops are known to contribute to C-type inactivation are indicated with stars. The 
contribution of H452 in Kv1.5 is demonstrated in Chapter 2 of this dissertation. 
Multimerization domain: Amino temninus. 
^subunit binding domain: Amino temfiinus, within multimerization domain 
PSD-95 binding domain: Distal carboxy terminus. 
SH3 domains: Two domains that bind the Src tyrosine kinase SM3 domain are found 
on the amino tenminus of Kv1.5. 
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Pacemaker cell 
(SA node, AV node) 

Contractile cell 
and Purkinje Fiber 

threshold 

time 

Figure 1.9 Schematic diagram oflwo types of cardiac actiort potentials. A 
diagram of the general shape of the action potential from a sinoatrial or atrioventricular 
cell is shown at left. Upstroke of the action potential is due to an inward calcium 
conductance (I^a) and repolarization is due to outward potassium conductance (1^). 
The pacing current, I,, is due to activation of a nonselective cationic current. A diagram 
describing the phases of an action potential from atrial and ventricular muscle cells and 
Purkinje fibers is show at right. Action potentials recorded from atrial muscle cells are 
generally shorter in duration than that of ventricular muscle cells and Purkinje fibers. 
Purkinje fibers are autorhythmic and contain the pacemaker current I, (indicated by a 
dotted line) while contractile cells do not. The phases of the action potential are as 
follows; Phase 0 upstroke (inward sodium current - I^a). phase 1 early repolarization 
(transient outward potassium - I^oi and transient chloride current - I-ro2)< phase 2 
plateau (inward calcium current - Ica). phase 3 late repolarization (delayed rectifier 
potassium current  -1^) ,  phase 4 diasto le ( inward rect i f ier  potassium cun'ent  -and 
pacemaker current -1,). 
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Figure 1.10 Time-dependent contribution of currents that generate the cardiac 
action potential. A schematic diagram of a hypothetical action potential from either a 
cardiac muscle cell or Purkinje fiber is shown above. The time dependence of 
activation and inactivation of some currents that generate the action potential are 
shown below. Upward deflections represent outward cun'ents while downward 
deflections represent inward currents. Magnitudes of curents are not to scale, and 
only a portion of the currents that govern the cardiac action potential are shown. I-roi -
transient outward potassium current; I^S, IK^. iKur' rapid, and ultrarapid 
components of the delay-rectifier potassium current; 1^- sodium current; I^a - L-type 
and T-type calcium currents. Modified from Roden, 1996. 
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Block of K* channels 

time 

Activation of 
K* channels 

Figure 1.11 Effects of changing potassium conductance on repolarization of 
the cardiac action potential. A schematic diagram of a hypothetical cardiac action 
potential is shown above (solid line). Block of potassium channels with Class III 
antiarrhythmics or by pathological conditions such as acidosis prolongs the action 
potential duration. An increase in potassium conductance by activation of K^TP 

channels in myocardial ischemia shortens the action potential duration. 
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Figure 1.12 Relationship of the ventricular action potential to the QT interval. A 
schematic diagram of a hypothetical ventricular action potential (solid lines) is shown 
above and a con-esponding electrocardiogram is shown below. Note that the P wave 
represents atrial depolarization, while QRS interval and the T wave represent ventricular 
depolarization and repolarization, respectively. The QT interval is defined as the time 
from the beginning of the QRS inten/al to the end of the T wave, and is prolonged in long 
QT syndrome due to mutational loss of repolarizing voltage-gated potassium currents. 
Delayed repolarization (as a result of a potassium channel defect in long QT syndrome 
or administration of a pure Class III antiantiythmic agent) can result in induction of an 
early afterdepolarization and triggering of a secondary action potential (dotted lines), 
which is the mechanism behind the arrhythmia called torsades de pointes (Roden, 
1996). 
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Simplified 
Nomenclature Species 

Mouse Rat Human 
Shaker -related 
Kv1.1 MBK1 RCK1 HK1 

MK1 RBK1 
RK1 

Kv1.2 MK2 RBK2 HK4 
RCK5 
NGK1 
RK2 

Kv1.3 MK3 RCK3 HPCN3 
RGK5 HLK3 
Kv3 

Kv1.4 RCK4 HPCN2 
RHK1 HK1 

HK2 
RK3 

Kv1.5 Kv1 HPCN1 
RK4 HK2 

Kv1.6 Kv2 HBK2 
RCK2 

Kv1.7 MK6 RK6 HaK6 
MK4 

Shab-re\ated 
Kv2.1 Mshab drki 
Kv2.2 cdrk 

Shaw-related 
Kv3.1 NGK2 Kv4 

Mshaw22 
Kv3.2 Mshaw12 RKShlllA 
Kv3.3 

Mshaw19 
Kv3.4 Raws 

S/ia/-related 
Kv4.1 Mshall 
Kv4.2 RK5 
Kv4.3 

Table 1.1 Simplified nomenclature of mammalian voltage-gated potassium 
channels related to the Shaker fymily. Modified from Chandy, 1991. 
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Channel 
subtype 

Expression localization 

Kv1.1 b^ain^ spinal cord'̂  smooth muscle '̂ 

Kv1.2 
heart (atrium > ventricle)"®, aortal brain^•^ spinal cord'®, smooth muscle '̂ 
(pulmonary artery '̂̂ ) 

Kv1.3 brain', lung', spleen', T lymphocyte''̂  

Kv1.4 brain'heart (mRNA detected, but not protein, except in rabbit^)'*'® 

Kvl.5 
heart®' (atrium = ventricle^®), aorta^ brain' (microglia'®), kidney', lung', 
skeletal muscle '̂, smooth muscle (uterus, renal artery, pulmonary artery, 
portal vein)®, pancreatic islet'̂ , anterk>r pituitary'® 

Kvl.6 brain' 

Kv1.7 heart, skeletal muscle, brain, placenta, and pancreatk: P-cell'® 

Kv2.1 
heart® (atrium > ventricle)^®, aorta^, brain^®® '* '®, retina'®'®, kkJney'®, skeletal 
muscle'®, olfactory epithilium'®, pancreatic 3-celP', pulmonary arterial smooth 
muscle" 

Kv2.2 
brain®^®, retina'®, tongue epithilium'®, circumvallate papillae'®, smooth 
muscle" 

Kv3.1 brain®, T lymphocyte'̂  

Kv3.2 brain® 

Kv3.3 brain® 

Kv3.4 brain®, skeletal muscle"^* 

Kv4.1 brain" 

Kv4.2 brain' heart^ ® (atrium < ventricle®), vas deferens smooth muscle" 

Kv4.3 heart", brain", vas deferens smooth muscle^ 

Table 1.2 Expression localization of mammalian Kv channels A summary of reported 
expression of mammalian Kv mRNA or protein is listed above. References are as follows; 1. 
Grissmeref a/., 1990 2. McKlnnon, 1989 3. RoberdsandTamkun, 1991 4. Tseng-Crank a/., 
1990 5. Dixon andMcKinnon, 1994 6. Barry etal., 1995 7. Swanson etal., 1990 8. Overturf efa/., 
1994 9. Freeh ef a/., 1989 10. Jou ef a/., 1998 11. Martens and Gelband, 1998 12. Philipson ef 
a/., 1991 13. Sheng efa/., 1992 14. Trimmer, 1991 15. Veh ef a/., 1995 16. Kalman ef a/., 1998 
17. Dixon etal., 1996 18. Hwang etal., 1993 19. Hwang etal., 1992 20. Grissmer ef a/., 1992 21. 
Roe etal., 1996 22. Wang e/a/., 1999 23. Ohya et al., 1997 24. Vullhorst efa/., 1998 
25. Attaliefa/., 1992 26. Yuan etal., 1998 27. Archer etal., 1998. 
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Cardiac 
current Molecular candidates 

Ijo 

Kv4.2 (rat ventricular muscle) 
Kv4.3 (human, rat, mouse and canine ventricular and rabbit atrial 

muscle) 
Kvl .7 (mouse Purkinje fibers) 
Kv1.4 (rabbit atrial muscle, human Purkinje fibers?) 
Kv1.2yKv1.7 
Kv1.5/Kv1.7 
Kv1.2/Kvp 
Kv1.5/Kvp 

IKS minK channel complex (KvLQTI + minK) 

^Kr 
He/p 
Herg + minK 

^Kur 
Kv1.5 

IKI Kir family (inward rectifiers) 

Table 1.3 Molecular candidates for cardiac potassium currents. See text for details. 
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CHAPTER 2. Differential Sensitivity of the Voltage-Gated 
Potassium Channels Kv1.5 and Kv1.2 to Acidic pH and Molecular 
Identification of the pH Sensor. 

2.1 INTRODUCTION 

Voltage-gated potassium currents control the duration of the cardiac action 

potential (reviewed by Barry and Nerbonne, 1996). Kvl .2 and Kvl .5 are two of the 

voltage-gated potassium channels that are expressed in heart and are thought to 

contribute to ITO and IK (Chandy et a/., 1990; Swanson et al., 1990). RNase protection 

assays and Western blot analyses have shown that Kv1.2 protein is more abundant in 

atrium than in ventricle, whereas Kv1.5 expression is approximately equal in both tissues 

(Dixon and McKinnon, 1994; Barry et al., 1995). Immunostaining has revealed that Kv1.5 

distribution is localized to the intercalated disk regions (Mays et al., 1995). 

Kvl.5 and Kvl.2 play an important role in normal cardiac physiology. Several 

lines of evidence suggest that Kvl .2 and Kv1.5 contribute to phase 1 (Ijq) and phase 3 

(IK) components of cardiac action potential repolarization. Kvl.2 and Kvl.5 may 

contribute to the transient outward cardiac current ITOI." when coexpressed with 

heterotypic alpha or beta subunits, Kvl .2 and Kvl .5 gain fast inactivation properties 

kinetically similar to that of ITOI (reviewed by Roden and George, 1997). A growing body 

of evidence supports the hypothesis that Kvl.5 mediates the ultrarapid potassium current 

(IKUF) that augments late cardiac action potential repolarization. Antisense knockdown of 

Kvl.5 in atrial myocytes reduces IKUF by 50% (Feng et al., 1997). In chronic atrial 

fibrillation, a dramatic reduction in iKur >s paralleled by a marî ed reduction in Kvl .5 protein 

expression, implying that Kv1.5 plays an integral role in the generation of the ultrarapid K* 

current (Van Wagoner et a/., 1997). Similarly, decreased Kvl.5 mRNA expression was 

found to be accompanied by prolongation of the plateau phase of the action potential in a 
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model of ventricular hypertrophy (Matsubara et al., 1993), corroborating the role of Kv1.5 

in action potential repolarization. 

Kv channels may be targets in pathological conditions that disturb acid-base 

balance such as myocardial ischemia, diabetic ketoacidosis, and respiratory acidosis due 

to hypoventilation (Orchard and Cingclani, 1994). Acidification of cardiac cells, both 

extracellulariy and intracellulariy, occurs within minutes of the onset of myocardial 

ischemia (Yan and KI6ber, 1992), reaching levels as low as pH 5.9 after induction of 

ischemia by coronary artery occlusion (Axford et al., 1992). In most cases, acidosis 

increases cardiac action potential duration (Hecht and Hutter, 1965; Vaughan Williams 

and Whyte, 1967; Coraboeuf ef a/., 1976; Fry and Poole-Wilson, 1981; Bethell etal. 

1998), supporting the idea that K" channel-mediated repolarization is impaired at low pH. 

For example, acidosis increased the action potential duration by 15% (pH 7.3 to 6.6) in 

isolated guinea-pig ventricular muscle (Fry and Poole-Wilson, 1981). Prolongation of 

repolarization at low pH can be antiythmogenic (reviewed by Orchard and Cingolani, 

1994); acidosis increased action potential duration in isolated dog Purkinje fibers, causing 

abnormal repolarization and eariy afterdepolarizations that were suggested to be due to a 

decrease in delayed rectifying potassium currents (Coraboeuf et al., 1976). 

Although the effect of decreased pH in prolonging action potentials is well 

documented, the molecular target of acidification has not previously been determined. 

Novel results presented here show that Kvl.5 channels are blocked at acidic pH in a 

range that is relevant to pathophysiological conditions. The effect is specific; channels 

encoded by the highly homologous protein sequence Kv1.2 (61% amino acid identity) are 

resistant to acidic pH. Using site directed mutagenesis, we identified the molecular pH 

sensor of Kvl .5 as an externally accessible histidine residue (452 in Kvl .5). We propose 

that at acidic pH, protonation of this residue causes channels to accumulate in the C-type 
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inactivated state. Increases in action potential duration that were observed in prior 

studies could be due to pH-dependent accumulation of Kv1.5 channels in the C-type 

inactivated state. 

2.2 MATERIALS AND METHODS 

(1) Molecular techniques 

The gene for Kvl .5 cloned from rat was provided by Dr. R. Swanson (Swanson et 

al., 1990). We transferred the cDNA for Kv1.5 into a pBluescript KS vector (Stratagene, 

La Jolla CA) modified by the insertion of the 5' untranslated region (UTR) of Xenopus fi-

globin to enhance expression in oocytes. The gene for Kv1.2 cloned from mouse in the 

pGEM3Z vector (Promega, Madison Wt) with the 5' untranslated region of Xenopus &-

globin was provided by Dr. B. Tempel (Hopkins et al., 1994). Plasmid DNA was linearized 

at a BamH\ (wildtype Kvl.5), EcoRi (Kvl.2), or BstX\ site (Kvl.5 mutants) in the polylinker 

region and used to synthesize RNA in vitro with T3 (Kvl .5 wildtype and mutants) or SP6 

RNA polymerase (Kvl .2; Boehringer Mannheim, Indianapolis IN). The sizes of the 

linearized cDNA and cRNA were checked by gel electrophoresis (Fig 2.1). 

Point mutations in Kvl.5 were constructed using PCR with primers encoding for 

two DNA base changes; one base mutation was used to create the desired amino acid 

change (l-i449R or H452Q, boldface), while the other mutation was used to introduce a 

unique restriction site {BamH\, underlined) between the proposed amino acid mutations. 

The DNA base substitution used to create the BamH\ site (GGATCC) constituted a silent 

amino acid mutation; GGG and GGA codons both encode glycine. The final DNA 

sequences encoding for amino acids 449-452 in wildtype and mutant channels are shown 

below; 
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wildtype Kvl .5 5' CAC GGG TCC CAT 3' 

Kv1.5 H449R 5' CGC GGATCC CAT 3' 

KV1.5H452Q 5' CAC GGA TCC CAA 3' 

KV1.5H449R/H452Q 5' CGC GGA TCC CAA 3' 

Pwo DMA polymerase (Boehringer Mannheim, Indianapolis IN) was used to perfonn PCR 

on the 5' and 3' segments of the Kv1.5 wildtype gene, as delineated by the newly 

introduced BamH\ site (Fig 2.2). Two rounds of ligation were used to sequentially insert 

the 5' and 3' segments of the Kv1.5 wildtype and mutant genes into the modified 

pBluescript Q-globin UTR vector described above. The Kv1.5 mutant DNA was analyzed 

by restriction digest to verify insertion of the unique Sa/nHI site and correct orientation of 

the insert in pBluescript KS (Fig 2.3). The entire coding region of the mutant constructs 

was sequenced to verify that the desired mutations were introduced and that no 

extraneous mutations were created. 

(2) Oocyte preparation 

Oocytes from anesthetized mature female Xenopus laevis were obtained by 

surgical removal of several lobes of ovary. Follicular cell layers were removed by 

treatment with collagenase (type 1,1.5 mg/mL; Worthington Biochemical, Freehold NJ) 

and trypsin inhibitor (type lll-O chicken egg white, 0.5 mg/mL, Sigma, St. Louis MO) for 

approximately 2 hours in calcium free medium (104 mM NaCI, 3.3 mM KCI, 1.3 mM 

MgClj, 6.3 mM HEPES, 100 units/mL penicillin, 100 /ig/mL streptomycin, pH 7.6). 

Prepared oocytes were injected with approximately 0.5-1 ng of mRNA in 50 nl of sterile 

water and incubated for 1-7 days at 18°C in culture medium {modified Barlti's: 88 mM 

NaCI. 2.4 mM NaHCOj, 1 mM KCI, 0.41 mM CaClz, 0.33 mM Ca(N03)2, 0.82 mM MgSO^, 

10 mM HEPES, 2.5 mM pyruvic acid, 5% calf serum, 100 units/mL penicillin, 100 >ug/mL 
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Streptomycin, pH 7.4 or ND96: 96 mM NaCI, 2 mM KCI, 1.8 mM CaCl2, 1 mM MgClz, 5 

mM HEPES, 2.5 m^^ pyruvic acid, 100 units/mL penicillin, 100 ^g/mL streptomycin, pH 

7.6) before recording. The vitelline membrane was stripped from oocytes using fine 

forceps and hypertonic saline (200 mM N-methyl glucamine aspartate, 20 mM KCI, 10 

mM EGTA, 1 mM MgClj, 10 mM HEPES, adjusted to pH 7.3 with aspartic acid) just prior 

to patch clamp recordings. 

(3) Electrophysiological recording 

For two-electrode voltage-clamp recordings, the bath saline was composed of 100 

mM NaCI, 5 mM MgCia, 2.0 mM KCI, 2 mM CaClj, 2 mM EGTA, and either 5.0 mM 2-[N-

Morpholinojethane-sulfonic acid (MES, pH 5.3 and pH 6.3), 5 mM HEPES (pH 7.3), or 5 

mM Trizma (pH 8.3). Two-electrode voltage-clamp recordings at room temperature used 

electrodes (0.5-2.0 MQ) filled with 3 M KCI. Cell attached patch clamp recordings were 

performed with a bath saline composed of 102 mM KCI, 2 mM CaClj, 5 mM MgClz, 2 mM 

EGTA, and 5 mM HEPES, pH 7.3. Patch pipette solutions were identical to the bath 

salines used for two-electrode voltage-clamp. Voltage-gated potassium currents were 

activated with step protocols to +40 mV from a holding potential of -80 mV. The 

expressed cun-ents ranged from 2 to 8 A<A in two-electrode voltage-clamp recordings, and 

200 pA to 8 nA in patch recordings. In two-electrode voltage-clamp recordings, currents 

were first measured at pH 7.3, and then salines of pH 5.3, 6.3 or 8.3 were perfused into 

the recording chamber for measurement of cunrents at experimental pH values. In cell 

attached patch recordings, only the extemal surface of the membrane contained in the 

patch was exposed to pipette salines of experimental pH values, and the high K^ bath 

saline was maintained at pH 7.3. Data were recorded with a GeneClamp 500 (Axon 

instruments, Foster City CA), filtered at 2 kHz, digitized at 50 to 2000 A^sec, and analyzed 
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with pClamp software (Axon Instruments). 

2.3 RESULTS 

The sensitivity of Kv1.2 and Kv1.5 potassium currents to extemal pH was initially 

characterized with two-electrode voltage-clamp in Xenopus oocytes by stepping from a 

resting membrane potential of -80 mV to •*•40 mV for 300 ms. To allow full recovery of 

channels from inactivation, 25 seconds was allowed between steps to +40 mV. Cun-ent 

amplitudes were first measured in the control condition (pH 7.3), and then salines of pH 

5.3, 6.3, or 8.3 were perfused in random order into the recording chamber to assess the 

effects of different proton concentrations on the potassium currents (Fig 2.4). Since we 

found the proton-induced block to be reversible, control saline (pH 7.3) was reapplied to 

the bath after each test pH to demonstrate that the changes in current amplitudes 

observed during the experiment were indeed due the effect of pH and not due to 

extraneous factors. 

The difference in pH-sensitivity between Kv1.2 and Kvl .5 was striking. Kvl .5 

currents were very sensitive to acidic pH, and decreased in amplitude by 46 ± 4% (mean 

± SD, n=6) at pH 6.3 and 96 ± 3% (n=5) at pH 5.3 when compared to current amplitudes 

observed at pH 7.3 (Fig 2.4B). Kv1.2 currents amplitudes were relatively insensitive to an 

increase in proton concentration, and only decreased by 3 ± 3% (n=7) at pH 6.3 and 17 ± 

5% (n=9) at pH 5.3 when compared to control currents obtained at pH 7.3 (Fig 2.4A). 

Alkaline pH increased current amplitudes of Kv1.5 by 7 ± 3% (n=5) but had no apparent 

effect on Kv1.2 current amplitudes (n=9). The amplitude of Kv1.2 cunrents showed an 

approximately linear relationship with extracellular pH over the range tested (Fig 2.4C), 

whereas the pH-dependence of Kv1.5 currents was t>est described by a sigmoidal 

equation with a pKa value of 6.2 (Fig 2.4D). Presumably, the pH sensitive range of Kv1.2 
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currents, if present, was t)elow pH 5.3. 

We next analyzed currents over long depolarizing pulse durations to investigate 

the mechanisnfi behind the preferential block of Kv1.5 at acidic pH. Multiple cell attached 

patches were nnade on oocytes expressing Kv1.2 or Kv1.5 with electrodes containing Na* 

recording saline at a pH of 6.3 or 7.3; bath pH was maintained at pH 7.3. Potassium 

currents were elicited by stepping to +40 mV for 950 ms from a resting membrane 

potential of -80 mV (Fig 2.5) and percent inactivation was calculated as the nonnalized 

difference between the peak and apparent steady state currents. We noted that relatively 

long step depolarizations induced greater inactivation of Kv1.5 currents at pH 6.3 (53.3 ± 

9,9%, mean ± SD, N=17) than at pH 7.3 (23.5 ± 2.3%, N=16). No difference was seen 

with Kv1.2 in terms of the magnitude of current amplitude decay at pH 6.3 (19.8 ± 4.3%, 

N=12) versus pH 7.3 (17.5 ± 3.7%, N=12). We hypothesized that the enhanced 

magnitude of Kvl .5 current decay at pH 6.3 was due to accumulation of Kvl .5 wildtype 

channels in the C-type inactivated state. 

To determine if recovery from C-type inactivation was slowed at acidic pH, we 

analyzed the time-dependence of recovery from inactivation at acidic versus neutral 

external pH. Cell attached patches were made on oocytes expressing Kv1.2 or Kvl.5 

with electrodes containing salines at pH 6.3 or 7.3; bath pH was maintained at pH 7.3. 

Recovery from inactivation was evaluated using a two-pulse protocol in which a 

conditioning pulse was used to elicit C-type inactivation and a subsequent test pulse was 

used to evaluate recovery from inactivation (Fig 2.6A). Recovery fronn inactivation was 

evaluated over a series of recovery intervals ranging from 28 ms to 32 seconds, and the 

percent recovery was standardized to the peak amplitude of the conditioning pulse and 

plotted as a function of time (Fig 2.6, B and C). Acidic pH dramatically slowed the 

recovery of Kvl .5 from inactivation; the time required to achieve 50% recovery was 
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shifted from 220 ms at pH 7.3 to 7900 ms at pH 6.3. Conversely, variations in external 

pH had no effect on the recovery rate of Kv1.2 from inactivatlon; 50% recovery was 

achieved by 103 ms at pH 6.3 and by 90 ms at pH 7.3. These data demonstrated that 

extemal acidification slowed the recovery of Kv1.5 channels from inactivation with little 

apparent effect on the rate of recovery of Kv1.2 from inactivation. 

In heart, the duration of diastole is not long enough to allow full recovery of Kv 

channels from inactivation, especially at fast heart rates where diastolic time is reduced. 

As a result, a proportion of the channel population normally exists in the inactivated state 

(Rasmusson et a!., 1998). We therefore considered it important to test whether extemal 

pH influenced the proportion of inactivated channels during a protocol that simulated 

constant pacing, acknowledging that an increase in the proportion of the inactivated 

channel population could contribute to the observed pH dependent block. Protocols 

simulating pacing rates of 75 and 180 beats per minute (bpm) were tested on oocytes 

expressing Kvl .2 or Kvl .5 in the cell-attached patch clamp mode with electrodes 

containing saline at a pH of 6.3 or 7.3 while bath pH was maintained at pH 7.3. Pacing 

protocols resulted in cumulative inactivation; maximum cun-ent amplitude declined 

exponentially with each successive step reaching an apparent steady state within 

approximately 50 s or less. 

Kvl .2 current amplitudes were measured at a simulated pacing rate of 75 bpm 

(Fig 2.7A). At pH 6.3, current amplitudes reached an apparent steady state at a value 

that was 11 ±8% (mean ± SD, n=9) less than the initial peak value. At pH 7.3, the 

apparent steady state was 12 ± 5% (n=10) and at pH 8.3 the apparent steady state was 

15 ± 10% (n=9) less than the initial peak current value. Kv1.2 current amplitudes were 

also measured at 180 bpm simulated pacing. At pH 6.3, 7.3, and 8.3, the apparent 

steady states current values were 20 ± 8% (n=9), 21 ± 5% (n=10), and 23 ± 8% (n=9) 
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less than the initial peak current values, respectively. When compared within each 

pacing rate, no significant difference was detected tietween apparent steady state values 

obtained at pH 6.3, 7.3, and 8.3. These data demonstrated that neither acid nor alkaline 

pH changed the curent earned by Kv1.2 channels during the simulated pacing 

experiments. In summary, pH had little effect on Kv1.2 mediated currents. 

In contrast, amplitudes of Kv1.5 currents were very sensitive to acidification of 

extracellular pH during pacing protocols (Fig 2.7B). At pH 6.3, a simulated pace rate of 

75 bpm resulted in an apparent steady state that was 60 ± 10% (mean ± SD, n=14) less 

than the initial peak value. At pH 7.3, the steady state value was 22 ± 10% (n=13) less 

than the initial peak current and at pH 8.3, the steady state value was 27 ± 9% (n=10) 

less than the initial current value. Kvl .5 current amplitudes were also measured at the 

faster simulated pacing rate of 180 bpm. At pH 6.3, steady state current was 69 ± 8% 

(n=14) less than initial cun-ent value, while at 7.3 and 8.3 steady state currents were 34 ± 

10% (n=13) and 40 ± 7% (n=10) less than initial peak values, respectively. Acidification 

(pH 6.3) significantly reduced (p<0.01) steady state current values by 38% at 75 bpm and 

35% at 180 bpm when compared to steady state current values at pH 7.3. Alkaline pH 

had no apparent effect on the steady state current values of Kv1.5. In summary, Kvl .5 

currents amplitudes were substantially blocked at acidic pH, and the magnitude of block 

was similar at both pacing rates. 

We considered the possibility that in addition to its effects on inactivation, acidic 

pH might also affect properties channel activation. For example, a reduction in Kv1.5 

currents during acidification could have been attributed to a positive shift in the voltage-

dependence of activation of Kv1.5 channels. To explore this possibility, we analyzed 

potassium currents over a series of voltages ranging from -90 to •»-60 mV and fitted the 

nonnalized conductance curves with the Boltzman equation to determine the voltage 
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required for 50% channel activation (Fig 2.8). We found that acidic pH shifted the 

voltage-dependence of activation of both Kv1.5 (Fig 2.8B) and Kv1.2 (Fig 2.8A) towards 

more depolarized voltages; the midpoint of conduction of Kv1.5 was shifted from -25.7 ± 

10 mV at pH 7.3 (mean ± SD. N=12) to -2.5 ± 6.1 mV at pH 6.3 (N=10), while the 

midpoint of conduction of Kv1.2 was shifted from -43.4 ±10 mV at pH 7.3 (N=13) to 

-36.0 ± 7.9 mV at pH 6.3 (N=12). While both conductance shifts were statistically 

significant (p<0.01 for Kv1.5 and p<0.05 for Kv1.2, T-test), the 23.2 mV shift in Kvl.5 

conductance was much greater than the 7.4 mV shift obsen/ed for Kvl .2. To further 

quantitate properties of channel activation, we determined the time required for the rising 

phase of potassium currents to increase from 10% to 90% of the total cun-ent amplitude 

evoked by depolarizations ranging from -40 mV to -»€0 mV from a holding potential of -80 

mV (Fig 2.9, A and B). At +40 mV, the 10-90% rise time was significantly slower for 

Kvl.5 (p<0.01, T-test) at acidic pH (6.1 ± 2.3 ms, mean ± SD, N=9) than at neutral pH 

(2.9 ± 0.9 ms at pH 7.3, N=8) whereas the Kvl.2 current 10-90% rise times were not 

significantly affected by acidosis (1.9 ± 0.6 ms at pH 6.3 and 1.7 ± 0.3 ms at pH 7.3, N29, 

p=0.2). Significant slowing of Kv1.5 activation by acidic pH was detected over the entire 

range of voltages tested, while no differences in Kvl .2 activation times were observed. 

In summary, acidosis induced a greater positive shift in the conductance-voltage 

relationship for Kvl .5 than for Kv1.2, and slowed the kinetics of activation of Kvl .5, but 

not Kvl .2 currents. Therefore, acidosis altered properties of Kvl .5 current activation as 

well as inactivation. We next used site-directed mutagenesis to determine the relative 

contribution of each mechanism to the apparent pH-sensitivity of Kvl .5 cunrents (below). 

The calculated pKa value for Kvl .5 currents estimated from the two-electrode 

voltage-clamp studies was 6.2, a value similar to the pKa of histidine (6.0). It seemed 

likely that pH-sensitivity of Kvl.5 was due to protonation of a critical histidine residue, a 
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prediction that was tested using site-directed mutagenesis. An initial comparison of the 

amino acid sequences of Kv1.2 and Kv1.5 revealed the presence of two unique histidine 

residues (H449 and H452) in the third extracellular loop of Kv1.5 that were not present in 

Kv1.2 (Fig 2.10). This region of the protein contributes to the formation of the external 

vestibule of the channel pore (reviewed by Roden and George, 1997) and could play a 

role in C-type inactivation. To test if either histidine was responsible for the observed 

sensitivity of Kvl.5 to acidic pH, we mutated the sites to the coresponding arginine and 

glutamine residues present in Kv1.2. Three mutant Kvl.5 genes were constructed; each 

histidine residue was mutated separately (Kv1.5H449R and Kv1.5H452Q) and a double 

mutant was constructed in which both histidine residues were mutated simultaneously 

(KV1.5H449R/H452Q). 

The Kv1.5 histidine mutants were expressed in Xenopus oocytes and 

characterized with respect to their sensitivity to extemal pH using two-electrode voltage-

clamp (Fig 2.11). As described for the wildtype channels, cun'ent amplitudes were first 

measured in the control condition (pH 7.3), and then salines of pH 5.3, 6.3, or 8.3 were 

perfused in random order into the recording chamber to detemnine the effects of proton 

concentration on current amplitudes. We found that the Kvl .5H449R mutant (Fig 2.11B) 

displayed a pattern of pH-sensitivity quantitatively similar to that observed for wildtype 

Kvl.5 (Fig 2.11A). When compared to curent amplitude at pH 7.3, the wildtype Kvl .5 

and Kv1.5H449R current amplitudes were reduced by 40 ± 5% and 30 ± 2% at pH 6.3, 

and 93 ± 5% and 95 ± 2% at pH 5.3, respectively (mean ± SD, N=5). However, the 

H452Q mutation was much less sensitive to acidic pH, such that current amplitude was 

only reduced by 8 ± 2% at pH 6.3 and 41 ± 5% at pH 5.3 (N=5) when compared to current 

amplitude at pH 7.3 (Fig 2.11C). The Kv1.5H449R/l-l452Q double mutant displayed a 

pattern of pH-sensitivity similar to that of Kv1.5H452Q (Fig 2.1 ID); current amplitude was 
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reduced by 9 ± 3% at pH 6.3 and 48 ± 3% at pH 5.3 (N=5). Since the i-t452Q mutation 

was found to confer partial resistance to acidic pH onto Kv1.5 while the H449R mutation 

did not, we concluded that the 1-1452 residue contributes to the external pH sensor of the 

Kv1.5 channel. 

There are two possible explanations for the mutation-induced resistance to acidic 

pH; (1) mutated Kv1.5 channels no longer accumulate in the Otype inactivated state 

during acidification; or (2) the voltage-dependence of activation remains constant despite 

acidic pH. To distinguish between these possibilities, we analyzed properties of 

inactivation and activation in Kv1.5H452Q channels. 

The time-dependence of recovery of IH452Q channels from inactivation at acidic 

versus neutral external pH was unlike that of wildtype Kv1.5 channels but reminiscent of 

Kv1.2 channels, in that H452Q channels recovered well from inactivation despite acidic 

pH (Fig 2.12). Acidic pH had no effect on the recovery of Kv1.5H452Q channels from 

inactivation: the time required to achieve 50% recovery was 356 ms at pH 7.3 and 363 

ms at pH 6.3. These recovery times were similar to the value of 220 ms found for the 

wildtype Kv1.5 channel at pH 7.3 (Fig 2.6C), indicating that the H452Q amino acid 

mutation did not alter inactivation properties of the channel under conditions of neutral 

pH. 

Protocols simulating pacing rates of 75 and 180 beats per minute (bpm) were 

tested on oocytes expressing Kv1.5H452Q. The H452Q mutation protected Kvl .5 

channels from acid-induced accumulation in the inactivated state during simulated 

pacing. Kv1.5H452Q curent amplitudes were measured at a simulated pacing rate of 75 

bpm (Fig 2.13). At pH 6.3, current amplitudes reached an apparent steady state at a 

value that was 21 ± 6% (mean ± SD, n=9) less than the initial peak value and at pH 7.3, 

the apparent steady state was 19 ± 4% (n=9) less than the initial peak current value. 
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Kv1.5hi452Q current amplitudes were also measured at 180 bpm simulated pacing. At 

pH 6.3 and 7.3, the apparent steady state current values were 31 ± 6% (n=9) and 33 ± 

4% (n=9) less than the initial peak current values, respectively. When compared within 

each pacing rate, no significant difference was detected between apparent steady state 

values obtained at pH 6.3 or 7.3 (T-test, p=0.2). 

Lastly, we tested the pH-dependence of the voltage-dependence of activation of 

Kv1.5l-I452Q, and found that activation properties of the mutant at different external pH 

values were similar to those of the wildtype Kvl .5 channel. As in wildtype, acidic pH 

moved the voltage-dependence of activation of Kvl .5H452Q towards more depolarized 

voltages (Fig 2.14) such that the midpoint of conduction was shifted from -26.5 ± 4.1 mV 

at pH 7.3 to -10.0 ± 4.3 mV at pH 6.3 (mean ± SD, N=9). Kinetics of Kvl .5H452Q 

activation were significantly different at the two pH values tested (Fig 2.9C); the 10-90% 

rise time at +40 mV was 2.1 ± 0.6 ms at pH 7.3 (mean ± SD, N=8) and 4.5 ± 2.2 ms at pH 

6.3 (N=9, p<0.01, T-test). Additionally, the net acid-induced shift in Kv1.5H452Q current 

activation was identical to that of wildtype Kvl .5 over the entire series of voltages tested 

(Fig 2.90). Changes in activation at acidic pH thus cannot account for the observed 

properties of pH-dependent channel block. 

2.4 DISCUSSION 

Using two complementary electrophysiological techniques, we found that Kv1.5 

potassium currents are sensitive to external acidic pH while Kvl .2 currents are not. In 

addition, we found that neither channel type is sensitive to external alkaline pH. By 

combining the data gained from two-electrode voltage-clamp and patch clamp, it is 

possible to estimate the total pH dependent block of Kvl .5 that may occur in an intact 

system such as the heart. For example, Kvl .5 maximal current amplitudes were 
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decreased by 46% when pH was changed from 7.3 to 6.3 in two-electrode voltage-clamp 

mode. Therefore, the maximal initial current amplitudes that were measured in simulated 

pacing experiments at pH 6.3 can represent at maximum only 54% of the total control 

Kv1.5 cunrent amplitude. Subsequently, a simulated pace rate of 75 bpm resulted in an 

apparent steady state that was 60% less than the initial value. Considering the results of 

both the two-electrode voltage-clamp data and patch clamp data, it is clear that only 22% 

of the total control Kv1.5 current remained after simulated pacing (75 bpm) at pH 6.3, 

representing a substantial level of block of Kv1.5 conductance. In contrast, Kv1.2 

currents amplitudes decreased only by 3% in two-electrode voltage-clamp studies at pH 

6.3 and experienced an additional 11% block during simulated pacing at 75 bpm. 

Therefore, 86% of the total Kvl .2 curent amplitude remained unimpaired after simulated 

pacing at pH 6.3, a value comparable to control Kv1.2 currents at pH 7.3. 

C-type inactivation is a mechanism by which a channel undergoes a 

confomiational change from an open state to a nonconducting state during membrane 

depolarization (reviewed by Rasmusson et al., 1998). The kinetics of C-type inactivation 

can vary from tens of milliseconds to many seconds and the mechanism of the process is 

less well understood than that of N-type inactivation. It is thought that C-type inactivation 

is due to a rearrangement of the extemal vestibule in the general area of the channel 

pore (reviewed by Rasmusson et al., 1998). 

We hypothesized that the acid-induced reduction in Kv1.5 currents was due to the 

accumulation of channels in the C-type inactivated state. Several lines of evidence 

support this interpretation; 1) A larger percent of the Kvl .5 cun'ent amplitude becomes 

inactivated during long depolarizing pulses (950 ms) at acidic pH as compared to neutral. 

2) The time required for recovery of channels from inactivation is substantially increased 

at acidic pH. 3) The reduction in peak current due to successive short depolarizations 
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(pacing) is greater at acidic pH, and is consistent with a greater accumulation of channels 

in the inactivated state under acidic conditions. 

Hille and others have noted that extracellular acidification of squid axon shifts the 

voltage-dependence of activation of outward potassium currents to more depolarized 

potentials (Hille, 1968; Carbone et a!., 1978). We analyzed the pH-dependence of 

properties of channel activation, and found that extracellular acidification similariy shifts 

the voltage-dependence of activation of Kv1.5 to more depolarized voltages and 

increases the time required to reach maximum current amplitude in response to 

depolarization. A possible contribution of altered activation properties to the pH 

dependent reduction in Kvl .5 cunrents is offset by the fact that experiments 

characterizing the pH phenomena were perfonned at +40 mV, a voltage at which maximal 

conductance values did not differ with pH, and at which the apparent slowing of the 10-

90% rise time was minimal (10-90% rise time = 2.9 ms at pH 7.3 and 6.1 ms at pH 6.3). 

Other classes of potassium channels show sensitivity to pH that has been 

attributed to the protonation state of titratable amino acids such as histidine, cysteine, or 

lysine. For example, the conduction properties of the inwardly rectifying potassium 

channels KST1, hKir3.4, and ROMK, and the voltage-gated channel Kv1.3 are altered by 

acidic pH. KST1, a channel from guard cell protoplasts, activates at less negative 

potentials in an acidic environment after protonation of two extracellular histidine 

residues, one of which lies in the pore forming region of the protein (Hoth et al., 1997). 

hKir3.4 undergoes proton-induced reductions in single channel conductance due to 

titration of a histidine residue near the pore region, which upon protonation, allows a 

titratable cysteine residue to influence pore properties (Coulter et al., 1995). A pH 

dependent shift in voltage-dependence of activation of ROMK is determined by a lysine 

residue located on the intracellular amino temninal (Fakler eta!., 1996). Current 
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amplitude and magnitude of inactivation of Kv1.3 (not found in heart) is reduced by acidic 

extracellular pH, an effect hypothesized to be induced by protonation of a histidine 

residue located near the pore region of the channel (Busch et al., 1991). 

We have found that the marked sensitivity of Kv1.5 to acidic pH is partly due to a 

histidine residue (H452) in the third extracellular loop of the channel. Mutation of this 

residue to the neutral amino acid glutamine (Q) dramatically reduced the sensitivity of 

Kv1.5 to acidic pH. This mutation was specific and rescued channels from acid-induced 

accumulation in the C-type inactivated state while having no effect on the pH-dependence 

of channel activation properties. We propose that the protonation state of 1-4452 regulates 

C-type inactivation properties of Kv1.5 in response to different extracellular pH levels. 

Two other amino acids known to be important in Shaker B C-type inactivation are T449 

(R476 in Kv1.5) located t^etween the pore region and the fourth extracellular loop (Ldpez-

Bameo et al., 1993) and A463 (A490 in Kvl .5) in the sixth transmembrane region (Hoshi 

et al., 1991). In addition to these Key positions, we now show that amino acid H452 in the 

third extracellular loop of Kvl.5 (equivalent to position F425 in StiakerB) also plays an 

important role in the mechanism of C-type inactivation. 

Kv1.1, Kvl .4, Kv1.5, and Kvl .7 all contain a histidine residue at position 452, 

whereas an uncharged amino acid is present at the equivalent position in ShakeiQ, 

Kvl.2, Kvl.3, and Kv1.6 (Fig 2.15). This trend implies that the pH-sensitivity of the Kvl 

subfamily may be determined in part by the identity of the amino acid at position 452, and 

leads one to predict that channels with a titratable histidine at position 452 will be pH-

sensitive while those with a neutral amino acid will be resistant. 

Many studies have demonstrated that action potential duration is increased in 

atrial and ventricular tissue upon acidification (Hecht and Hutter, 1965; Vaughan Williams 

and Whyte, 1967; Coraboeuf eta!., 1976; Fry and Poole-Wilson, 1981; Bethell etai 
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1998). Parallels can be drawn between the pH-sensltivity of Kvl .5 cloned channels and 

effect of acidic pH on action potential duration in cardiac tissue. Kvl .5 is implicated in 

IKUT. an ultra-rapid potassium current that contributes to phase 3 repolarization in heart 

(Feng et al., 1997). We have demonstrated that a cumulative inactivation of Kv1.5 occurs 

during successive depolarizing pulses at acidic pH. Acid-induced inactivation of Kv1.5 

currents may reduce the contribution of IKUF to action potential repolarization and therefore 

cause the action potential prolongation that has been obsen/ed in different cardiac tissue 

preparations (reviewed by Orchard and Cingolani, 1994). 

A significant role for pH-induced changes in Kvl channel function may not be 

limited to cardiac tissue. Kv channels regulate the resting membrane potential in 

pulmonary arterial smooth muscle cells (Yuan et al., 1998), and inhibition of Kv curents 

has been implicated as a critical event in the initiation of hypoxic pulmonary 

vasoconstriction (Post et al., 1992), a condition that is potentiated by acidosis (Bergofsky 

et al., 1962). Extracellular acidification of pulmonary arterial smooth muscle cells 

reduces the amplitude of Kv currents via a positive shift in the voltage-dependence of 

channel activation and a reduction in conductance (Ahn and Hume, 1997). Since 

Northem blot analysis and immunohistochemical staining reveal that Kv1.5 is expressed 

in pulmonary artery (Overturf et al., 1994, Archer et al., 1998), it is possible that the acidic 

reduction of Kv currents in pulmonary arterial smooth muscle cells (Ahn and Hume, 1997) 

may be explained by our results showing pH-dependent block of Kv1.5. 

Activated microglia (brain macrophages) express delayed rectifier potassium 

currents (reviewed by Eder, 1398) that are thought to be responsible for regulating the 

resting membrane potential (Chung etai, 1998a). Extracellular acidification, observed in 

brain with spontaneous and epileptic neuronal activity (reviewed by Chesler and Kaila, 

1992), shifts the voltage-dependence of activation of Kv currents in activated microglia to 
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more depolarized potentials, concurrent with a marked depolarization of the resting 

membrane potential (Chung et ai, 1998b). Kvl.5 channels are expressed in activated 

microglia (Jou et al., 1998), and may account for the obsen/ed pH shifts in conductance 

and membrane potential. 

Data presented here provide a novel characterization of the pH-sensitivity of Kv1.2 

and Kvl .5 currents. The results contribute to our understanding of mechanisms 

underlying pH regulation of protein function and offer a molecular explanation for the pH-

dependence of macroscopic outward Kvl potassium cun-ents in multiple tissue 

preparations. This study is the first to demonstrate that an amino acid in the third 

extracellular loop of Kv1.5 plays a role in C-type inactivation, and therefore yields new 

insight into protein regions that contribute to this inactivation mechanism. 
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Figure 2.1 Analysis of wildtype and mutant Kvl.S cDNA and cRNA. Cloned nucleic 
acids were analyzed by gel electrophoresis. (A) Aliquots of uncut plasmid and cDNA cut 
with the restriction enzyme fisOCI were visualized on a 1% (w/v) agarose gel in Trls-
Acetate-EDTA (TAE) buffer with ethidium bromide staining. (B) cRNA synthesized in 
vitro from the linearized cDNA constructs was analyzed on a 1% (w/v) agarose gel in 
HEPES-Acetate-EDTA buffer with 6.7% formaldehyde and visualized with ethidium 
bromide staining. See Appendix A for a more detailed description of gel buffers. 
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Figure 2.2 Mutation of Kvl.5 cDNA using polymerase chain reaction. Three mutant 
Kv1.5 constructs (Kv1.5H449R, Kv1.5H452Q. Kv1.5H449R/H452Q) and a wildtype Kv1.5 
construct (Kv1.5l-i449H/hl452H) were made using PGR and inserted into a pBluescript 
vector modified by the addition of the 5' untranslated region of Xenopus p-globin 
(abbreviated pBlueS'UTR). Single base mutations were introduced to generate the 
H449R (#) and H452Q C^) amino acid mutations (A). A unique BamHI restriction site (*) 
was created between the proposed amino acid mutation sites to facilitate insertion of the 
mutated Kv1.5 PGR products into the modified pBluescript vector. Primers used to 
generate the mutations are listed below. The codons for amino acid mutations are 
marked in bold type and the BamH\ sites are underiined; 

common primers: 
17 sense 
SP6 antisense 

5' GCCAAGTCGGCCTCTAATACG 3' 
5' CAGTGCCAAGCTGACTTGGTC 3' 

mutation primers: 
SamHI/H452Q sense 5 
SamHI/H452H sense 5 
H449R/SamHI antisense 5 
H449H/Sa/77HI antisense 5 

ATCACfifiAXCCCAATTCTCTAGTATCC 3 

GCAGACAATCAC£GAICI:CATTTC 3 

GAGAAATGGiSAmiGCGATTGTCTGC 3 

GAGAAATGfiSAXCCGTGATTGTCTG 3 

The H449R/SamHI antisense and SamHI/H452Q sense primers introduced the BamH\ 
site and designated amino acid mutation, while the H449H/San7HI antisense and 
SamHI/H452H sense primers only introduced the BamH\ site. 

Panel B demonstrates construction of the Kv1.5H449R/H452Q double mutant. 
PGR was performed on the 5' half of the gene with the T7 sense primer and a mutation 
antisense primer, in this case, H449R/SamHI antisense (PGR reaction #1, at left). PGR 
was also performed on the 3' portion of the gene using the SP6 antisense primer and a 
mutation sense primer, in this case, 6a/nHI/H452Q sense (PGR reaction #2, at right). 
PGR product #1 and pBlueS'UTR were cut with Apa\ and SamHI and ligated together with 
T4 DNA ligase. PGR product #2 and pBlueS'UTR with the PGR product #1 insert were 
then cut with SamHI and Not\ and ligated together to produce the final 
Kv1.5H449Ryi-l452Q double mutant. Single mutants and the control construct were made 
the same manner, but with different mutation primers. For example, Kv1.5H449R was 
made using the H449R/6a/T7HI antisense primer for PGR #1 and the SamHI/H452H sense 
primer for PGR #2. The entire coding region of the mutant and control constructs was 
sequenced to verify that the desired mutations were introduced and that no extraneous 
mutations were created. 
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Figure 2.3 Rostridion analysis of Kvl.5 
mutant cDNA. A map of the Kvl .5 
H449R/H452Q mutant inserted into a nxxjified 
pBluescript vector is depicted in panel A. The 
T3 RNA poiynierase promoter, Xenopus p-
globin 5' untranslated region, poiy-adenylated 
sequence (A40), sites of histidine mutations 
(H449R and H452Q), the newty inserted 
BamHl site, and other diagnostic restriction 
sites are indicated. Bases are numbered from 
the beginning of the 5' untranslated region of 
Kvl .5. Bases 664 through 2897 of Kvl .5 are 

inserted into pBluescript, which includes 100 bases of Kvl .5 5' UTR and 330 bases of Kvl .5 3' 
UTR. Restriction sites in the nxxJified pBluescript vector are numbered based on their distance 
from the Kvl .5 insert, and the base at which each restriction enzyme cuts is indicated in 
parenthesis. Correct insertion of the mutant potassium channel clone into the nxxlified 
pBluescript vector was verified with restriction analysis. A1% agarose TAE gel stained with 
ethidium bromide resolving the cut cONA is shown in panel B and the predicted band sizes are 
listed in panel C. 



85 

A. Kv1.2 B. KV1.5 

r 

H 

"1 

7.3 

t 
5.3 

7.3 

t 
6.3 

8.3 
i-T 
7.3 

L 
7̂ 3 

5.3 l_ 

A 

f t , 
6.3 1_ 

8.3 

t 
7.3 

!_ 

• 

100 
o 
» 

80 
c 60 
o o 40 

20 
0 

D • 
100 

o 80 
c 60 
o o 40 

20 
0 

Kv1.2 

5.3 6.3 7.3 8.3 

Kv1.5 

5.3 6.3 7.3 8.3 
pH 

Figure 2.4 The pH-dependence of Kvl.2 and Kv1.S current amplitudes. Two-
electrode voltage clamp was perfomned on oocytes expressing cloned rodent Kv1.2 or 
Kv1.5 channels. Outward potassium currents were generated by stepping to -1-40 mV 
for 300 ms from a resting potential of -80 mV. Representative traces of Kv1.2 (A) and 
Kv1.5 (B) currents are shown. Currents are shown for control pH (7.3) and test pH (5.3, 
6.3, and 8.3) salines applied to the same oocyte; the traces are superimposed to show 
the currents recorded before (pH 7.3) and after perfusion of pH test saline. 25 seconds 
were allowed between depolarizing pulses to allow for recovery of channels from 
inactivation. Current amplitude was normalized to that observed at pH 7.3 and plotted 
as a function of external pH for Kv1.2 (C) and Kv1.5 (D); each point represents the 
mean and standard deviation of data obtained from 5 to 9 oocytes. Kv1.2 data were Fit 
with a linear least square equation while Kv1.5 data were fit with a sigmoidal equation. 
Statistically significance differences from data obtained at pH 7.3 were determined 
using the paired T-test. A single asterisk represents p<0.05 and a double asterisk 
indicates p<0.01. Scale bars for traces are 1 ̂ A and 50 ms. 
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Figure 2.5 Accumulation of inactivation ofKvl.2 and Kvl.S during prolonged 
depolarization. Multiple cell-attached macropatches were made on oocytes 
expressing Kv1.2 or Kv1.5 with electrodes containing recording saline of pH 6.3 or 
7.3 while bath pH was maintained at 7.3. Outward potassium cunrents were 
generated by stepping to +40 mV for 950 ms from a resting potential of -80 mV. 
Channels were allowed 30 seconds (pH 7.3) or 60 seconds (pH 6.3) for recovery from 
inactivation between depolarizing pulses. Representative traces of Kv1.5 and Kv1.2 
currents at each pH are shown (A). Percent inactivation was calculated as 100% x 
((peak - steady state) / peak) and plotted for each condition (B). Data represent the 
mean ± SD of data obtained from 12 to 17 patches. For Kvl.5 but not Kv1.2, a 
significant difference between the means was detected by a T-test (p<0.01), indicated 
by the double asterisk. Othenwise no significant differences were detected (p>0.05). 
Scale bars for traces are 200 pA and 100 ms. 
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Figure 2.6 Time-dependence of 
recovery of Kvl.2 and Kvl.S 
from inactivation. Potassium 
currents were analyzed in cell-
attached patch mode with a two-
pulse protocol. A conditioning 
pulse to +40 mV for 640 ms was 
used to induce C-type 
inactivation. The membrane 
potential was retumed to -80 mV 
for a variable amount of time 
ranging from 28 ms to 32 s, and 
then a test pulse was delivered to 
evaluate recovery from 
inactivation. An example of 
currents for three recovery time 
Intervals (345, 201, and 57 ms) 
for Kv1.5 at pH 7.3 are shown as 
overlapping traces (A). The peak 
and apparent steady state of the 
conditioning pulse and the peak 
of the test pulse were determined 
(peaki, steady statel, and 
peak2, respectively). Percent 
recovery was calculated as 
100 X (peak2-steadystate1) 
/(peaki-steadystatel) and plotted 
as a function of recovery time 
interval for Kvl.2 (B) and Kvl.5 
(C). Points represent the mean ± 
SD of data obtained from 5 to 8 
oocyte patches for pH 6.3 (•) and 
pH 7.3 (A). Scale bars for traces 
are 200 pA and 100 ms. 
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Figure 2.7 Cumulative inactivation ofKvl.2 and Kvl.S channels during simulated 
cardiac pacing. See next page for description. 



89 

Figure 2.7 Cumulative Inactivation ofKvl.2 and Kvl.S channels during 
simulated cardiac pacing. A pacing rate corresponding to 75 beats/min (top rows, A 
and B) was simulated in Xeno/Dus oocytes expressing Kv1.2 (A) or Kv1.5 (B) by 
depolarizing the membrane to -*-40 mV for 300 ms to simulate systole, ttien 
repolarizing to -80 mV forSOO ms to mimic diastole. A rate of 180 beats/min (middle 
rows, A and B) was simulated by stepping to +40 mV for 208 ms and -80 mV for 125 
ms (in accord with temporal estimates of Sherwood, 1997). Each cycle was repeated 
64 times (sampling limit set by software). The top portion of each panel shows 
representative currents obtained by pacing with pipette salines of pH 6.3, 7.3, or 8.3. 
For each, currents recorded for cycles 1,2,4,8,16,32, and 64 are shown as 
overlapping traces. Inten/ening traces are omitted for clarity. Nomnalized cunrent 
amplitudes plotted as a function of time (bottom rows of each panel) show the mean 
and standard deviation of data obtained from 9 to 14 patches recorded at simulated 
pacing rates of 75 beats per minute (left), and 180 bpm (right). The sample means of 
the three different treatments were compared using a one-way analysis of variance. 
For Kv1.5 but not Kv1.2, a significant difference between the means was detected by 
ANOVA, and paired means were then compared post hoc using the Bonfent>ni T-test. 
Statistically significant differences (p<0.01) are indicated by double asterisks. Scale 
bars for traces are 250 pA and 25 ms. 
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Figure 2.8 The pH-dependence of voltage-dependent activation of Kv1.2 and 
Kvl.S. Potassium currents were analyzed in the cell-attached patch mode, the 
membrane potential was stepped for 84 ms durations to a series of voltages ranging 
from -90 to +60 mV in 10 mV increments from a resting potential of-80 mV. 
Representative traces of Kvl .2 (A) and Kvl .5 (B) cun-ents are shown on the right. The 
mean normalized conductance ± SE (N=10 to 13 patches) is plotted as a function of 
voltage on the left. Data were fit with the Boltzman equation (solid lines). Half maximal 
values for the voltage dependence of activation of Kvl .5 cun-ents were -25.7 ± 10 mV 
at pH 7.3 (mean ± SD, N=12) and -2.5 ± 6.1 mV at pH 6.3 (N=10). Kvl .2 half maximal 
values were -43.4 ± 10 mV at pH 7.3 (N=13) and -36.0 ± 7.9 mV at pH 6.3 (N=12). 
Scale bars for traces are 100 pA and 10 ms. 
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Figure 2.9 The pH-dependence ofKvl.2, Kvl.S and Kv1.SH452Q activation 
times. The time required for the activation phase of potassium currents to increase 
from 10% to 90% of the total current amplitude was determined for the currents 
described in Fig 2.8 and Fig 2.14. The mean 10-90% rise time ± SE (N=7 to 11 
patches) is plotted as a function of voltage for Kvl.5 (A), Kvl .2 (B), and Kvl .5H452Q 
(C). Significant differences (p<0.05) are indicated by an asterisk. The net shift in 10-
90% rise time, calculated by subtracting the rise time at pH 7.3 from the rise time at 
pH 6.3, is plotted as a function of voltage for the three channel subtypes (D). Data 
were fit with a single exponential equation (solid lines). 
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Figure 2.10 Sequence alignment of Kv1.2 and Kvl.5 near the pore region. A 
cartoon depicting the transmembrane topology of a potassium channel subunit is 
shown at top. Below is a sequence alignment of the amino acid residues comprising 
the pore region and the third and fourth extracellular loops of the mouse Kv1.2 
(Hopkins ef a/., 1994)andtheratKv1.5(Swanson etal., 1990) channels. The two 
histidine residues unique to Kvl.5 (H449 and H452) and their corresponding residues 
in Kvl .2 (R354 and Q357) are shown in bold type. 
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Figure 2.11 pH-dependence of mutant Kvl.5 current amplitudes. T wo-electrode voltage 
clamp was perfonned on oocytes expressing either wildtype Kvl .5 (A), the single mutants 
Kv1.5H449R (B) or Kvl .5H452Q (C), or the double mutant Kvl .5H449R/H452Q (D). 
Outward potassium currents were generated by stepping to -••40 mV for 300 ms from a 
resting potential of -80 mV. Representative current traces of each channel type are shown 
on the left. Currents are shown for control pH (7.3) and test pH (5.3,6.3, and 8.3) salines 
applied to the same oocyte; the traces are superimposed to show the curents recorded 
before (pH 7.3) and after perfusion of pH test saline. 25 seconds were allowed between 
depolarizing pulses to allow channels time to recover from inactivation. Cun-ent amplitude 
was normalized to that observed at pH 7.3 and plotted as a function of external pH on the 
right; each point represents the mean and standard deviation of data obtained from 5 
oocytes. Statistically significance differences as compared with results obtained from 
recordings at pH 7.3 were determined using the paired T-test. A single asterisk represents 
p<0.05 and a double asterisk indicates p<0.01. Scale bars for traces are 0.5 (iA and 50 ms. 
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Figure 2.12 Lack of pH-sensitiviiy in the time-dependence of recovery of 
Kv1.SH4S2Q channels from inactivation. Potassium currents were analyzed in cell-
attached patch mode with a two-pulse protocol. A conditioning pulse to -••40 mV for 640 
ms was used to induce onset of C-type inactivation. The membrane potential was 
retumed to -80 mV for a variable amount of time ranging from 28 ms to 32 s, and then a 
test pulse was delivered to evaluate recovery from inactivation. Percent recovery was 
calculated as 100 x (peak2 - steady statel) / (peaki - steady state 1) and plotted as a 
function of recovery time interval for Kvl .5H452Q. Points represent the mean ± SD of 
data obtained from 5 to 8 oocyte patches. 
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Figure 2.13 Cumulative inactivation ofKv1.SH452Q channels during simulated 
cardiac pacing. Simulated cardiac pace rates of 75 and 180 bpm were tested using 
cell-attached patch clamp on oocytes expressing Kv1.5H452Q (see legend of Fig 2.7 
for details). The top portion of the figure shows representative curents obtained by 
pacing with pipette salines of pH 6.3 or 7.3. For each, currents recorded for cycles 1, 2, 
4, 8,16, 32, and 64 are shown as overlapping traces. Normalized current amplitudes 
plotted as a function of time (bottom) show the mean and standard deviation of data 
obtained from 9 patches recorded at simulated pacing rates of 75 beats per minute 
(left), and 180 bpm (right). The means of the two different treatments were compared 
and no significant difference was detected by the T-test (p>0.05). Scale bars for traces 
are 250 pA and 25 ms. 
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Figure 2.14 The pH-dependence of voltage-dependent activation of Kv1.5H452Q. 
Potassium currents were analyzed in cell-attached patch mode where the membrane 
potential was stepped for 84 ms to a series of voltages ranging from -90 to +60 mV in 10 
mV increments from a resting potential of -80 mV. Example traces of Kvl .5H452Q 
currents are shown on the right. Scale bars for traces are 100 pA and 10 ms. The mean 
normalized conductance ± SE (N=9 patches) is plotted as a function of voltage on the 
left. Data were fit with the Boltzman equation (solid lines). Half-maximal values for the 
voltage dependence of activation were -26.5 ± 4.1 mV at pH 7.3 and -10.0 ± 4.3 mV at 
pH 6.3 (mean ± SD, N=9). 
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Kvl .1 rat AVYFAEAEEAESH FS SIPDAFWWAWSMTTVGYGDMYPVTIGGKIVGSL 
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Figure 2.15 Amino acid alignment of the pore regions of the mammalian 
Shaker-related potassium channels. An alignment of the pore regions of the seven 
members of the mammalian Kv1 subfamily and Drosophila ShakerB is shown above. 
Amino acids that align with the pH sensing histidine residue in Kv1.5 (H452) are 
indicted with bold type while putative pore regions and portions of transmembrane 
regions 5 and 6 are shaded. Unshaded residues are presumed to be extracellular. 
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CHAPTER 3. Structural Modifications of Clofilium Alter 
Properties of Kv1.5 Channel Block 

3.1 INTRODUCTION 

Voltage-gated potassium channels are blocked by internally applied tetraethyl 

ammonium (TEA) ions and other quaternary ammonium (OA) ions with longer alkyi side 

chains (Anmstrong, 1969; Choi et al., 1993). These ions bind at a receptor site within the 

channel pore and physically occlude the ion permeation pathway (Amistrong, 1971; Choi 

et al., 1993). Potassium channel block by OA ions is state-dependent; channel opening 

is required for the drug to gain access to the intemal receptor site (Amnstrong, 1971). 

When potassium channels close with the OA ion still bound to the intemal receptor site, 

the blocker can become "trapped" within the channel (Armstrong, 1971; Hille and 

Armstrong, 1972; Holmgren et al., 1997). Hyperpolarization enhances trapping because 

very negative potentials decrease the probability of channel openings that would allow the 

drug to escape from its binding site. Elevation of external potassium concentration 

reduces trapping because it increases the magnitude of the transient inward potassium 

current produced by membrane repolarization, which is thought to "knock" the blocker 

from its intemal receptor site. 

Voltage-gated sodium channel block by local anesthetics is analogous to OA 

block of voltage-gated potassium channels (reviewed by Hille, 1992). Tertiary amine 

blockers such as lidocaine bind to a receptor site within the sodium channel in a state-

dependent manner, and can become trapped at hyperpolarized potentials. The 

magnitude of trapping of lidocaine analogs is dependent on charged state and 

hydrophobicity of the drugs. Trapping is most evident with the quatemary amine 

derivative of lidocaine, QX-314. Sodium channels show very little recovery from block by 

this drug at hyperpolarized membrane potentials. Conversely, trapping of the tertiary 
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amine lidocaine at hyperpolarized potentials is reduced when compared to QX-314. The 

difference in trapping of these two compounds is explained by the presence of hydrophilic 

and hydrophobic pathways for drug access to its receptor site within the channel. The 

intemal mouth of an open sodium channel provides local anesthetics hydrophilic access 

to the receptor site. The hydrophobic pathway, accessible in both closed and open 

channel states, is primarily available to neutral tertiary amines and presumably not to the 

more hydrophilic charged structures. 

We were interested in determining if the voltage-gated potassium channel Kv1.5 

possesses analogous hydrophilic and hydrophobic pathways for OA receptor access. We 

explored this question by analyzing the blocking and unblocking properties of clofilium 

and its structural analogs LY97241 and LY97542. Clofilium is a quatemary ammonium 

ion that blocks Kv1.5 potassium channels in a state-dependent manner similar to that 

observed for the TEA analogs with longer alkyi chains. Recovery of Kv1.5 channels from 

block by clofilium is reduced at more negative membrane potentials due to trapping of the 

charged compound within closed channels (Malayev et al., 1995). Elevation of external 

potassium reduces trapping of clofilium in Kv1.5 channels (Malayev et al., 1995). While it 

has been shown that LY97241 inhibits cardiac potassium currents in vitro (Arena and 

Kass, 1988; Castle, 1991; Zhang and Steinberg, 1995), to our knowledge, the blocking 

properties of LY97241 and LY97542 have not been characterized previously for identified 

voltage-gated potassium channels. 

Using Xenopus oocytes as an expression system and two electrode voltage clamp 

to assess current, we compared block of Kvl.5 by clofilium to that induced by the tertiary 

analog LY97241 and quatemary p-nitro analog LY97542. We found that the quatemary 

amines clofilium and LY97542 seem to mediate processes of block and recovery 

principally from the open channel state. In contrast, the tertiary amine LY97241 appears 
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to have access to and from the blocking site of closed as well as open Kvl .5 channels. 

3.2 MATERIALS AND METHODS 

(1) Molecular techniques 

The gene for Kv1.5 cloned from rat was provided by Dr. R. Swanson (Swanson et 

a!., 1990). We transferred the cDIMA for Kv1.5 into a pBluescript KS vector (Stratagene, 

La Jolla CA) modified by the insertion of the 5' untranslated region of Xenopus O-globin to 

enhance expression in oocytes. Plasmid DNA was linearized at a BamH\ site in the 

polylinker region and used to synthesize RNA in vitro with T3 RNA polymerase 

(Boehringer Mannheim, Indianapolis IN). 

(2) Oocyte preparation 

Oocytes from anesthetized mature female Xenopus iaevis were obtained by 

surgical removal of several lobes of ovary. Follicular cell layers were removed by 

treatment with collagenase (type I, 1.5 mg/mL; Worthington Biochemical, Freehold NJ) 

and trypsin inhibitor (type lll-O chicken egg white, 0.5 mg/mL, Sigma, St. Louis MO) for 

approximately 2 hours in calcium free medium (104 mM NaCI, 3.3 mM KCI, 1.3 mM 

MgClj, 6.3 mM HEPES, 100 units/mL penicillin, 100 Mg/mL streptomycin, pH 7.6). 

Prepared oocytes were injected with approximately 0.5-1 ng of mRNA in 50 nl of sterile 

water and incubated for 1-7 days at 18°C in culture medium (ND96: 96 mM NaCI, 2 mM 

KCI, 1.8 mM CaCl2, 1 mM MgClj, 5 mM HEPES, 2.5 mM pyruvic acid, 100 units/mL 

penicillin, 100 /^g/mL streptomycin, pH 7.6) before recording. 

(3) Electrophysiological recortling 

The composition of the Na* recording saline was 100 mM NaCI, 4.3 mM MgClj, 
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2.0 mM KCI, 5.0 mM HEPES, pH 7.3 for initial characterization of Kv1.5 block by clofilium 

and analogs. Two-electrode voltage-clamp recordings at room temperature used two 

electrodes (0.5-2.0 MG) filled with 3 M KCI. Clofilium (Research Biochemicals 

Incorporated, MA), LY97542, and LY97241 (Lilly Research Laboratories, IN), were stored 

frozen in small aliquots as 5 mM or 10 mM solutions and diluted to a final concentration 

with recording saline on the day of use. Test saline solutions were applied to oocytes at 

the final concentration by perfusion with a volume ^5 times that of the recording chamber. 

Voltage-gated potassium currents were activated with step protocols from a holding 

potential of -80 mV. The expressed currents ranged from 2 to 7 pA. Data were recorded 

with a GeneClamp (Axon Instruments, Foster City CA), filtered at 2 kHz, digitized at 400-

4000 ijsec, and analyzed with pClamp software (Axon Instruments). 

3.3 RESULTS 

The structures of clofilium and the two p-nitro analogs LY97542 and LY97241 are 

shown in Figure 3.1. Clofilium carries a permanent positive charge due to the presence 

of a quaternary amine group. LY97542 similarly carries a permanent positive charge, but 

differs from clofilium by the substitution of a para-nitro group for the para-chloro group on 

the aromatic ring. LY97241 differs from clofilium and LY97542 principally by the 

presence of a tertiary amine instead of the quaternary amine, allowing LY97241 to exist in 

a neutral as well as charged state, dictated by the protonation state of the amine group. 

LY97241 is similar to LY97542 in that it carries a para-nitro group on the aromatic ring. 

The effects of these structural differences on the blocking properties of the compounds 

were tested for Kvl.5 channels expressed in Xenopus oocytes. 

(1) Onset of state^lependent block 
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Clofilium blocks Kvl.5 currents by interacting with the open channel conformation 

at the intracellular face of the membrane (Castle, 1991; Malayev et al., 1995). We first 

detemiined if the structural analogs of clofilium, LY97542 and LY97241, also blocked 

Kvl.5 channels in a state-dependent manner. Using two-electrode voltage clamp, 

oocytes expressing Kv1.5 channels were repeatedly stepped from a resting membrane 

potential of -80 mV to a test potential of •*•40 mV for 1600 ms to elicit potassium currents. 

Properties of endogenous slow inactivation were first analyzed under control conditions, 

and then salines containing either LY97241, LY97542, or clofilium were perfused into the 

recording chamber for characterization of cunrent block. The full effect of the block by 

each compound was rapidly induced, and reached a steady state level within 3 minutes 

after the extemal drug application. Open channel block was induced by each of the three 

blocking agents, as seen by the appearance of an inactivation-like decay phase that was 

larger in amplitude and faster in time course than the slow inactivation process (Fig 3.2A). 

Although the blocker remained present continuously after the initial application, the peak 

currents recovered in the interpulse interval of 30 seconds between the repetitive steps to 

+40 mV. The block effect remained relatively constant and reproducible, with subsequent 

test steps showing superimposed traces with the accelerated macroscopic decay phase. 

A range of concentrations of the analogs were tested to determine the 

concentration of each analog required to induce equivalent levels of current block. 

Effective blocking concentrations were on the order of 100 ^M. These concentrations 

were higher than those required to induce clofilium block of Kvl .5 currents expressed in 

CHO cells (Malayev et al., 1995), most likely due to sequestration of drug in lipophilic 

oocyte compartments. We determined the amount of drug required to induce 

approximately 80% block for comparisons of the blocking properties between the analogs 

(Fig 3.2B): 50 ^M clofilium, 800 nM LY97542, and 200 nM LY97241 induced 81 ± 4%, 76 
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± 6%, and 76 ± 10% block, respectively (mean ± SD, N£:4). 

The most striking difference between the analogs was that onset of block by 

LY97241 was much faster than that of clofilium and LY97542 (Fig 3.2C). Time constants 

for onset of open channel block were significantly faster with LY97241 (Ton»ot = 10 ± 4 ms 

at 200 MM, mean ± SD, N=10) than with clofilium = 71 ± 2 ms at 50 pM, N=4) or 

LY97542 (Ton«, = 40 ± 4 ms at 800 |jM, N=7: T test, p < 0.01). Moreover, a reduction in 

the amplitude of the current peak was observed in the presence of LY97241 when 

compared to the control peak amplitude (34 ± 13% at 200 |JM, mean ± SD, N=10), 

implying that block may have occurred before channel opening or that the on-rate of drug 

binding was fast with respect to the rate of voltage-dependent activation. Reductions in 

peak current amplitude were less evident in the presence of clofilium (12 ± 10% at 50 pM, 

N=4) and LY97542 (7 ± 6% at 800 pM, N=7). Differences in onset of channel block 

indicated that the tertiary amine moiety on LY97241 may change receptor accessibility 

and transit of the drug to and from the receptor site, a hypothesis we explored by 

analyzing the time- and voltage-dependence of recovery of Kv1.5 channels from block. 

(2) Time-dependence of recovery from block 

Recovery from block was evaluated using a two-pulse protocol in the continuous 

presence of several different concentrations of each drug (Figure 3.3 and Table 3.1). 

Complete recovery from open channel block was obtained during the 30 second interval 

between sequential traces as evidenced by the superimposition of curent in response to 

the conditioning pulse. A conditioning pulse (pulse 1) to *60 mV was used to induce 

open channel block and a subsequent test pulse (pulse 2) to -i-eo mV was used to 

evaluate recovery from open channel block. Recovery from block was evaluated over a 

series of recovery intervals ranging from 9 ms to 2.9 s at an interpulse voltage of -45 mV. 
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Recovery was standardized as a percentage of the total amplitude of open channel block 

obtained in the first pulse, plotted as a function of the duration of the recovery interval, 

and fit with a single exponential equation to detemiine time constants for the net recovery 

process (Table 3.1). 

The time constants for recovery (irsc) were compared at concentrations of drug 

required to block approximately 80% of the current, which corresponded to 50 |JM 

clofilium, 800 MM LY97542, and 200 LY97241. Recovery from block by LY97241 was 

the fastest, with a time constant of 84 ms. Recovery from block by the charged 

compounds clofilium and LY97542 was much slower, with time constants of 661 ms and 

214 ms, respectively. Similar trends were also observed at concentrations of drug 

required to block approximately 65% of the current, which con'esponded to 25 pM 

clofilium, 200 ^M LY97542, and 100 nM LY97241. In summary, onset and recovery of 

Kv1.5 channels from block by the neutral LY97241 was much faster than onset and 

recovery from block by the charged compounds clofilium and LY97542. 

{3) Voltage-dependence of recovery from block 

A two pulse protocol with a variable voltage during the recovery interval was used 

to evaluate the voltage-dependence of recovery from open channel block in the 

continuous presence of drug (Figure 3.4). A constant time interval was selected that at 

optimal voltages allowed for 60% to 80% maximal recovery of the current amplitude, as 

measured in the second pulse. An initial pulse was used to induce open channel block, 

and a second test pulse was used to evaluate recovery. Recovery was standardized as a 

percentage of the total amplitude of open channel block obtained in the first pulse. 

Optimal recovery from block by clofilium and its analogs was achieved at a 

recovery interval voltage of -45 mV. At this recovery voltage, 65 ± 4% (mean ± SD; N=4) 
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of the current recovered in the presence of 50 pM clofilium, 83 ± 4% (N=5) in the 

presence of 800 pM LY97542, and 82 ± 3% (N=7) in the presence of 200 pM LY97241. 

Recovery from open channel block by all three compounds was greatly reduced when the 

recovery interval voltage was more positive than -45 mV. For example, at -15 mV, only 

17 ± 5% of the cunrent recovered from block by 50 pM clofilium, 33 ± 9% from block by 

800 pM LY97542, and 42 ± 25% from block by 100 pM LY97241. An interesting 

difference in recovery was observed at negative interval voltages. Recovery from block 

by the charged compounds clofilium and LY97542 was reduced at recovery interval 

potentials more negative than -45 mV. For example, at -105 mV, recovery from block by 

50 pM clofilium was reduced to 22 ± 6% and recovery from block by 800 pM LY97542 

was reduced to 40 ± 5%. In contrast, recovery from block by LYg7241 was not reduced 

at hyperpolarized recovery intervals. Over the range from -45 to -105 mV, recovery from 

block by LYg7241 was constant at approximately 80%, and did not show the inhibition of 

recovery at negative potentials that was apparent for the charged compounds. 

3.4 DISCUSSION 

Use-dependent block descrit)es a phenomenon in which the blocker interacts 

mainly with the channel in the open or inactivated state. We have found that block of 

Kv1.5 channels by LY97542 and LY97241 is use-dependent; channel opening induced by 

membrane depolarization was followed by a macroscopic decay phase in the current 

amplitude in the presence of clofilium or each analog. In addition to this obsen/ation, we 

have found that modifications of the structure of clofilium alter properties of use-

dependent block. 

Three general hypotheses have been proposed for the mechanisms underlying 

use-dependent block. The "modulated receptor" hypothesis proposes that there is an 
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increased affinity of the binding site for blocker when the channels are in the open or 

inactivated state (Hille, 1977). The "guarded receptor" hypothesis states that access of 

the blocking agent to its receptor site is limited by availability of the site, and is regulated 

by the position of channel gates while the affinity of the receptor site for daig is constant 

(Starmer et al., 1984). The third idea is that pore block resulting from drug binding 

promotes inactivation, and that slow recovery from the inactivated state is responsible for 

the apparent use-dependent block (Baukrowitz and Yellen, 1996). These three 

mechanisms are not necessarily exclusive of one another, and all three are potentially 

describe properties of use-dependent block of Kv1.5 channels by clofllium and analogs. 

Comparison of block by clofilium and LY97542 tested the effect of substitution of 

the p-chloro group with a p-nitro group on the aromatic ring of these othen/vise identical 

structures. Higher concentrations of LY97542 were required to produce use-dependent 

block similar to that of clofilium, perhaps because of increased affinity of LY97542 for the 

lipophilic compartments of the oocyte and a reduced effective concentration. An 

alternative interpretation is that substitution of the />chloro group with the p-nitro group 

reduced the potency of the clofilium derivative. 

Use-dependent block induced by LY97241 was dramatically faster than that 

induced by clofilium or LY97542 in the dose ranges investigated. Additionally, LY97241 

decreased the peak amplitude of Kvl .5 currents, implying either that use-dependent block 

had occurred before peak channel activation or that LY97241 blocked Kv1.5 channels in 

the closed state. Peak current amplitudes were less affected by clofilium and LY97542. 

Recovery of Kv1.5 channels from block by LY97241 was 2.5- to 9-fold faster than 

recovery from block by LY97542 or clofilium. These data imply that the tertiary amine 

nature of LY97241 accelerated access to and from the Kv1.5 intemal receptor site. 

Acceleration of block and recovery for the tertiary amine compound may indicate 
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the existence of alternative hydrophobic pathways through the channel protein that are 

not available to the quaternary amines. Ragsdale and colleagues (1994) demonstrated 

that the mutation of an isoleucine to an alanine at position 1760 in rat brain type HA Na-*-

channels created a pathway to allow QX-314 access to its putative receptor site in both 

closed and open channel states. To explore the possibility of multiple pathways for 

receptor access in Kvl .5 channels, we analyzed the voltage-dependence of recovery 

from block. Recovery of Kvl .5 channels from block by clofilium and LY97542 was 

optimal at -45 mV, near the threshold for channel activation, and dramatically reduced at 

hyperpolarized recovery potentials. Channel closure at hyperpolarized potentials may 

trap charged compounds at the internal binding site whereas channel opening at the 

activation threshold (-45 mV) could allow exit of the blocker via the open channel state. 

Trapping of TEA in a mutant Shaker K* channel has been attributed to physical blockade 

by an intemal potassium channel gate (Holmgren et al., 1997). We propose that the 

inhibition of recovery of Kv1.5 channels from block by the charged compounds clofilium 

and LY97542 is due to a similar trapping mechanism. 

Recovery of Kvl .5 channels from block by LY97241 remained maximal even 

strongly hyperpolarized interpulse potentials. This phenomena could be explained if the 

neutral compound escapes through a hydrophobic pathway even when channels are in 

the closed state, by analogy with the hypothetical mechanism of sodium channel block by 

the local anesthetic lidocaine and its quaternary derivative, QX-314 (reviewed by Hille, 

1992). QX-314 is permanently charged and only shows open-channel block whereas 

lidocaine is a tertiary amine compound that can access its receptor site in both the open 

and closed channel states. The charged state of the blocker modulates drug access to 

sodium channel hydrophilic and hydrophobic pathways (Hille, 1977), in that recovery of 

sodium channels from block by lidocaine is reduced at acidic pH and enhanced at basic 
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pH. We propose that in the neutral state, LY97241 may transverse a hydrophobic 

pathway to and from its putative receptor site in both the open and closed channel states. 

This hydrophobic pathway would be less accessible to clofilium or LY97542 due to their 

permanently charged structures, thus limiting their blocking and unblocking actions mainly 

to the open channel state (Figure 3.5). 

Results presented here provide a novel connparison of the properties of block of 

Kv1.5 by clofilium and two structural analogs. Our study demonstrates that the charged 

state of the amine blocker is an important detemninant of drug access to hydrophilic and 

hydrophobic pathways to the putative quatemary ammonium receptor site within the 

Kv1.5 channel. 
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Figure 3.1 Structure of clofilium and analogs. Structures of clofilium (Research 
Biochemicals Incorporated, MA), the p-nitro analog LY97542, and the p-nitro tertiary 
amine analog LY97241 (Lilly Research Laboratories, IN). 
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Figure 3.2 Block ofKvl.S by clofilium and structural analogs. See next page for description. 
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Figure 3.2 Block of Kvl.5 by cloHlium and structural analogs. Kvl.5 currents 
recorded with two-electrode voltage clamp are shown for steps to +40 mV from a holding 
potential of -80 mV before and after perfusion of recording bath with the test compound 
(A). Traces in the continuous presence of blocker are indicted with an asterisk. 
Examples illustrate the effects of the lowest and highest concentrations of blocker that 
were tested. Currents blocked by LY97241 are also shown on an expanded time scale 
(A, far right) and demonstrate adequate resolution of the current in the presence of drug. 
The amplitudes of the peak of control traces and apparent steady state in the presence of 
blocking agent were determined (peakcontni and SS^rug. respectively). Percent block was 
calculated as 100 x (peakcontro - SSdnjg)/peakcontroi and plotted as a function of drug 
concentration (B). The r values for the net onset of block were determined by fitting the 
apparent inactivation portion of the current with a 2 exponential equation, y = Ao + A^ e"'̂  

Aj where r2 was fixed at 600 ms. t1 is plotted as a function of drug 
concentration (C). Data points are the mean ± SD of 4 to 12 oocytes per treatment. 
Scale bars for traces are 0.5 MA and 250 ms unless otherwise indicated. 
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Figure 3.3 Time-dependence of 
recovery fmm block. Recovery 
from block was measured with a 
two pulse protocol in the 
continuous presence of blocking 
agent. A conditbning pulse to-*-60 
mV for 288 ms was us^ to induce 
block. The nr)embrane potential 
was retumed to -45 mV for a 
variable amount of time ranging 
from 9 ms to 2.9 s, and then a test 
pulse to +60 mV was delivered to 
evaluate recovery from block. 
Examples of Kv1.5 currents in the 
presence of the three diffierent 
blocking agents (50 |iM dofilium, 
800 MM LY97542. and 200 
LY97241) at various recovery 
intervals are shown as 
overiapping traces (top). 
Complete recovery of peak current 
during the 30 second interval after 
each paired pulse trace is 
illustrated by superimposition of 
the current responses to the 
conditioning pulse. The peak and 
apparent steady state of the 
conditioning pulse and the peak of 
the test pulse were determined 
(peak1, steady statel, and peak2, 
respectively). Percent recovery 
was calculated as I00x(peak2-
steadystatel )/(peak1-steadystate1) 
and plotted as a function of 
recovery time inten/al (bottom). 
Points represent the mean ± SO of 
data obtained from 3 to 4 oocytes 
in the presence of 50 ^M clofilium 
(•), 800 ^M LY97542 (•), and 
200 LYg7241 (•). Scale bars 
for traces are 1 and 200 ms fbr 
clofilium and LY97542, and 0.4 
and 200 ms fbr LY97241. 

200 400 600 800 1000 1200 
time (ms) 
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Figure 3.4 VoHage-dependence of 
recovery fmm block. A two pulse 
protocol in the continuous presence of 
blocking agent was used to detemriine 
the state dependence of recovery from 
use-dependent block. The 
conditioning pulses (left) and test 
pulses (right) were each mV for a 
duration of 288 ms. The recovery 
potentials varied from 0 mV to -105 
mV at -15 mV increments using a 
constant duration of 1150 nrs. Traces 
obtained at four different recovery 
interval voltages of -15, -45. -75, and -
105 mV are shown for each analog; 
50 pM dofilium, 100 MM LY97241, and 
400 LY97542 (top). For clarity, 
1000 nns of the recovery interval has 
been omitted. The test pulses for 
LY97241 have been enlarged in the 
accompanying panel to show that the 
peak is well resolved; traces from top 
to tx)ttom follow recovery intervals of -
45, -75, -105, and -15 mV. Complete 
recovery of peak current during the 30 
second interval after each paired pulse 
trace is illustrated by superimposition 
of the current responses to the 
conditioning pulse. Percent recovery 
was calculated as 100 x (peak2-
steadystatel )/(peak1 -steadystatel) 
and plotted as a function of the voltage 
of the recovery interval (bottom). 
Points represent the mean ± SO of 
data obtained from 4 to 7 oocytes in 
the presence of 50 clofilium (•), 
800 pM LY97542 (•), and 200 MM 
LY97241(A). Scale bars for traces 
are 1 (lAand 100 ms. 

-100 -80 -60 -40 -20 0 
interpulse voltage (mV) 
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Figure 3.5 Model of hydrophilic and hydrophobic pathways for recovery from 
block. The charged compounds clofilium and LY97542 access and exit the receptor 
site only through the hydrophilic pathway of the open channel. When channels are 
closed, these compounds become trapped. The neutral LY97241 also has access to 
its receptor site through the open channel, but gains unique access through a more 
hydrophobic pathway when the channel is closed. 
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drug dose (^M) W (ms) N 

clofilium 25 378 ± 37 4 

50 661 ±147 4 

100 682 ±158 4 

LY97542 200 220 ± 27 4 

400 199 ± 11 4 

800 214 ±27 4 

LY97241 50 85 ±12 3 

100 74 ±7 3 

200 84 ±19 3 

Table 3.1 Time constants for recovery of Kvl.S currents from block by clofilium and 
analogs. The time dependence of recovery of Kvi .5 currents from block by clofilium and 
two analogs at three different concentrations was analyzed. Time constants (Trw) for 
recovery from block at -45 mV were detemriined by fitting percent recovery plotted as a 
function of time with a single exponential equation (Fig 3.3, bottom): y = AQ + A^exp{-Vi). 
Data are shown as the mean ± SD, where N is the number of oocytes tested. 
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CHAPTER 4. Block of Kv1.2 by Amiodarone is pH-Dependent. 

4.1 INTRODUCTION 

Amiodarone is a unique antiarrhythmic agent that exhibits properties of all four 

categories of the Vaughn Williams antiarrhythmics classification system (Vaughan 

Williams, 1992). Amiodarone blocks sodium channels (Class I, Mason et. al, 1984), 

antagonizes a and P adrenergic receptors (Class II, Polster and Broekhuysen, 1976), 

prolongs action potential repolarization (Class III, Singh 1996) and blocks calcium 

channels (Class IV, Nishimura et al., 1989). The drug was originally indicated for 

alleviation of the symptoms of angina, but it was soon discovered that amiodarone has 

many other pharmacological properties in addition to induction of coronary vasodilation 

and increased myocardial oxygen delivery (Singh, 1983). 

Amiodarone has been approved in the United States for the treatment of life-

threatening ventricular arrhythmias since 1985 (Mason, 1987). Multiple studies have 

demonstrated that chronically administered oral amiodarone is effective in controlling 

ventricular tachycardia and ventricular fibrillation (VTA/F) over a one year period in 48-

66% of patients whose condition is refractory to other antiarrhythmic treatments 

(Nademaneee/a/., 1983; Hegerefa/., 1983; Dicarlo ef a/., 1985; Smith etal., 1986). 

Acute administration of IV amiodarone is also useful for the termination of lethal 

antiythmias and is recommended by the American College of Cardiology/ American Heart 

Association (ACC/AHA) Committee on Management of Acute Myocardial Infarction (AMI) 

for the treatment of VT/VF in patients with AMI (Ryan et al., 1996). The efficacy of IV 

amiodarone in treating patients with no pulse concurrent with VT or VF refractory to 

electrical shock has been evaluated (ARREST trial, reviewed by Gonzalez et al., 1998). 

When sinus rhythm was not restored after multiple electrical shocks, the overall patient 
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survival to the hospital was increased by 26% by the subsequent administration of 

amiodarone. Additionally, when sinus rhythm was restored but not maintained by 

electrical shock, IV amiodarone increased patient survival to the hospital by 56%. 

In three recent human trials (BASIS, EMIAT, and CAMIAT), chronically 

administered amiodarone was tested in patients with post-myocardial infarction for 

effects in preventing life-threatening ventricular aniiythmias and reducing overall mortality 

(reviewed by Jafri etal., 1996). The BASIS study demonstrated that amiodarone reduced 

overall mortality and life-threatening arrhythmias; however, no difference in mortality but a 

reduction in antiythmic deaths was observed in the EMIAT and CAMIAT trials over the 1-

2 year testing period. The conclusions drawn from these studies were that amiodarone is 

therapeutic for the prevention of fatal arrhythmias in post-MI patients displaying 

symptomatic or sustained ventricular arrhythmias, but is not merited for treatment of all 

post-MI patients due to its tendency to induce serious side effects with long-term therapy. 

Amiodarone is currently t)eing tested for the treatment of atrial fibrillation, a 

condition commonly induced by congestive heart failure (CHF). In patients with CHF, 

amiodarone reduced onset of atrial fibrillation, increased conversion to sinus rhythm, and 

increased ventricular rate stability over a one year treatment ouration (Deedwania et al., 

1998). Meta analysis of 13 trials testing the efficacy of amiodarone in the treatment of 

post-MI and CHF patients showed a 13% reduction in overall mortality in the amiodarone 

treatment group when compared to the placebo group (reviewed by Gonzalez et al., 

1998). 

The clinical effects that amiodarone has on cardiac electrophysiology differ 

depending on whether the drug is administered acutely or chronically (reviewed by 

Kodoma et al., 1997). Acute administration of amiodarone decreases atrioventricular 

(AV) nodal conduction, increases the effective refractory period (ERP) of the AV node, 
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and increases the atrial-His bundle (AH) interval, while having little effect on the ERP of 

atrial muscle, ventricular muscle and His>Purkinje tissue (Ikeda et al., 1984; Zipes et al., 

1984; Mattel etal., 1987; Singh, 1996; Kodama etal., 1997). Chronic administration of 

amiodarone induces a myriad of effects including increases in the QT interval, atrial ERP, 

AV nodal ERP, ventricular ERP, and a reduction in heart rate (Zipes et al., 1984; 

Freedman et al., 1991; Singh, 1996; Kodama et al., 1997). Increases in the QRS interval 

were also observed with chronic amiodarone administration, but only at higher stimulation 

frequencies (Singh. 1996). Attempts to understand the differential effects of chronic 

versus acute administration of amiodarone have been made by examining how cardiac 

action potentials are affected by each dosing regime. 

In fast-response cardiac tissues like the His-Purkinje system and ventricular 

muscle where excitation depends on sodium channel conduction, acute amiodarone 

consistently induces a reduction in the maximum upstroke velocity of the action potential 

(Vm«*) in a use-dependent manner (Mason et al., 1983; Mason et al., 1984; Honjo et al., 

1991) while having no effect on action potential amplitude or resting membrane potential 

(Kodama et al., 1997). Sodium channel block by amiodarone has been confirmed with 

whole cell voltage-clamp recordings of Purkinje cells and ventricular myocytes; acute 

application of 1.4 pM amiodarone reduced the maximum sodium current available by 

30%, and shifted the steady state inactivation cun/e of the sodium currents by -16 mV, 

indicating a drug-induced increase in sodium channel inactivation (Follmer et al., 1987). 

Studies performed at the single channel level demonstrated that use-dependent reduction 

in macroscopic sodium currents by amiodarone was likely to be due to a frequency-

dependent reduction in the open probability of single sodium channels (Kohlhardt and 

Fichtner, 1988). Since the His-Purkinje system is highly dependent on sodium channel 

activation for the upstroke of the action potential, evidence of block of sodium channels 
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by amiodarone lends a molecular explanation for the drug's tendency to increase atrial-

His conduction time. 

Acute administration of amiodarone also slows conduction in slow-response 

tissues such as the AV node (Ikeda et ai, 1984), where the upstroke of the action 

potential is dependent on inward calcium currents (Roden, 1996). Nattel et at. 

demonstrated that amiodarone reduces in a frequency-dependent manner in a slow-

response tissue model, and hypothesized that these reductions were due to calcium 

channel block (Nattel Bt al., 1987). Interestingly, the blocking properties they obsen/ed 

with amiodarone were similar to those of verapamil, diltiazem, and nifedipine in the same 

tissue model (Nattel et al., 1987). Calcium channel block by amiodarone has been 

characterized with whole-cell voltage clamp in ventricular myocytes; block of calcium 

currents by amiodarone was shown to be both frequency and voltage-dependent, 

consistent with current clamp observations in the slow-response tissue model (Nishimura 

et al., 1989; Valenzuela and Bennett, 1991). Interaction of amiodarone with calcium 

channels has also been demonstrated in a radioligand assays in which the binding of 

[^H]nitrendipine to dihydropyridine receptors in rat heart membranes was inhibited by 

amiodarone with a value of 79 nM (Wagner et al., 1990). Together these data support 

the hypothesis that acute amiodarone mediates an increase in AV nodal conduction time 

by antagonizing calcium channels. 

Amiodarone also induces an increase in the action potential duration (APD) of the 

AV node, but does not seem to affect APD in other areas of the heart with acute 

administration. Examination of the effects of acute amiodarone on action potential 

duration (APD) in vitro has resulted in conflicting obsen/ations. Research groups have 

reported either an increase (Mason et al., 1984; Northover, 1984; Yabek et al., 1986), 

decrease (Kadoya et al., 1985; Aomine, 1988), or no change in APD (Ikeda et al., 1984; 
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Varrb et al., 1988) in a variety of cardiac tissues from different species. Yat)ek et al. 

reported that 50 pM amiodarone increased APD at > 2 Hz stimulation frequencies in 

rabbit ventricular and atrial muscle, and decreased APD in rabbit Purkinje fibers (Yabek et 

al., 1986). In contrast, Ikeda et al. reported no change in rabbit atrial muscle APD after 

acute administration of amiodarone, however it should be noted that they only used 5 

concentrations of the drug (Ikeda et al., 1984). Aomine reported that > 110 pM 

amiodarone induced APD shortening in guinea pig ventricular muscle (Aomine, 1988) 

while Mason et al. reported that 44 MM amiodarone induced a substantial and lasting 

increase in APD in the same tissue preparation (Mason et al., 1984). Differences in 

species tested, vehicles for drug delivery, and amiodarone concentrations confound the 

interpretation of these reports. Some conflicting results may be explained by differential 

expression of repolarizing ion currents in each of the tissues studied. Nonetheless, 

positive or negative changes in action potential duration observed in these studies could 

reflect changes in potassium channel conductance, meriting further investigation of the 

blocking effects of acutely-applied amiodarone on native cardiac potassium cun'ents and 

cloned potassium channel subtypes. 

Several investigators have demonstrated that acute amiodarone blocks outward 

cardiac potassium currents. Acute application of 1-5 pM amiodarone substantially 

reduced the delayed rectifier outward potassium current (IK) while having no effect on the 

transient outward potassium current (iro) measured with whole-cell voltage clamp of 

acutely dissociated rabbit ventricular myocytes (Varrb et al., 1996, Kamiya et al., 1995). 

Additionally, Balser et al. observed that amiodarone reduced the La^ resistant 

component of IK in guinea pig ventricular myocytes, which they suggested was the slow 

component of IK (IKS), while amiodarone had no effect on the La^^ sensitive component of 

IK, which they hypothesized was a mixture of IRO and the rapid component of IK (IKT. Balser 
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et al., 1991). In contrast, Guo et al. noted that acute exposure to amiodarone dose-

dependently inhibited both iro and iK in primary cultured rat cardiomyocytes with ICso 

values of 4.9 and 6.3 pM respectively (Guo et al., 1997). 

Although a growing body of evidence supports the observation that acute 

application of amiodarone inhibits outward potassium currents in the heart, no studies 

have yet been published on the effects of amiodarone on specific cloned voltage-gated 

potassium channels. Kv1.2 is a mammalian voltage-gated potassium channel expressed 

in heart. Analysis of atrial and ventricular tissues has shown that Kvl .2 protein and 

mRNA is present in both tissues and twice as abundant in atrium than ventricle (Barry et 

al., 1995; Dixon and McKinnon, 1994). While expression of Kvl .2 in heart is well 

established, the role this channel plays in the milieu of potassium currents in the heart is 

yet undetermined. Because increases in Kv1.2 protein expression parallel increases in 

iro current density during postnatal development in rat ventricular myocytes (Xu et al., 

1996), it has been hypothesized that Kvl .2 curents contribute to ixo (Roden and George, 

1997). The goal of these experiments was to test if acute amiodarone blocks Kvl .2 

channels heterologousiy expressed in Xenopus oocytes, and if so, explore its mechanism 

of block. 

4.2 MATERIALS AND METHODS 

(1) Molecular techniques 

The gene for Kv1.2 cloned from mouse in the pGEMSZ vector (Promega, Madison 

Wl) with the 5' untranslated region of Xenopus &-globin was provided by Dr. B. Tempel 

(Hopkins et al., 1994). Plasmid DMA was linearized at an EcoRI site in the polylinker 

region and used to synthesize RNA in vitro with SP6 RNA polymerase (Boehringer 

Mannheim, Indianapolis IN). 
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(2) Oocyte preparation 

Oocytes from anesthetized mature female Xenopus laevis were obtained by 

surgical removal of several lobes of ovary. Follicular cell layers were removed by 

treatment with collagenase (type lA, 1.5 mg/mL; Sigma) for approximately 2 hours in 

calcium free medium (104 mM NaCI, 3.3 mM KCI, 1.3 mM MgClj, 6.3 mM HEPES, 100 

units/mL penicillin, 100 /^g/mL streptomycin, pH 7.6). Prepared oocytes were injected 

with approximately 0.5-1 ng of mRNA in SO ni of stenle water and incubated for 1-4 days 

at 18°C in culture medium (ND120: 120 mM NaCI, 2.5 mM KCI, 2.3 mM CaClj, 1.3 mM 

MgClj, 6.3 mM HEPES, 100 units/mL penicillin, 100 ^g/mL streptomycin, pH 7.6) before 

recording. 

(3) Electrophysiology 

Two-electrode voltage clamp recordings were performed at room temperature 

with a Geneclamp 500 amplifier driven by pClampS software (Axon Instruments, Foster 

City CA). Electrodes (1-2 MQ) were filled with 3 M KCI. Data were filtered at 2 kHz, 

digitized at 200 Msec, and analyzed with pClamp software. Recordings were performed in 

saline composed of 100 mM NaCI, 2 mM KCI, 4.3 MgCl2 and 5 mM HEPES, pH 7.3 or 

5.2. 

(4) Amiodarone stock solution 

Amiodarone was made up as a 150 stock solution by adding 7.6 mg drug 

dissolved in 500 pL of DMSO to 74 mL of recording saline (at pH 5.2). Acidic pH was 

required to maintain the dmg in solution; pH values more basic than 5.2 caused the drug 

to precipitate. A ten-fold dilution of the stock in recording saline at pH 5.2 yielded the 

final working concentration of amiodarone (15 pM). Control salines were made by adding 
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the equivalent amount of DMSO to recording saline at pH 5.2. 

(5) Calculations 

Conductance was calculated as follows; 

G = iK/(E -EK) 

where IK = amplitude of the potassium current 
E = the test potential 
EK = the reversal potential of potassium (approximated to be -80 mV) 

Normalized conductance = G/Go, where Go is the highest conductance in the voltage 

series. Normalized conductance-voltage curves were fit to the Boltzman equation to 

detennine \/„2 values: 

y = (A, - Aa) / [1 + exp{(x-XO)/k}] + Aa 

where A, = y final 
A2 = y initial 
Xo = midpoint of curve (Vi/j) 
k = slope factor 
X = voltage 
y = normalized conductance 

Time constants for Kv1.2 current activation were calculated by fitting the rising phase of 

the currents to the following single exponential equation using pClamp software: 

y= Ao + Aiexp(-t/tau) 

where: AQ = offset of baseline 
Ai = amplitude 
tau = time constant 
t = time 
y = current 

4.3 RESULTS 

The effect of amiodarone (Fig 4.1 A) was analyzed by two-electrode voltage clamp 

recordings of Kvl .2 channels expressed in Xenopus oocytes. Initial characterization of 
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block of Kv1.2 by amiodarone was performed at pH 5.2 due to the insolubility of the 

lipophilic drug at neutral pH. This was a feasible solution to the solubility problem 

because Kvl .2 current amplitude, inactivation, and voltage-dependence of activation is 

virtually unaffected by acidic pH (Chapter 2; Figs 2.4, 2.5, 2.6 and 2.8). To control for the 

minimal effects that acidification does have on Kv1.2, control potassium currents (pH 5.2, 

0.7% DMSO) were first analyzed by stepping from a holding potential of -80 mV to -^40 

mV for 160 ms (Figure 4.1 B). Amiodarone (15 pM in bath saline, pH 5.2, 0.7% DMSO) 

was then perfused into the bath and potassium currents were again elicited by stepping 

to +40 mV. The activation phases of Kvl .2 currents in the absence and presence of 

amiodarone were fit with a single exponential equation to determine the time constant for 

current activation (x). The x value for Kvl .2 current activation was significantly larger (p < 

0.01, paired T test) in the presence of amiodarone (x = 5.4 ± 0.9 ms, N=3) than it was in 

controls (x =2.1 ± 0.4 ms, N=3), indicating that Kvl .2 channels opened more slowly in the 

presence of drug. Additionally, maximal Kvl .2 current amplitudes were reduced by 32 ± 

10% in the presence of amiodarone (N=3). These data led us to hypothesize that 

amiodarone blocks Kvl .2 either by shifting the voltage-dependence of channel activation, 

by decreasing channel conductance, or both. 

To test the hypothesis that amiodarone shifts the voltage-dependence of 

activation of Kv1.2, potassium currents were recorded at a series of voltages ranging 

from -60 to -••80 mV at 10 mV increments in the absence or presence of 15 fjM 

amiodarone (Figure 4.2A). Conductance values (G) were calculated for the potassium 

current elicited at each test voltage, nonnalized to the highest conductance (Gg) in the 

series, and plotted as a function of voltage (Figure 4.2B). A rightward shift in the 

conductance-voltage plot was induced by 15 pM amiodarone. The voltage required for 

50% activation (V1/2) of Kvl.2 currents was -3.4 ± 6 mV for control currents and 13.6 ± 6 
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mV in the presence of 15 pM amiodarone (mean ± SD, N=7). The positive shift in the 

voltage-dependence of activation of Kv1.2 by 17 ± 7 mV (mean ± SD, N=7) was 

statistically significant (paired T-test p < 0.001). Time constants for activation of Kv1.2 

currents were calculated by fitting the current rising phase at each voltage to a single 

exponential equation (Figure 4.3). x values were significantly larger for activation of 

Kv1.2 currents in the presence of 15 pM amiodarone when compared to controls (Table 

4.1), indicating that amiodarone increased the time required for maximal cun'ent 

activation. 

Because amiodarone required a pH of 5.2 for solubility in aqueous solution, the 

question of whether amiodarone blocked Kvl .2 channels at physiological pH remained to 

be answered. Incubation of oocytes in amiodarone at pH 5.2 was used to load the 

compound into lipophilic compartments of the oocyte, allowing subsequent testing of 

blocking properties at neutral pH (Figure 4.4). The resistance of amiodarone to washout 

and the propensity of the drug to locate itself deep within the fatty acyl region of the lipid 

bilayer has been demonstrated by X-ray diffraction studies (Herbette et a/., 1988). 

For these experiments, initial control recordings established the current-voltage 

characteristics of Kvl.2 channels at pH 7.3. The conductance-voltage relationship 

yielded a value of -11.5 ± 1.5 mV (mean ± SD, N s: 3). Recording saline of pH 5.2 

without amiodarone was then perfused into the bath and induced a rightward shift in the 

conductance midpoint to a V^/2 value of 5.7 ± 5.6 mV. This shift was due acid-induced 

changes in channel activation properties (described in Chapter 2). Next, recording saline 

at pH 5.2 with 15 pM amiodarone was perfused into the recording bath which induced a 

further rightward shift in the conductance curve to a Wyz value of 15.5 ± 5.3 mV, reflecting 

effects of amiodarone on Kvl .2 channels. To test if the amiodarone had been effectively 

loaded into the oocyte, recording saline of pH 5.2 without amiodarone was perfused into 
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the recording chamber to remove all extracellular amiodarone. A reanalysis of the 

conductance characteristics of Kv1.2 at this point yielded a Vi,2 value of 14.0 ± 1.8 mV. 

This value was not significantly different from that obtained at pH 5.2 in the presence of 

amiodarone (Bonferroni T-test, p > 0.25), indicating that the amiodarone continued to 

effectively block Kv1.2 channels, even after removal of the drug from the extracellular 

saline. After verification that amiodarone had been successfully loaded into the oocyte, 

blocking properties at neutral pH were tested by perfusing the oocyte chamber with 

recording saline at pH 7.3. A leftward shift in the conductance cun/e was obsen/ed to a 

Vi,2 value of -9.5 ± 2.5 mV. This value was not significantly different from the value of -

11,5 ± 1.5 mV obtained at pH 7.3 at the beginning of the perfusion series (Bonferroni T-

test, p > 0.25), indicating that Kv1.2 was not blocked by amiodarone at pH 7.3. 

These data show that amiodarone blocked Kvl .2 currents by shifting voltage-

dependent activation to more positive potentials, and that the effectiveness of block was 

pH-dependent. 

4.4 DISCUSSION 

We have found that the Class III antiarrhythmic agent amiodarone blocks the 

cardiac voltage-gated potassium channel Kvl.2, and that the mechanism of block is 

dependent upon extracellular pH. The concentration of amiodarone used in this study is 

comparable to that used by other investigators in in vitro studies and to levels found in 

plasma at therapeutic doses in humans. Plasma concentrations of amiodarone used for 

the chronic prevention of ventricular arrhythmias range from 1.0 to 3.5 MQ/mL (1.4 to 5.1 

MM, Freedman and Somberg, 1991) and 2 to 4 pg/mL (2.8 to 5.6 pM) after IV infusion of 

5 mg/kg over 30 minutes for the termination of acute ventricular arrhythmias (Helmy et al., 

1988; Gonzalez etal., 1998). 
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Because amiodarone is an extremely lipophilic compound, plasma concentrations 

do not reflect the actual concentration of amiodarone at its site of action. Anniodarone is 

insoluble in aqueous solution at physiological pH, and must t)e dissolved in 10% 

polysorbateSO (a soaplike substance) for IV administration in humans (Cordarone, Labaz 

Laboratories). The lipophilic characteristics of the drug cause it to accumulate 

extensively in multiple tissue compartments (volume of distribution of the drug (V^) = 4936 

L after a single 400 mg intravenous dose, Holt et a!., 1983). In fact, the concentration of 

amiodarone was found to be 30 times higher in cardiac tissue than in plasma after 

chronic drug therapy in humans (Haffajee et al., 1983), and 13 times higher in heart than 

in blood one hour after a single 50 mg/kg IV dose in rat (Riva et al., 1982). Therefore 

actual concentrations of amiodarone at its site of action are largely unknown, and could 

range anywhere from 1 to 150 |JM. 

Block of Kvl .2 current by amiodarone is due in part to a shift in the voltage-

dependence of current activation to more positive potentials. Amiodarone induced a 17 

mV shift in the Kvl .2 conductance-voltage relationship, indicating that a greater potential 

difference across the membrane was required to open Kv1.2 channels in the presence of 

amiodarone. Amiodarone also increased time constants for activation, reflecting an 

increase in the time required to open Kvl .2 channels in the presence of drug. These 

data demonstrate that amiodarone significantly blocks Kvl .2 at membrane potentials 

observed during the cardiac action potential. The membrane potential of a Purkinje fiber 

depolarizes to approximately 0 mV during the plateau phase of an action potential 

(Hondeghem and Roden, 1995). At this voltage, we find that amiodarone reduces the 

probability of Kvl .2 channel opening from 59% to 22% and increases the time constant 

for activation from 5.6 to 14.5 ms. Based on these observations, we predict that block by 

amiodarone could decrease the contribution of Kvl .2 channels to membrane 
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repolarization and therefore cause an increase in the duration of the cardiac action 

potential. 

Block of Kvi .2 channels by amiodarone was found to be pH-dependent. The 

voltage-dependence of Kv1.2 current activation shifted to more depolarized potentials in 

the presence of amiodarone at pH 5.2, and did not change after removal of the dmg from 

the extracellular saline, demonstrating that amiodarone continued to effectively block 

Kvi .2 channels, even after removal of the dmg from the extracellular saline. However, 

when the external pH of the oocytes loaded with amiodarone was subsequently changed 

to 7.3, conductance curves overiapped with those obtained from naive oocytes at pH 7.3. 

These data indicate that amiodarone blocks Kvi .2 at acidic, but not neutral pH. 

The obsen/ed pH-dependent block of Kvi .2 by amiodarone can be explained by 

three alternative hypotheses; 

1) The structure of the ctiannel binding site for amiodarone is pH-dependent, and 

is only in the conect conformation for amiodarone binding when extemalpH is acidic 

(Figure 4.58). The pH dependence of ligand binding has been demonstrated for 

dopamine, adenosine, and muscarinic receptors (Birdsall etal., 1989), and is attributed to 

changes in the ionization state of amino acids located within the receptor site. The 

affinity of antagonist (haloperidol) binding to the Dj dopamine receptor decreases at 

acidic pH due to the ionization of a single amino acid with a pKa value of approximately 6, 

speculated to be an aspartic acid residue in the putative ligand binding site (D'Souza and 

Strange, 1995). Conversely, Aj, adenosine receptor binding affinity increases fourfold 

when pH is decreased from 7.6 to 5.5, due to protonation of a histidine residue within the 

adenosine receptor site (Askalan and Richardson, 1994). It is likely that protonation of 

the histidine allows it to as a hydrogen bond donor to facilitate ligand binding, since 

chemical modification of histidine residues with diethylpyrocarbonate abolishs the pH 
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dependence of CGS-21680 binding to Az. adenosine receptors. 

The pH-dependent block of Kv1.2 by amiodarone could be due to proton 

modulation of receptor conformation; protonation of the receptor may create a high 

affinity binding site for amiodarone whereas at neutral pH, affinity is low. Based on the 

range of pH values tested, one candidate for the type of amino acid responsible for this 

effect is histidine (pKa = 6). Glutamic acid, aspartic acid, and cysteine are also possible 

candidates (Table 4.2) because pKa values can vary due to the influence of ionizing 

groups in the local protein environment (D'Souza and Strange, 1995). 

2) The binding affinity of amiodarone to Us receptor depends on the charged state 

of the drug; the quaternary amine conformation of amiodarone binds to the receptor with 

high affinity while the tertiary amine conformation has low affinity for the receptor (Figure 

4.5C). The probability that amiodarone exists in either the neutral or positively charged 

state is described by its acidity constant (pKa). Due to its lack of solubility in aqueous 

solution, reliable determination of the acidity constant of amiodarone has proven to be 

quite difficult, and numerous attempts by various investigators have resulted in a wide 

range of pKa values; 

pKa = 5.6 Labaz Laboratories, Ambares, France; original developer of the drug 
(reported by Andreasen et ai, 1981). 

pKa = 6.6 Bonati et a/., 1984; determined by UV titration. 
pKa = 8.7 Fen'eira et al., 1986; determined by surface potential measurements of 

amiodarone spread at the air-water interface. 

Comparison of our data with model 2 is further confounded by the fact that the 

pKa value of a drug can change when the drug is bound to its receptor due to the 

influence of ionizable groups in the drug-receptor bond. For example, lidocaine is a 

tertiary amine that blocks sodium channels in a pH-dependent manner; extracellular 

acidification shifts lidocaine towards a quaternary amine state that is thought to decrease 
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the proportion of drug that may leave the receptor site within the channel via membrane 

diffusion (Grant ef a/., 1980). Lidocaine and the tertiary amine analog W6211 have 

different pKa values (7.86 and 6.29, respectively), but show the same pH dependence of 

sodium channel block, implying that binding to the receptor site in the channel shifts the 

pKa constants of these compounds to similar values (Moorman et al., 1986). 

Because the acidity constant of amiodarone in solution or bound to receptor is 

largely unknown, model 2 cannot be ruled out as a mechanism for the pH dependence of 

Kv1.2 channel block by amiodarone. Therefore, the observed pH dependence of block 

may result from differential receptor affinity for the charged versus the neutral states of 

the drug. 

3) Amiodarone produces nonspecific channel block by changing membrane lipid 

properties. Amiodarone is highly lipophilic and accumulates in the fatty acyl region of the 

lipid bilayer. The propensity of amiodarone for lipophilic environments is reflected in its 

partition coefficient (1x10®; Herbette et al., 1988), a constant that reflects the ratio of 

membrane-bound versus free ligand. Amiodarone changes lipid bilayer fluidity in a 

manner similar to that seen with cholesterol (Chatelain et al., 1986), which can affect the 

function of transmembrane proteins. Moreover, amiodarone inhibits NaVK" ATPase 

activity in a dose-dependent manner that correlates with decreases in membrane fluidity 

(Chatelain et al., 1985). Amiodarone may alter Kv1.2 protein function through effects on 

lipid properties rather than by direct binding at a blocking site on the channel. However, 

we believe that the pH-dependent reversibility of the block argues against a pure lipid 

effect and instead favors models 1 and 2. 

Acidosis is a detrimental symptom of myocardial ischemic damage. Extracellular 

pH can reach levels as low as 5.9 after induction of ischemia by coronary artery occlusion 

(Axford et al., 1992). Lidocaine is a Class I antiarrhythmic compound that becomes 
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Charged at acidic pH levels observed in myocardial ischemia, resulting in enhanced 

sodium channel block due to trapping of the charged compound in inactivated sodium 

channels (Grant et al., 1980). The pH dependence of lidocaine block is considered 

advantageous because a larger amount of sodium channel block occurs in damaged 

acidotic tissue than in healthy tissue (Hille, 1992). We have found that amiodarone 

blocks Kv1.2 channels in a pH-dependent manner that could be due to acid-induced 

changes in either receptor or drug confomnation, perturbations in the lipid environment, or 

a combination of factors. Kv1.2 channel block by amiodarone demonstrates a unique 

mechanism for enhancement of potassium channel block in acidotic tissue while leaving 

channels in healthy tissue relatively unaffected. This is the first demonstration of a pH-

dependent potassium channel blocker, an attribute that could contribute to the clinical 

advantages of using amiodarone in the treatment of arrhythmias arising from ischemic 

damage. 
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Figure 4.1 Amiodarone blocks Kv1.2. (A) Structure of amiodarone. (B) Kv1.2 was 
expressed in Xenopus oocytes and outward potassium currents were elicited with a 
depolarization to +40 mV for 160 ms from a resting potential of-80 mV. Potassium 
currents recorded at pH 5.2 (0.7% DMSO) before and after application of 15 ^M 
amiodarone are shown as overlapping traces. 
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Figure 4.2 Amiodarone shifts the voltage-dependence of Kv1.2 activation. (A) 
Kv1.2 potassium currents were evoked with a series of voltages ranging from -60 to +70 
mV at 10 mV increments and are shown as overlapping traces for control conditions (pH 
5.2,0.7% DMSO) on the left, and after perfusion with 15 amiodarone (pH 5.2, 0.7% 
DMSO) on the right. (B) The mean ± SD of normalized conductance is plotted against 
voltage for recordings performed on 7 oocytes under control conditions and in the 
presence of 15 ^M amiodarone. Data were fit with the Boltzman equation to determine 
voltage required for 50% curent activation (V,^). The value was -3.4 ± 6 mV (mean 
± SD) for control currents and 13.6 ± 6 mV in the presence of 15 (iM amiodarone. 
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Figure 4.3 Amiodarone slows Kv1.2 channel activation. The rising phases of 
Kv1.2 currents (pH 5.2, 0.7% DMSO) in the absence and presence of 15 |JM 
amiodarone were fit with a single exponential equation to determine the activation 
time constant (tau) at a series of voltages. The mean ± SE (N > 5) of tau is plotted 
against voltage. A statistically significant difference between control and drug 
treated tau values is indicated with a * (p < 0.01) or a»(p < 0.05). See Table 4.1 for 
details of the statistical analysis. 
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Figure 4.4 Block ofKvl.2 by amiodarone is pH-dependent Kvl .2 potassium 
currents were evoked from a resting potential of -80 mV with a series of potentials 
ranging from -60 to +60 mV at 10 mV increments and a depolarizing pulse duration of 
240 ms. (A) Normalized conductance is plotted against voltage for a series of 
perfusions at various pH levels with and without amiodarone present. Data were fit with 
the Boltzman equation and represent the mean ± SE, N > 3. (B) The voltage required 
for 50% conductance (V^/j) for each perfusion condition is given as the mean ± SD, N > 
3. An ANOVA detected a significant differences in the values for the series of 
perfusions (p < 0.001), therefore the Bonfen-oni T-test was used to compare treatment 
groups. A significant difference (*) was detected between the midpoints of perfusions 
#2 and #3 (p < 0.05), while no significant difference (NS) was detected tietween the 
midpoints of perfusions #3 and #4, or #1 and #5 (p > 0.25). 
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Figure 4.5 Alternative mechanisms of block of Kvl.2 by Amiodarone. Panel A 
describes a cartoon depiction of Amiodarone block of Kv1.2. Acid dependent block of 
Kv1.2 by amiodarone may be due a pH dependent change in receptor confomiation 
(B), a pH dependent change in drug conformation (C), or a combination of both of these 
mechanisms. 
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Kv1.2 

T (ms) 

voltage (mV) control 15 pM amiodarone 

80 1.7±0.1 2.9 ± 1.5 

70 2.0 ± 0.2 3.8 ± 1.5'' 

60 2.4 ± 0.2 4.6 ± 1.7* 

50 2.8 ±0.3 5.7 ± 2.0 * 

40 3.4 ± 0.3 7.1 ±2.4* 

30 4.2 ± 0.5 10.0 ±4.0* 

20 5.6 ± 0.6 14.5 ±6.7* 

10 7.5 ± 0.8 21.3 ± 10.5* 

0 11.1 ± 1.4 

-10 17.5 ±2.6 

-20 31.8 ±4.9 

Table 4.1 Activation time constants of Kvl.2 currents. The rising phases of Kv1.2 
currents (pH 5.2, 0.7% DMSO) were fit with a single exponential equation to determine 
the activation time constant (x) at a series of voltages in the absence and presence of 15 
|JM amiodarone. Data are reported as the mean ± SE, N 2 5. An F-test detected a 
significant difference between the variances in tau values of the control and amiodarone 
treated currents (p < 0.01 at all voltages), therefore significant differences between the 
two sample groups were determined with a T-test assuming unequal variances. 
Significant differences from control are indicated with a * (p < 0.05) or * (p < 0.01). 
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Amino acid pKa of side chain 

Aspartic acid 3.90 

Glutamic acid 4.07 

Histidine 6.04 

Cysteine 8.33 

Tyrosine 10.13 

Lysine 10.79 

Arginine 12.48 

Table 4.2 The pKa values for amino acids with ionizable side chains. Voet and Voet, 
1990 (25°C). 
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SUMMARY AND CONCLUSIONS 

Kv1.2 and Kv1.5 are two subtypes of voltage-gated potassium channels 

expressed In heart that are thought to contribute to phase 1 (ITO) and phase 3 (IK) 

components of cardiac action potential repolarization. Although the effect of decreased 

pH in prolonging cardiac action potentials is well documented, the molecular target of 

acidification has not previously been detemnined. I expressed Kv1.2 and Kv1.5 in 

Xenopus oocytes to study the effect of acidic and alkaline extracellular pH on channel 

function. Using two-electrode voltage clamp and cell attached patch clamp, I 

demonstrate that Kvl.5 channels are blocked at acidic pH while Kv1.2 channels are not. 

Kvl .5 channels show enhanced C-type inactivation at acidic pH, and accumulation of 

Kvl .5 channels in the C-type inactivated state likely explains pH-dependent block of this 

channel subtype. A histidine residue in the third extracellular loop of Kv1.5 (H452) 

accounts for the difference in pH sensitivity between the Kvl.5 and Kvl .2 channels. 

Mutation of histidine H452 to a glutamine residue in Kvl.5 yields a channel that no longer 

shows enhanced inactivation with acidification. My results demonstrate that H452 in the 

third extracellular loop of Kv1.5 plays a role in C-type inactivation, thus expanding the 

known complement of protein regions that contribute to the slow K^ channel inactivation 

mechanism. These data also lend insight into the molecular mechanisms underlying 

acid-induced prolongation of the cardiac action potential and acid-induced block of K^ 

currents in microglia and pulmonary arterial smooth muscle cells. 

I have found that the Class III antianrhythmic agent clofilium blocks Kvl.5 in a 

state-dependent manner and that structural modifications of clofilium alter properties of 

Kv1.5 channel block. Kv1.5 channels undergo processes of block and recovery from 

block by the quaternary amines clofilium and LY97542 principally from the open channel 

state. Rapid closing of channels at negative membrane potentials 'Iraps" the charged 
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blocking agents in a manner that slows recovery. In contrast, the tertiary amine LY97241 

appears to have access to and from the putative intemal receptor site of Kv1.5 channels 

in the closed as well as open states. No trapping of LY97241 was observed at negative 

membrane potentials, presumably because the neutral compound can escape from the 

closed channel via an altemative hydrophobic pathway that is not accessible to the 

pemianentiy charged compounds clofilium and LY97542. These data demonstrate that 

block of Kvl .5 by clofilium and analogs is influenced by the charged state of the drug. 

Kv1.2 channel block by amiodarone demonstrates a unique mechanism for 

enhancement of potassium channel block in acidotic tissue while leaving channels in 

healthy tissue relatively unaffected. Amiodarone blocked Kv1.2 channels by shifting the 

voltage-dependence of channel activation to more depolarized voltages. Block occurred 

at acidic but not neutral extracellular pH. The observed pH-dependent block of Kvl .2 by 

amiodarone could be due to acid-induced changes in either receptor or drug 

conformation, perturbations in the lipid environment, or a combination of factors. This is 

the first demonstration of a pH-dependent potassium channel blocker, an attribute that 

could contribute to the clinical advantages of using amiodarone in the treatment of 

arrhythmias arising from ischemic damage. 

Repolarization of the cardiac action potential is due to activation of voltage-gated 

potassium currents. Block of these currents by acidosis and Class III antiarrhythmic 

agents induces a prolongation in the duration of the cardiac action potential. Data 

presented in this dissertation demonstrate that acidosis-induced prolongation may be due 

in part to block of Kvl .5 potassium channels, while prolongation produced by the 

administration of clofilium and amiodarone may be due to block of Kv1.5 and Kv1.2 

channels, respectively. 
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APPENDIX A. LABORATORY PROTOCOLS 

(1) MOLECULAR BIOLOGY: 

Preparation of Competant E. Coli (DHSa): 

Competant Cell Growth Media (1 liter): 
5 g Yeast Extract 
20 g Bactotryptone or Casein Enzymatic Hydrolysate 
5 g MgS04 
adjust pH to 7.6 with KOH 
autoclave 

Tfbl solution (400 mL); 
component 
K Acetate 
RbCI 
CaClz • 2H2O 
MnClj • 4H2O 
glycerol 

rma! concentration 
30 mM 
100 mM 
10 mM 
50 mM 
15% 

dry weight 
1.18g 
4.84 g 
0.59 g 
3.96 g 

mL of 1 M stock 
12 mL 
40 mL 
4 mL 
20 mL 
60 mL (pure glycerol) 

adjust pH to 5.8 with 0.2 M acetic acid (DO NOT use KOH) 
filter sterilize 

Tfbll solution (100 mL): 
component 
MOPS 
CaClj • 2H2O 
RbCI 
glycerol 

final concentration 
10 mM 
75 mM 
10 mM 
15% 

dry weight 
0.20 g 
l.lOg 
0.12 g 

mL of 1 M stock 
1.0 mL 
7.5 mL 
1.0 mL 
15 mL (pure glycerol) 

adjust pH to 6.5 with KOH 
filter sterilize 

PROCEDURE: 

1. Day before prep (PM): Streak out bacteria onto agar plate without ampicillin. 
2. Day of prep (AM): Innoculate single colonies into four culture tubes containing 5 mL 
growth media (no ampicillin). 
3. Grow at 37°C in shaker for about 4-7 hours to achieve OD550 = 0.6. 
4. Use 2 of the 5 mL starter cultures to start 2 large cultures of 100 mL each. 
5. Grow at 37°C in shaker for about 4-7 hours to achieve OD550 = 0.6. 
6. Aliquot bacterial cultures in 6 culture tubes (50 mL tubes - 33 mL each) or 8 culture 
tubes (30 mL tubes - 25 mL each). 
7. Cool on ice 10 minutes. 
8. Spin at 6000 rpm 5 minutes, 4°C. 
9. Discard supernatant. 
10. Add 13 mL cold Tfbl to each of 6 tubes (or 9.75 mL to each of 8 tubes) and resuspend 
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cells. 
11. Combine contents into 2 tubes to simplify handling (or 4 tubes if using 30 mL 
centrifuge tubes). 
12. Cool on ice 5 minutes. 
13. Spin at 6000 rpm 5 minutes, 4°C. 
14. Discard supernatant. 
15. Add 4 mL cold Tfbll to each of 2 tubes (or 2 mL to each of 4 tubes if using 30 mL 
centrifuge tubes) and resuspend cells. 
16. Cool on ice 15 minutes. 
17. Aliquot 200 ^L of the Tfbll cell suspension into 1.2 mL screw top microcentrifuge tubes 

(40) and immediately drop into liquid nitrogen. 
18. Transfer directly to -80®C freezer for storage. 

LB bacterial medium (1 liter): 
10 g Casein Enzymatic Hydrolysate 
5 g Yeast Extract 
lONaCI 
Adjust pH to 7.0 with NaOH 
Add 1.5 g agar per 100 mL for plates 
Autoclave 

Bacterial Transformation: 
1. Aliquot 100 |iL competant DH5a cells. 
2. Add 50-100% of ligation reaction (or 20 to 100 pg pure plasmid DNA) to cells. 
3. Incubate on ice 10 minutes. 
4. Shock 90 seconds, 42°C. 
5. Cool on ice 2 minutes. 
6. Add 900 |iL LB bacterial medium. 
7. Shake 45 minutes, 37°C, 225 rpm. 
8. Plate onto LB agar plates. 
9. Grow 37°C overnight. 

Bacterial Glycerol Stocks: 
1. Grow bacteria to 0.6 OD550. 
2. Add 150 ^L sterile glycerol to 850 ^L cells. 
3. Quick freeze in liquid nitrogen. 
4. Store at -80°C. 
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DNA Ligation: 

1. Prepare DNA insert and receiving vector for ligation by cutting each with complementary 
restriction enzymes. 
2. For a 10 ^L reaction, mix; 

50 to 200 ng receiving vector DNA 
500 to 2000 ng insert DNA 
Dl water to bring final volume to 7.5 ^L 

3. Heat to 45°C for 5 minutes. 
4. Cool on ice. 
5. Add: 

2 ^L 5X T4 ligase buffer 
0.5 T4 DNA ligase 

6. Incubate overnight at 18°C. 

PhenoUchlorofonn extraction mixture: 

Add 2 mL isoamyl alcohol to 48 mL chloroform. 
Mix 25 mL of chloroform/isoamyl alcohol and 25 mL Tris-buffered phenol (pH > 7.8, 
containing 0.1% hydroxyquinolone). 

RNA synthesis: 

1. For a 50 ^L reaction, mix: 

5 to 10 iig linearized template cDNA 
10nL2.5mM rNTPs 
5 )iL 10 mM diguanosine triphosphate (rGpppG cap) 
5 |.iL 100 mM dithiothreitol (DTT) 
10 i^L 5X transcription buffer 
17 )iL DEPC water (Dl water treated with diethylpyrocarbonate) 
2 |iL RNase Inhibitor 
1 nL RNA Polymerase 

2. Incubate at 37°C for 3 hours. 
3. Add 1 ^L RNase Inhibitor. 
4. Add 1.5 |iL DNase, RNase free. 
5. Incubate at 37°C for 30 minutes. 
6. Add 250 nL DEPC water. 
7. Extract twice with equal volume of phenol/chloroform (save aqueous phase). 
8. Extract once with equal volume of chlorofomfi (save aqueous phase). 
9. Add 500 ML ethanol and 50 iiL 3.3 M sodium acetate to precipitate RNA. 
10. Precipitate overnight at -20°C or 1 hour at -80°C. 
11. Centrifuge at 13000 rpm for 30 minutes to pellet RNA. 
12. Discard supernatant and wash pellet with 70% ethanol in DEPC water. 



144 

13. Centrifuge at 13000 rpm for 15 minutes to pellet RNA. 
14. Discard supernatant and reconstitute dry pellet in 12 ^L DEPC water. 
15. Aliquot 0.5 |iL for analysis by gel electrophoresis. 
16. Store RNA stock at-80°C. 

Gel Electrophoresis of DMA: 

50X Tris-Acetate-EDTA DNA gel buffer (100 mL): 
24.2 g Tris base 
5.71 mL glacial acetic acid 
10 mL 0.5 M EDTA, pH 8 
Store at room temperature 

6X DNA sample buffer; 
0.25% bromophenol blue 
0.25% Xylene cyanol FF 
40% (w/v) sucrose in water 
Store at 4°C 

Ethidium bromide staining solution; 
35 ^L ethidium bromide stock (10 mg/mL) 
350 mL IX TAE gel buffer 

1% agarose gel (w/v) = 1 g agarose per 100 mL IX TAE buffer 

Gel Electrophoresis of RNA: 

10X Northern buffer (200 mL): 
lOOmL 1 M HEPES, pH 7.0 
4 mL 0.5 M EDTA, pH 8.0 
3.3 mL 3 M Sodium acetate 
Adjust to pH 7.0, store at room temperature 

1X Northern buffer (500 mL); 
50 mL 10X Northem buffer 
90 mL 37% formaldehyde 
360 mL Dl water 

RNA sample buffer (1 mL); 
ICO ^L 10 X Northem buffer 
500 ^L ultrapure formamide 
180 ^L 37% formaldehyde 
100 |iL bromophenol blue (10 mg/mL) 
120 ^L Dl water 
Store at -20°C 
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For an 11 RNA gel sample: 
8 ^L RNA sample buffer 
2 RNA sample 
1 nL ethldium bromide stock (10 mg/mL) 

1% denaturing RNA gel (50 mL): 
0.5 g agarose 
5 mL 10X Northern buffer 
36 mL Dl water 
Melt gel in microwave oven 
Add 9 mL 37% formaldehyde while hot 
Pour into gel cast 

Polymerase Chain Reaction: 

Typical conditions for a 100 ^L reaction; 

component volume added to reaction final concentration 
5 mM dNTPs 4 ^L 200 MM 
10X buffer with 15 mM MgCI^ 10 nL 
DNA template (10 ng/^L) 2ML 0.2 ng/nL 
sense primer (20 pmol/^L) 5^L 1 pmol/|iL 
antisense primer (20 pmol/^L) 5^L 1 pmol/|iL 
Dl water 73.2 ^L 
Taq DNA Polymerase (5 units/nL) 0.8 nL 0.04 units/|iL 

Bacterial colony screen using Polymerase Chain Reaction: 

1. Pick bacterial colonies with 10 |iL pipet tip and add to 20 ^L LB broth. 
2. Vortex on low speed. 
3. Remove 10 ^L of LB and place in PGR tube. 
4. Save remaining 10 |iL of LB at 4°C for later culture innoculations. 
5. Centrifuge PGR tubes and carefully remove supematant. 
6. To each tube add; 

2 ^L 5 mM dNTPs 
5 ML 10X PGR buffer with 15 mM MgGlj 
2.5 ^L 20 pmol/ML T3 primer (5' GCA ATT AAC CCT GAG TAA AGG G 3') 
2.5 ^L 20 pmol/ML T7 primer (5' GCG TAA TAG GAC TCA CTA TAG GGC G 3') 
37.6 ML Dl water 
0.4 |iL Taq DNA polymerase 

7. Place tubes in thermocycler for 30 cycles: 
94°C 45 seconds 
52°C 1 minutes 
72°C 2 minutes 

8. Check reactions using gel electrophoresis. 



(2) OOCYTE CULTURES: 

Oocyte Preparation: 

OR-2 medium (1 liter): 
component 
NaCI 
KOI 
MgClz 
HEPES 
penicillin 
streptomycin 

final concentration 
103.5 mM 
3.25 mM 
1.25 mM 
6.25 mM 
100 units/ml 
100 A^g/ml 

mL of 1 M stock or dry weight 
103.5 mL 
3.25 mL 
1.25 mL 
6.25 mL 
60 mg 
100 mg 

Adjust pH to 7.6, filter sterilize and store at -20°C in 200 mL aliquots. 

ND-96 medium (1 liter): 
component 
NaCI 
KCI 
CaCl2 
MgClz 
HEPES 
pyruvic acid 
penicillin 
streptomycin 

final concentration 
96 mM 
2.0 mM 
1.8 mM 
1.0 mM 
5 mM 
2.5 mM 
100 units/ml 
100 A^g/ml 

mL of 1 M stock or dry weight 
96 mL 
2.0 mL 
1.8 mL 
1.0 mL 
5.0 mL 
175 mg 
60 mg 
100 mg 

Adjust pH to 7.6, filter sterilize and store at •20°C in 200 mL aliquots. 

Modified Barth's medium (1 liter): 
component 
NaCI 
NaHCOa 
HEPES 
KCI 
Ca(N03)2 
CaCl2 
MgSO^ 

final concentration 
88 mM 
2.4 mM 
10 mM 
1.0 mM 
0.33 mM 
0.41 mM 
0.82 mM 

mL of 1 M stock 
88 mL 
2.4 mL 
10 mL 
1.0 mL 
0.33 mL 
0.41 mL 
0.82 mL 

Adjust pH to 7.4 and store at -20°C in 200 mL aliquots. 

On day of use, thaw a 200 mL aliquot and add: 

component 
pyruvic acid 
penicillin 
streptomycin 
heat inactivated horse serum 

final concentration 
2.5 mM 
100 units/ml 
100 A^g/ml 
5% 

dry weight 
35 mg 
12 mg 
20 mg 
10 mL 

Filter sterilize, store 4°C. 
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PROCEDURE; 

1. Anaestitize frog using 1g Tricaine per 500 mL HjO at pH 5.5 adjusted with NaOH. 
2. Surgically removal of several lotjes of ovary. 
3. Cut open lobes and cut into several pieces. 
4. Place oocytes into a sterile 50 mL conical tube containing 

30 mL OR-2 medium 
45 mg collagenase type I (Worthington Biochemical) 
15 mg trypsin inhibitor (type lli-0 chicken egg white; Sigma) 

5. Digest for approximately 2 hours while shaking gently. 
6. Rinse oocytes with ND-96 medium. 
7. With 30 mL ND-96 In tube, shake gently for 30 minutes, changing out ND-96 
occassionally. 
8. Place oocytes in sterile covered 50 mL petri dish with ND-96 and store at 18°C. 
9. Sort oocytes and remove any remaining follicular coats with fine forceps. 
10. Inject with 50 nL mRNA. 

(3) ELECTROPHYSIOLOGY: 

Oocyte Recording Saline: 

Bath saline for two-electrode voltage clamp or pipette saline for cell-attached patch-clamp; 
100 mM NaCI 
5 mM MgClz, 
2 mM KCI, 
2 mM CaClj, 
2 mM EGTA, 
and either 
5 mM 2-[N-Morpholino]ethane-sulfonic acid (MES, pH 5.3 and pH 6.3), 
5 mM HEPES (pH 7.3) or 
5mM Trizma (pH 8.3) 
Adjust pH with NaOH or HCI. 

Bath saline for cell-attached patch-clamp; 
102 mM KCI 
2 mM CaCl2 
5 mM MgClz 
2 mM EGTA 
5 mM HEPES 
Adjust pH to 7.3 with NaOH or HCI. 

Oocyte Stripping Media: 
200 mM N-methyl glucamine aspartate (pH adjusted to 7.3 with aspartic acid) 
20 mM KCI 
10 mM EGTA 
1 mM MgCIs 
10 mM HEPES 
Adjust pH to 7.3. 
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