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ABSTRACT

Potassium channels are ubiquitous in animal and plant kingdoms, are found in 

both eukaryotic and prokaryotic cells, and have large structural variation allowing for a 

range of function. Members of the six transmembrane domain (6TM) Shaker-superfamily 

of voltage-gated (Kv) ion channels are major determinants of the electrical phenotype of 

excitable cells such as neurons, myocytes, and some epithelial cells. These channels have 

two functional domains, the ion selective pore which has strong similarity to the two 

transmembrane (2TM) bacterial channels, and a voltage-sensing domain formed by four 

transmembrane helices, including the evolutionarily conserved voltage sensor. These 

domains allow a voltage-gated channel to detect changes in transmembrane voltage and 

become activated through conformational changes that ultimately allow ions to pass 

through a selective pore.

Here I have explored the underlying structural interactions within voltage-sensing 

domains of two invertebrate channels, jShakl and N.at-Kv3.2. The detailed energetics and 

permeability of these channels was evaluated for a range of site-directed mutants. The 

jShakl mutants demonstrated fine mechanical tolerances in the voltage sensing domain; 

small differences in side chain structure for several interesting amino acids yielded 

significant changes in the energetics of voltage response. Despite an apparent 

conservation in structure, I found that N.at-Kv3.2 channels allow ion flow through a non 

canonical ion pore. This alternative permeation flows through a gap in the gating pore 

created by movement of the voltage sensing-helix through this region. Extensive 

mutagenesis of the voltage sensing helix and the resulting changes in relative ionic
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permeability identified constraints on the shape and flexibility of the voltage sensing 

helix within this aqueous gating pore.

The plasticity within these channel proteins demonstrates that the core function 

can be quantitatively modified to a minor or major extent by changes in protein packing 

and structural interactions within the functional domains. This information provides 

dynamic constraints on functional models of ion channels that can be applied in 

combination with energetic modeling of 3-D structures of homologous proteins. This 

combination of detailed structural modeling with functional energetic data will yield new 

insights into voltage-gated channel function in particular, and dynamics of protein 

function in general.
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CHAPTER 1: INTRODUCTION

1.1 I o n  C h a n n e l s  a n d  M e m b r a n e  P o t e n t ia l

Membrane channels are integral membrane proteins that respond to a stimulus, by 

opening and closing the gate on a transmembrane pore, thus regulating the diffusion of 

ions down their electrochemical gradient across the lipid bilayer. Channels regulate the 

flux of cations such as potassium (K+), sodium (Na+) and calcium (Ca2+) and anions such 

as chloride (C1‘). Precise control of channel activity is critical for setting and altering the 

cellular membrane potential. Channel activity can be regulated by various stimuli 

including changes in membrane voltage, membrane stretch, G-proteins, intracellular 

ligands like cyclic nucleotides, free calcium and protons, and extracellular ligands, like 

glutamate, glycine and other neurotransmitters.

1.2 C a t io n  C h a n n e l  R e l a t io n sh ip s

1.2.1 D iv er sity , Str u c tu r e  and  E volution

Cation channels provide an essential function in a number o f organisms including 

those that lack highly organized cellular structures. These channels are classified based 

on structure, function and ion selectivity. These include inward rectifier potassium
^ I

channels (Kir), leak channels, voltage-gated potassium channels (Kv), Ca activated 

potassium channels (Kca), and voltage-gated calcium {Cav) and sodium (Nay) channels. 

Despite this functional diversity, several conserved architectural elements o f these 

integral membrane proteins can be used to elucidate evolutionary relationships.

(Anderson and Greenberg 2001; Derst and Karschin 1998; Kerschbaum et al. 2002; 

Miller 2000; Strong et al. 1993).

1.2.2 2TM  Sing le  P ore Potassium  Channels

Two transmembrane (2TM) channels have the most ubiquitously found channel 

architecture, apparently present in every cellular organism (Jan and Jan 1992; Jan and Jan 

1997).This tetrameric channel has both the amino (N) and carboxy (C) termini in the 

cytosol, and is comprised of two membrane-spanning domains that are linked by an ion

1
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selective pore loop (Jiang et al. 2002, 2002). This 2TM architecture has strong structural 

homology with the S5-pore loop-S6 structure o f the larger six transmembrane (6TM) 

channel proteins that contain both the selectivity filter and activation gate (Doyle et al. 

1998; Jiang et al. 2002; Jiang and MacKinnon 2000; MacKinnon et al. 1998).

1.2.3 4TM Tw o P ore  P otassium  C hannels

The four transmembrane (4TM) two pore potassium channels are composed of 

four transmembrane helices and two pore loops, having a topology like two 2TM 

channels spliced together. These channels associate as dimers to yield the fourfold 

symmetry in the functional pore (Goldstein et al. 1999).

1.2.4 6TM  Sing le  P ore  P otassium  C hannels

1.2.4.1 General Structure

The 6TM voltage-gated potassium channel superfamily members share a common 

architecture but vary greatly in function, ion selectivity and regulation. Single alpha 

subunits are composed o f six transmembrane helices, known as SI to S6 respectively, 

with both N and C termini located cytosolically. Within the N-terminus, the T1 or 

tetramerization domain functions in assembly of four alpha subunits within the ER, and 

contributes to channel function through protein-protein interactions with the cytosolic 

face of the channel (Deutsch 2002; Kosolapov and Deutsch 2003; Strang et al. 2001; 

Varshney and Mathew 2002).

The highly conserved S5-pore loop-S6 contains the ion-selective pore, and shows 

significant structural similarity with the 2TM channels. The remaining helices, S1-S4, are 

known as the voltage-sensing domain. The S4 helix is the voltage-sensor, which has 

conserved basic residues occurring at every third position. This charged helix confers the 

ability to sense, and respond with structural rearrangements, to changes in 

transmembrane voltage on the channel.

1.2.4.2 KCNH -  erg, elk, eag

The KCNH family of channels has the conserved 6TM architecture, but varies 

greatly in the C-terminus after the S6 helix, having a cyclic nucleotide-binding domain

2
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(Gutman et al. 2003). Notably, these channels have a selectivity sequence o f GFG, which 

differs from other K+ channel pore sequence of GYG. This channel family has a 

characteristic S4 helix containing four basic residues at every third position, and an 

additional acidic or basic residue within the motif between R3 and R4 (corresponding to 

R4 and R5 in Shaker) (Titus et al. 1997).

1.2.4.3 Calcium Activated Potassium Channels -Kca

Calcium activated potassium channels (K Ca) are divided functionally, based on the 

amount of potassium conductance through the channels. Small conductance (SK) Kca2 

and intermediate conductance (IK) Kca3, are activated by intracellular calcium and are 

voltage independent (Gutman et al. 2003). The tight association of calmodulin with the 

C-terminus of these channels confers calcium sensitivity (Fanger et al. 1999).

1.2.4.4 KCNQ

The KCNQ family is also known as Kv7 channels because o f their strong 

structural similarity to the Shaker superfamily o f voltage-gated potassium channels. 

Unlike Shaker channels, KCNQ channels require co-expression with a single 

transmembrane domain beta subunit (MirPl, MirP2 or MinK) to have physiologically 

significant current (Abbott et al. 2001; Abbott and Goldstein 1998; Gutman et al. 2003).

1.2.4.5 Shaker

The voltage-gated potassium channel (Kv) Shaker superfamily has the highly 

conserved 6TM architecture and a potassium selective pore. These channels are activated 

solely by changes in transmembrane voltages (Jan and Jan 1997). The Shaker superfamily 

is composed o f four distinct and functionally different subfamilies; Shak, Shab, Shaw and 

Shal (Kvl-4  or KCNA-D respectively) (Gutman et al. 2003).Functional channels are either 

homotetrameric or heterotetrameric and are found primarily in neuron and muscle. Kv 

channels can be fast activating, and fast inactivating A-type potassium channels, or 

classical delayed rectifiers. The extreme functional diversity o f Kv channels is 

accomplished through heterotetramerization, cystosolic beta subunit co-assembly, 

phosphorylation and alternative splicing of gene products, as well as the large number of 

sequence variants within the genome (Abbott et al. 2001; Abbott et al. 2006; Abbott and

3
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Goldstein 1998; Covarrubias et al. 1991; Covarrubias et al. 1994; Kerr et al. 2001; 

Nitabach et al. 2002)

Even with only four genes, one for each channel subfamily, the Kv channels 

represent the majority o f potassium channels in the D. melanogaster genome 

(Covarrubias et al. 1991; Moulton et al. 2003). This is also true o f mammals with 27 Kv 

genes, and C. elegans with 9 Kv genes. Only the diversity of the two-pore leak channels 

surpasses the Kv channel content within the genome (Moulton et al. 2003).

In mammals, the Kvl, Shak family has the largest number o f representatives, 

resulting from gene duplication and divergence during evolution, giving rise to eight 

distinct mammalian homologues for the singular D. melanogaster gene. This subfamily 

is characterized by fast activation kinetics, and for some channels N-type fast 

inactivation, which in mammalian excitable cells underlies the A-type current 

(Kerschbaum et al. 2002).

The Kv2, Shab genes encode delayed rectifier channels with a diversity of 

functions depending on alpha subunit composition. In mammals a number o f genes 

encode Kv2-related subunits (Kv5, Kv6, Kv8, Kv9), which, when expressed as 

homotetramers, form non-functional channels (Gutman et al. 2003; Ottschytsch et al.

2005). However, these subunits, when expressed as heterotetramers with Kv2 subunits, 

form functional channels with distinctive kinetics, localization, levels o f expression, and 

modify channel conductance (Kerschensteiner et al. 2003).

The Kv3, Shaw subfamily is comprised o f members requiring a large 

depolarisation for activation in all organisms. This is compared to other subfamilies 

where mammalian channels show a leftward shift in their voltage dependence of 

activation when compared to the invertebrate paralogues (Klassen et al. 2006).

The Kv4, Shal, channels have a specialized beta subunit, KchIP, associated with 

the tetramer. Co-expression modifies inactivation kinetics, increases current density, and 

shifts inactivation to more depolarized potentials (Jegla and Salkoff 1997; Lin et al. 2004; 

Salvador-Recatala et al. 2006). Ky4 channels, like the KV1 subfamily, mediate fast 

activating, fast inactivating A-type currents (Huang et al. 2006).

All four Kv subfamilies can be found in all metazoans, including diploblastic 

jellyfish, suggesting the evolution of this gene family occurred over 500 million years

4
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ago in the common animal ancestor (Jegla et al. 1995; Jegla and Salkoff 1995; Salkoff et 

al. 1992; Strong et al. 1993). The pattern o f evolution hypothesized for the Shaker 

superfamily based on sequence similarities and functional properties in the subfamilies, 

involves the duplication of the original gene, giving rise to paralogous genes, the 

precursor to the Shak/Shal lineage and the precursor to the Shab/Shaw lineage (Moulton 

et al. 2003; Strong et al. 1993). These precursor genes were then duplicated again, giving 

rise to four functional subfamilies. With the full complement o f Kv genes from the 

common ancestor, independent evolution, including the duplication and loss o f the genes 

in common ancestors, or within phyla, gave rise to the current distribution of genes 

within extant organisms; thus there is independent origin of paralogues in different phyla.

1.2.5 24TM Sing le  Pore Ca lc iu m  and  So d iu m  Ch a n n els

The alpha subunit of the twenty-four transmembrane (24TM) single pore voltage- 

gated channels is composed of four similar internal repeats that have the 6TM 

architecture. Voltage-gated calcium and sodium channels are monomeric where voltage- 

gated potassium channels are tetrameric, but the overall architecture is similar (Catterall 

1992; Catterall 1991; Strong et al. 1993). It is believed that these 24TM channels evolved 

through two rounds o f tandem duplication, in a similar fashion to that observed in Shaker 

channels, but where the duplicates are connected via functional intracellular loops. These 

intracellular loops, which connect these 6TM domains (named I, II, III, and IV) vary in 

length, and greatly affect channel function via phosphorylation and interaction with 

cytosolic factors, including accessory subunits. The pore loops in each domain also vary 

in length and sequence, but the selectivity filter has the conserved architecture where 

changes in residues confer different ion selectivity. Notably, the change of three amino 

acids in the pore loops of domains I, III and IV of a sodium channel will convert the 

selectivity filter to that of a calcium channel (Ahem et al. 2006).

1.3 P o t a s s i u m  C h a n n e l  S t r u c t u r e

1.3.1 Str u c tu r al  C om po nents  and  M ec h a n ism s

The 6TM architecture of voltage-gated potassium channels is divided into two 

functional regions; 1) the selectivity filter and pore (S5-pore loop-S6) and 2) the voltage
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sensing domain (S1-S4). These functional regions facilitate the activation o f the channel 

through a number of voltage sensitive transitions from the closed to open state. These 

transitions involve conformation changes of the activation gate and are stabilized by inter 

and intra-subunit interactions. This is followed by a final voltage insensitive transition 

from an intermediate state to the open state, dependent on interactions of the permeant 

ion on the pore. Through voltage sensitive and voltage insensitive transitions, channels 

return to the closed state or enter an inactivated conformation o f the channel (Bao et al. 

1999).

1.3.1.1 Selectivity Filter and the Pore

The selectivity filter and pore structure defined by the highly conserved S 5-pore 

loop-S6 has strong similarity among all potassium selective channels, including MthK, 

KcsA, KirBac, Kir and the 6TM channels KvAP and members o f the Shaker superfamily 

(Jiang et al. 2002, 2002; Lu et al. 2001; Zhou and MacKinnon 2003). Potassium channels 

minimize the activation energy necessary for a potassium ion to traverse the lipid bilayer, 

allowing for fast physiologically significant ion flux, (108 ions-sec'1) while having 

unfavorable energetics for other monovalent cations, like Na+ to pass, ensuring selectivity 

of K+ (Bemeche and Roux 2001, 2003; Grabe et al. 2006; Roux and Bemeche 2002).

The pore of the potassium channel can be divided into two distinct regions; the 

selectivity filter which is roughly 12 A in length, and the pore cavity or vestibule, an 

aqueous cavern approximately 18 A in length and 8-10 A in diameter (Doyle et al. 1998; 

Treptow and Tarek 2006, 2006). The aqueous vestibule is lined by hydrophobic residues 

acting as an inert surface by minimizing the electrostatic interactions between protein and 

water providing no competition for the hydrated ions (Doyle et al. 1998; Grabe et al.

2006). Charge mutations, particularly to acidic residues, within the vestibule can cause 

the ionic selectivity of the channel to change (Grabe et al. 2006).

The selectivity filter sequence is a conserved TxxTxGYG motif on the non-helical 

portion of the pore-loop in which the carbonyl oxygens of the peptide bond act to 

stabilize the dehydrated potassium ions (Doyle et al. 1998; Yool and Schwarz 1991). In 

mutagenesis experiments, where the pore motif is mutated to GFG in Kir2.1 or KcsA or 

GVG in Shaker, the resulting channels show selectivity and conduction properties

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



identical to wild-type channels (Heginbotham et al. 1994; Splitt et al. 2000). Chimeric 

channels formed by swapping the KcsA pore into Shaker were highly potassium selective, 

and gated by voltage but with different biophysical properties from Shaker presumably 

through the limited electrostatic interactions between the voltage sensor and turret 

residues in the KcsA pore (Lu et al. 2001). Similarly, when the voltage-sensing domain 

from Shaker was fused to the KcsA channel, the resulting recombinant channel was gated 

by changes in transmembrane voltages, and showed identical permeability to the KcsA 

channel (Lu et al. 2001).

This pore motif defines three distinct carbonyl bounded binding sites (S I-S3) for 

K+ ions from all four subunits, layered 3-4 A apart through the selectivity filter that 

stabilize the dehydrated K+ ion (Bemeche and Roux 2003; Doyle et al. 1998; Zhou and 

MacKinnon 2003). The entrance to the selectivity filter is formed by a cuff o f aromatic 

tryptophan residues near the vestibule which acts to stabilize the partially dehydrated 

potassium ion, repulse anions and may be considered as a fourth occupied site (S4)

(Doyle et al. 1998; Jiang et al. 2003; Morais Cabral et al. 2001; Zhou et al. 2001).

Because o f the steric interactions between the carbonyl groups and the ion, hydrated ions 

cannot pass through the selectivity filter. Small ions like sodium also have limited 

permeability, as the small atomic size is not stabilized by the cage o f carbonyls, resulting 

in a lower energy difference between sodium in the aqueous environment. Sodium and 

cesium can pass through the selectivity filter with reduced flux rates under large driving 

forces like high voltage, (Domene and Sansom 2003; French and Shoukimas 1985).

Conversely, larger cations like barium (Ba2+) can pass into the selectivity filter, 

but become bound in either the shallower extracellular binding site, roughly 5 A from the 

extracellular solution or the deeper “lock in” site S3, allowing a single barium ion to 

block the potassium channel conduction path (Aiyar et al. 1996; Hurst et al. 1995; Jiang 

and MacKinnon 2000; Ranganathan et al. 1996). Block of potassium channels by external 

barium is modulated by extracellular cations; specifically, cesium (Cs+) or ammonium 

(NH4+) allow barium to bind more readily, while potassium and rubidium (Rb+) will out- 

compete barium for access to the channel (Hurst et al. 1995).

When entering the conduction path, the eight-fold symmetrical hydration sphere 

of the potassium ions is displaced by carbonyls of the selectivity filter, where half of the

7
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ion is stabilized within the binding site S4 (Zhou et al. 2001). Once in the filter, 

potassium ions rely on electrostatic repulsion to move ions through the passage. During 

potassium efflux, the high affinity binding site near the extracellular face will retain the 

bound potassium ion until an additional potassium ion from the cytosol is introduced 

(Bemeche and Roux 2001; Zhou and MacKinnon 2003). Because o f the electrostatic 

repulsion, the occupancy of the selectivity filter binding sites alternates during 

conductivity such that SI and S3 are occupied, or S2 and S4 are occupied (Morais Cabral 

et al. 2001; Zhou and MacKinnon 2003). Any alterations in structure, via mutagenesis, 

can affect the occupancy of neighboring sites (Ogielska and Aldrich 1999). The 

functional conformation of the selectivity filter requires potassium in both the cytosolic 

and extracellular solution (Loboda and Armstrong 2001; Loboda et al. 2001; Melishchuk 

et al. 1998; Zhou et al. 2001). In absence of potassium, the channel permeation pathway 

collapses into a non-conductive hour-glass which is accessible only to the cytosol 

(Loboda et al. 2001; Zhou et al. 2001).

During long depolarisations the single activated conducting state moves into an 

inactive minimally conducting state involving a constriction of the outer pore (Olcese et 

al. 2001). This C-type type inactivation does not collapse the pore, but causes structural 

rearrangements in the selectivity filter such that extracellular access to the deep binding 

site, S3, is blocked (Harris et al. 1998; Kiss et al. 1999). Structural changes in the 

selectivity filter reduce potassium conductance, but can allow limited sodium 

conductance prior to entering the non-conducting state (Kiss et al. 1999). C-type 

inactivation can be slowed or inhibited by increases in extracellular potassium (Fedida et 

al. 1999; Kiss et al. 1999; Rasmusson et al. 1995). The high affinity external binding site 

in the selectivity filter, SI, is also known as the C-type site, and when occupied by 

potassium or rubidium it blocks the conformational change of the selectivity filter 

(Ogielska and Aldrich 1999; Yellen 1998).

1.3.1.2 Voltage Sensor

The S4 voltage sensor is highly conserved in all voltage-gated channels because 

voltage sensing is primarily a function of the relative movement o f the S4 in response to 

changes in transmembrane voltage (Bezanilla 2000; Bezanilla et al. 1994; Durell et al.
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2004; Gandhi et al. 2003; Jiang et al. 2003; Noda and Numa 1987; Noda et al. 1984; 

Perozo et al. 1994; Starace and Bezanilla 2001; Stuhmer et al. 1989; Stuhmer et al. 1989). 

The S4 contains a recognizable repeating basic acid motif, RXX or KXX which is 

repeated 4-7 times through the length of the helix (Bezanilla et al. 1994; Liman et al. 

1991; Noda et al. 1984; Starace and Bezanilla 2001). These basic residues are positively 

charged at physiological pH and are labeled R/K1-R/K7 corresponding to their location 

in alignment. In Shaker each subunit contributes equally, with roughly 3 equivalent 

gating charges per subunit, to a total gating charge of 12-14 equivalent charges per 

channel protein (Aggarwal and MacKinnon 1996; Schoppa et al. 1992; Seoh et al. 1996; 

Smith-Maxwell et al. 1998, 1998). Charge neutralization experiments in Shaker have 

identified the first four basic residues as contributing most to gating, where different 

basic resides have differential response to the electric field (Liman et al. 1991; Logothetis 

et al. 1993; Logothetis et al. 1992; Perozo et al. 1994). Serial reductions in charge content 

results in a reduction in gating valence (Liman et al. 1991; Logothetis et al. 1992). 

Voltage insensitive channels can be created by introducing multiple charge 

neutralizations, R l, 2, 4 and Rl,2,4,7 in the voltage sensor (Bao et al. 1999), while an 

inward rectifier phenotype can be generated by triple mutations involving R2 and R3 and 

a non-basic residue between them (Miller and Aldrich 1996). Changes in gating valence 

affect both the rate o f channel activation, introducing rate limiting conformational 

transitions, as well as voltage sensitivity of the channel, requiring larger changes in 

transmembrane voltage to provide the energy for channel activation (Ledwell and Aldrich 

1999; Miller and Aldrich 1996; Schoppa and Sigworth 1998, 1998, 1998; Smith-Maxwell 

et al. 1998, 1998; Zagotta et al. 1994). The non-basic residues within the conserved basic 

charge triplet motif have also been shown to affect gating, either through stabilizing side 

chain interactions or through steric hindrance limiting the S4 translocation (Logothetis et 

al. 1992; Miller and Aldrich 1996; Smith-Maxwell et al. 1998). Co-operative transitions 

between subunits are facilitated by the close proximity of the voltage sensor to the pore 

of the adjacent subunit allows co-operative and stabilizing interactions between the S4 

basic residues and the turret residues (Laine et al. 2003; Mannuzzu and Isacoff 2000; 

Smith-Maxwell et al. 1998, 1998).

9
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The role of the S4 in voltage sensing and channel activation has been 

demonstrated using mutagenesis, fluorescence tags, molecular dynamics simulations, and 

cysteine accessibility studies. However, where the voltage sensor is located within the 

channel protein, whether it is adjacent to the pore, or lying on the periphery near the lipid 

bilayer is debated. Interactions between the voltage-sensing domain (S1-S4 helices) and 

the ion selective pore region is still debated, such that the mechanism by which the 

translocation of the voltage sensor causes channel activation is not fully understood.

Currently, three mechanisms by which the S4 translocates through the membrane 

field have been proposed, based on crystal structure, modeling and experimental data. 

First, the long standing sliding helical screw model suggests a mechanism where the 

voltage sensor moves exposing three basic residues to the extracellular environment 

through three distinct activation steps (Zagotta et al. 1990; Zagotta et al. 1994; Zagotta et 

al. 1994; Catterall et al. 1986; Keynes and Elinder 1999; Baker et al. 1998; Tiwari- 

Woodruff et al. 2000; Elinder et al. 2001). In this model, the S4 lies within a protein lined 

crevasse formed by S I-S3 with a single side exposed to lipid (Elinder et al. 2001).The 

translocation of the 3 gating charges across the lipid bilayer involves a 180° rotation and 

vertical movement of 12-13.5 A (Ahem and Horn 2005; Glauner et al. 1999; Lecar et al. 

2003).

The most controversial o f the proposed models originated with the crystal 

structure o f KvAP, where a paddle near the boundary of the protein was formed by the 

S3b-S4 helices (Jiang et al. 2003; Jiang et al. 2003). In this model, the paddle moves 20 

A through the lipid bilayer (Jiang et al. 2003). Not only did the paddle model conflict 

with the results o f previous experimental studies, but additional studies performed using 

fluorescence resonance protein tagging, co-variant analysis and molecular dynamic 

modeling suggested the paddle model did not represent gating (Chanda et al. 2005; Ahem 

and Horn 2005; Durell et al. 2004; Fleishman et al. 2004; Treptow et al. 2004). Notably, 

the more recently published RatKv1.2 structure places the voltage sensor within the bulk 

of the channel, and not on the periphery (Long et al. 2005). However, the abundance of 

data produced to test the paddle model also called into question the conventional model 

because of the small translocations of the voltage sensor causing channel activation.
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In the transport model the S4 is located within the gating pore, an aqueous canal 

that is continuous with the intracellular solution, located at the interface o f the pore and 

voltage sensing domains (Chanda et al. 2005; Asamoah et al. 2003; Gandhi et al. 2003; 

Goldstein 1996; Larsson et al. 1996). Water cavities within large proteins have been 

shown to focus the local electric field, which can then be modified by temperature, pH 

and asymmetric ionic content (Islas and Sigworth 2001; Klapper et al. 1986; Rashin et al. 

1986). Islas and Sigworth (2001) suggest that an intracellular cavity approximately 20 A 

deep, with a 1 0  A opening dimension exists within Kv channel proteins. The ~3 A septum 

between the intracellular and extracellular environments is maintained by proteinaceous 

interactions between S4 and the rest of the voltage sensing domain (Islas and Sigworth 

2001; Starace and Bezanilla 2001; Starace et al. 1997; Sokolov et al. 2005; Tombola et al. 

2005). Mutations of the R1 (R362) position in Shaker to alanine, cysteine, serine, and 

valine formed a new conductive path, allowing current to flow through the gating pore 

(Tombola et al. 2005). This Omega current is non-selective, allowing a variety of 

monovalent cations to pass, including lithium, guanadinium, and sodium (Tombola et al. 

2005). The Omega current was observed only when the channel was at rest, and 

disappeared as the channel reached threshold voltage, when the normal outward 

potassium current was observed. The Omega current was also observed when the non­

conducting W434F pore mutation was introduced, as well as in the presence o f TEA 

(Tombola et al. 2005). The highly conserved E283 position on S2 is known to form a salt 

bridge with S4 residues in both the open and closed conformation of the channel 

(Papazian et al. 1991; Tiwari-Woodruff et al. 2000). When E283 was replaced with the 

shorter aspartic acid residue, the amount of Omega current doubled, implying that the 

gating pore is bounded by S2 (Tombola et al. 2005). Similarly, histidine scanning 

revealed that a proton pore allowing a “piquito” current along the length of S4 is created 

by a mutation of R1 (R362H) in Shaker (Starace et al. 1997). Further elucidation o f the 

aqueous crevasse revealed that R2 (R365 in Shaker) lies at the top o f an internal aqueous 

cavity in the closed state, but in the open conformation R3 (R368 in Shaker) lies at the 

base of an externally facing crevasse (Starace and Bezanilla 2004). Translocation of R2 

and R3 across the septum can account for 6 6 % of total gating charge in the Shaker 

channel (Starace and Bezanilla 2004). The electric field is focused across this
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proteinaceous gasket, so small conformational changes accomplish the movement of 

charges across the entire electric field, resulting in large electrical charge displacement 

(Islas and Sigworth 2001, 1999; Larsson et al. 1996; Tombola et al. 2006). Recently, it 

has been shown that the voltage sensing arginines may traverse the majority of the 

focused electric field predominantly by reorienting side-chains rather than a translocation 

of the voltage sensor backbone (Chanda et al. 2005). This is accomplished by a slight 2 A 

vertical translation in combination a 45° tilt of the voltage sensor, such that the charges 

relocated from the internal aqueous crevasse to the external crevasse causing the 

movement of 3 equivalent charges (Chanda et al. 2005).

The structural rearrangements required for the function of voltage-gated 

potassium channels are stabilized by electrostatic interactions with the S I-S3 helices.

Two highly conserved acidic residues in S2 (E283 and E293 in Shaker) and a single 

acidic residue in S3 (D316 in Shaker) form electrostatic interactions within the voltage 

sensing domain, acting to stabilize both the open and closed conformations (Keynes and 

Elinder 1999; Silverman et al. 2003). During gating, the relative movement of the S4 

helix causes the interactions with acidic residues in the S I-S3 helices to break and reform 

with different residues in the voltage sensor (Gandhi et al. 2003). Specifically, the first 

acidic (E l) residue in S2 (E283) has been shown interact with R368 (R3) in the closed 

conformation while it interacts with R371 (R4) in the open state (Tiwari-Woodruff et al. 

2000; Tiwari-Woodruff et al. 1997). K374 (K5) in S4 interacts with the second acidic 

(E2) residue in S2 (E293) and the conserved acidic (D l) residue in S3 (D313) in the 

closed state. After the channel activates via movment o f S4, R377 (R6 ) moves into 

position to form stabilizing salt bridges with these same residues (Papazian et al. 1995). 

Similar results have been observed in eag channels, where the interaction between R3 

(R365) and El (E283) occurs in the first voltage dependent gating step while the channel 

is closed, and where the interaction between El (E283) and R4 (R371) stabilizes the open 

conformation (Silverman et al. 2003). In eag, a magnesium ion stabilizes the interaction 

between helices by binding in the extracellular facing crevasse o f the gating pore 

(Silverman et al. 2003).
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1.3.1.3 Activation Gate

Channel conductance can be modified external to the selectivity filter through the 

intracellular constriction of the activation gate, which provides both a physical and 

energetic barrier to diffusion (Webster et al. 2004). The structural differences between the 

crystal structure of MthK  (open conformation) and that of KcsA (closed conformation) 

(Figure 1-1) reveal that S6  helices are a component o f the activation gate (Blunck et al. 

2006; Jiang et al. 2002, 2002). In the closed conformation the cytosolic ends of the S6  

helices in KcsA are in close association, blocking the intracellular side of the selectivity 

filter (Del Camino et al. 2005; Del Camino and Yellen 2001; Jiang et al. 2002, 2002).

The pore in the deactivated or closed conformation is accessible only to extracellular ions 

(Armstrong 1992; Cordero-Morales et al. 2006).

In Shaker, the voltage sensor transduces the change in transmembrane energy, 

exerting force on the intracellular activation gate causing the S6  helices to hinge on 

conserved glycine residues and the bundle to splay open creating a 1 2  A wide path 

allowing access to the selectivity filter (Jiang et al. 2002; Yiffach and MacKinnon 2002). 

The bundle crossing and mechanism of activation are conserved in both 2TM and 6 TM 

channels, however in other channels, activation energy required for conformational 

changes in the channel protein are provided by the interaction with cytosolic ligands 

(Grottesi et al. 2005).

In Shaker, the S6  bundle crossing mechanism involves a conserved PXP (PVP or 

PIP) motif midway along the length o f S6  causing a 20° kink in the helix (Ding et al.

2005; Labro et al. 2003). During activation the kinked helix pivots on an upstream 

glycine residue, G466, hinging the activation gate out of the permeation path (Ding et al. 

2005; Tieleman et al. 2001). Bacterial channels, MthK, KcsA, and KirBac lack the proline 

kinks, but a conserved glycine hinge functions similarly allowing a 30° kink in the open 

conformation (Ding et al. 2005; Domene et al. 2005; Shrivastava and Baher 2006;

Yiffach and MacKinnon 2002). Recently, a valine (V478) in RatKv1.2 directly below the 

PVP motif was identified as forming a hydrophobic constriction in both the open and 

closed conformation of the channel, forming a gate to the intracellular pore cavity o f the 

channel (Treptow and Tarek 2006). Mutations of the highly conserved motif can cause 

constitutively open channels, as in P475D mutant channels, where the conformation of
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the closed activation gate is destabilized (Sukhareva et al. 2003). Conversely, mutations 

P473D, V474D and V474W cause improper folding and channels fail to transit from the 

endoplasmic reticulum, while P473A, P473W and P475A mutants are non-conducting 

(Hackos et al. 2002).

The activation gate has been identified, and the mechanism by which it permits or 

prevents ionic accessibility to the selectivity filter has been elucidated, yet the mechanism 

by which the translocation of the voltage sensor opens the activation gate is not frilly 

understood. It has been shown that proximal residues in the S4-S5 linker (L45) in Shaker 

(LGRTLKAS) and the C-terminus of S6  (NFNYFY) interact and distal residues in L45 

(MRELGLL) and the gating hinge S6  sequence (PVPVIVS) interact to connect the 

movement of the S4 to the intracellular activation gate, specifically L389 and P393 in the 

S6  PVP motif (Durell et al. 2004; Lu et al. 2002; Ohlenschlager et al. 2002). Other 

mutations in the leucine heptad repeat in the Shaker L45 linker (L375V and L382V) 

impair the closed to open transition requiring larger energetic movements o f S4 to open 

the activation gates (McCormack et al. 1991). By modeling the structure of KcsA and 

KvAP on the crystal structure of RatKv1.2, Long et al. (2005) showed that the C-terminal 

end of S6  runs underneath the L45 alpha helix. In this model, compression of the L45 

linker in turn compresses the S6  inner helix closing the activation gate and closing the 

pore (Long et al. 2005, 2005). Chimeric channels made by combining the S4 voltage 

sensor from Shaker with the KcsA pore are not gated by voltage unless both the L45 

sequence LGRTLKASMRELGLL and the C-terminus of S6  PVPVIVSNFNYFY from 

Shaker are both present in the channel (Lu et al. 2002). It is believed that conformational 

changes resulting from gating charge movements are transduced through L45 leucine 

interactions with S6  residues (Long et al. 2005; McCormack et al. 1991).

1.3.1.4 N-terminal Inactivation Peptide

Channels can exist in three obvious conformations, the activated or open state, the 

deactivated or closed state, and the inactivated non-conducting state. Once the channel 

has entered the activated state, it can either deactivate via closure o f the activation gate by 

repolarisation of the membrane, or inactivate by entering a stable state with reduced 

conductivity. Channels in the inactive state are not available to re-enter the activated
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conducting state until they are held at hyperpolarized potentials for a period o f time, often 

entering the deactivation state.

Fast N-type inactivation occurs within milliseconds of channel opening causing 

the fast inactivation, which is characteristic of A-type potassium currents (Hoshi et al. 

1990; Rasmusson et al. 1995). The mechanism of N-type inactivation is commonly 

known as “ball and chain” inactivation. In this instance, the ball is the N-inactivation 

peptide located on the N-terminus of the alpha subunit or on accessory beta subunits 

(Accili et al. 1998; Morales et al. 1995). During channel activation, the physical nature of 

the inactivation ball causes it to enter and occlude the intracellular pore. The sequence of 

the N-inactivation ball is not conserved among channels, but the physical structure is 

conserved (Murrell-Lagnado and Aldrich 1993). Typically ten hydrophobic residues are 

surrounded by a series of positive charges. The hydrophobic residues are hypothesized to 

interact with the hydrophobic vestibule residues while the charged residues are attracted 

to and facilitate entry into the pore (Murrell-Lagnado and Aldrich 1993). To obtain 

correct conductance measurements from tail-current data, the inactivation ball must be 

removed (Hopkins et al. 1994). This ensures that the conductance measurement reflects 

the percent of channels that have the activation gate opened at a set voltage.

1.4 S t r u c t u r e -F u n c t io n  St u d ie s : A p p l ic a t io n s , a d v a n t a g e s  a n d

LIMITATIONS

1.4.1 STRUCTURE-FUNCTION STUDIES ON K v CHANNELS

Recent scientific advances have provided a set of tools and techniques, which 

provide the ability to assess the structural basis for the function of ion channels. These 

tools include 1) patch-clamp electrophysiology, 2) highly selective neurotoxins, 3) 

isolation, cloning and sequencing of ion channels from cDNA, 4) bioinformatic and 

computational tools and 5) protein crystal structures.

The use o f potassium channels to identify the structural components important for 

channel function, particularly the use of Kv channels to elucidate the structure/function 

interactions giving rise to voltage sensitivity have several distinct advantages over larger 

and more complex ion channels like Nay  or Cay. Because Kv channels can function as 

homotetramers with physiologically significant current levels without the co-expression
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of accessory subunits, and readily express in multiple cell lines (HEK293, CHO, 

oocytes), it possible to assess the function of channels directly through 

electrophysiological experiments. Unlike many other proteins, it is possible to assess the 

intermediate conformational changes involved with functional changes at sub-millisecond 

resolution by using specifically designed protocols. The use o f patch clamp or cut open 

oocyte techniques enables the modification o f both intracellular and extracellular 

environments, including ionic composition, and the application o f pharmacological 

agents.

Kv channels are relatively small proteins, which are readily modified using 

molecular biological techniques. The recent publication of the protein crystal structure of 

RatKv1.2 provides a 3-dimensional map that can be used in conjunction with 

experimental data to identify structural elements essential to function. Because of their 

important roles in both excitable and non-excitable cells in vivo, a number of disease 

states or channelopathies caused by natural functional mutants have been identified. 

Potassium channels are found in all organisms, with a highly conserved architecture, thus 

elucidation of structure/function relationships in Kv channels can be widely applicable to 

a variety of channels.

Traditional structure/function studies have many limitations because of the tools 

used, and the context in which the experimental data were interpreted. Specifically, the 

number o f channels selected for structure/function analysis is extremely limited, and the 

bias towards isolation and characterization of channels from “model organisms” or 

medically interesting organisms fails to provide a general model o f voltage-gated channel 

function.

1.4.2 M utag enesis

Before a three dimensional model of the channel protein was available, structural 

models depended on hydropathy plots and predictions of secondary structure from 

mutagenesis experiments. The sequential replacement o f amino acids in the channel 

protein with either the alanine (Ala) with its small methyl side-chain or tryptophan (Trp) 

with a bulky aromatic side-chain have been used to determine the secondary structure of 

the functional regions of Kv channels, specifically the pore (Yiffach and MacKinnon
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2002) and the voltage-sensing domain (S1-S4) (Li-Smerin et al. 2000). By comparing 

the stability and functional activity, shifts in Boltzmann slope or half activation voltage 

(V50) of the multiple single mutants to wild-type channels, a functional scan of the 

channel protein is performed, identifying functionally important residues.

Similarly, cysteine accessibility and proximity studies provide information about 

the location and relative positions of residues within the functional protein. Application 

of MTS sulfhydral modifying agents, on either the extracellular or intracellular surface of 

the protein, covalently attaches an ethylamine (MTSEA+), ethyltrimenthyammonium 

(MTSET+) or ethylsulfonate (MSES ) residues to the exposed thiol side-chain of the 

cysteine, modifying channel function. With the exception of MTSEA+, the large 

modifying agents cannot penetrate the membrane; thus any modification o f channel 

activity by application of the MTS reagent indicates the residue is exposed to the aqueous 

environment. The neutralization of exposed residues provides information as to their 

function, and the introduction o f cysteines at other sites can elucidate helical packing and 

accessibility to the bulk solution. For example, the accessibility of cysteine mutations of 

basic residues in S4 provided evidence for the translocation o f the sensor through the 

gating pore of Shaker (Wang et al. 1999). Cysteine residues can also be introduced to 

positions within the protein that are believed to be in close proximity. The application of 

an oxidizing reagent, like hydrogen peroxide, will cause the thiol side-chains to crosslink 

forming a disulphide bond. Specifically this can be used to assess conformational 

changes during channel activation such that disulphide bridges between adjacent residues 

in the closed state will shift the open-closed probability to favor the closed state, while 

application of oxidizing reagents during channel activation can lock the channel in the 

open conformation (Broomand et al. 2003; Gandhi et al. 2003).

Many site-directed mutagenesis experiments intended to elucidate structure and 

function of Kv channels based on hypotheses formulated for a specific property o f the 

channel family, based on a current structural model. These hypotheses are tested through 

specific mutagenesis experiments. These experiments can be very informative about 

obvious functional elements, like the basic residue repeats within the voltage sensor, or 

the conserved acidic residues within S2 and S3 and other conserved motifs (Papazian et 

al. 1995; Papazian et al. 1991; Seoh et al. 1996; Tiwari-Woodruff et al. 2000; Tiwari-
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Woodruff et al. 1997). However, depending upon the mutation introduced, the impact on 

channel function can be different (Bao et al. 1999; Miller and Aldrich 1996). Moreover, 

site-directed mutagenesis based on a priori assumptions regarding channel function may 

miss important structural interactions that contribute greatly to channel function. This 

was observed in the conversion of voltage sensitivity of Shaker to that o f Shaw, where 

mutations of the basic residues failed to reproduce the voltage sensitivity o f Shaw, while 

the mutation of adjacent non-basic residues did shift the voltage sensitivity (Smith- 

Maxwell et al. 1998, 1998). However, even in this instance, the change in channel 

phenotype required the replacement of three residues, not simply a single site mutation. 

Similarly, the formation of chimeric channels by domain swapping fails to account for 

steric interactions between domains that have evolved independently in separate channels 

(Lu et al. 2002; Smith-Maxwell et al. 1998, 1998). Thus, the limited number o f channels 

employed in these structure/function studies may have led to functional models specific 

to these channels. These models may fail to encompass the full scope of the 

structure/function relationships in voltage-gated potassium channels specifically, and 

channel function in general.

1.4.3 En er g etic  Per tur ba tio n  A n alysis

Energetic perturbation analysis or double mutant cycle analysis employs specific 

sets of mutations, to formulate structure-function models within a single channel, but 

determines the relative energetics of the independent and pair-wise mutations in the 

channel protein (Perozo 2000). By comparing the effect the specific mutations have on 

two channel properties, half activation voltage (V50) and effective charge (z), inferences 

on relative stability of the open vs. closed conformations of the channel or the relative 

stability o f the bound vs. unbound state of a channel blocking molecule (Gross and 

MacKinnon 1996; Tiwari-Woodruff et al. 1997). By calculating free energy values for 

the mutation from the equivalent charge (from the Boltzmann slope for the channel) and 

half-activation voltage (V50), periodicity in alpha helices, location o f loops and role of 

electrostatic interactions can be deduced, providing valuable secondary structure 

information (Li-Smerin et al. 2000). While the relative proximity o f residues, and by
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association helices, can be assessed using measures of free energy, the exact positions of 

residues within the channel cannot be determined without a priori models.

Double mutant cycle analyses can directly test the stabilizing interactions between 

residues based on introducing specific mutations at suspected sites o f interaction. In this 

analysis, the shifts in free energy of two single mutants are quantified, and compared to 

the shift in free energy observed for the double mutant (Horovitz 1996). If the Gibbs free 

energy of the double mutant is equal to that of the sum of the single mutations, it is 

assumed that the effects of the mutations are independent. However, mutational pairs that 

act to stabilize one channel conformation to a greater extent than the sum of the 

individual mutations are said to be synergistically interacting, while negative interactions 

that destabilize the channel protein are inferred when the sum of the free energy change 

caused by the single mutations is less than that observed in the double mutant. In Shaker 

salt-bridge formation, the perturbation by single charge neutralizations (E293Q) and 

single charge reversals, (E293K) was greater compared to double neutralizations 

(E293Q+K374Q) or double reversals (E293K +K374E) (Papazian et al. 1995; Tiwari- 

Woodruff et al. 1997).

1.4.4 Cr y sta l  Structure

A number of potassium channel proteins have been crystallized, the 2TM KcsA 

channel from the eubacterium Streptomyces lividans, the 2TM MthK  channel from the 

archeabacterium Methanobacterium thermoautotrophicum, the 6 TM KvAP channel from 

archaebacterium Aeropyrum pernix, and the 6 TM Kv1.2 channel from Rattus norvegicus. 

These structural models provide a framework on which other analyses can be organized, 

and mechanisms of channel function can be interpreted.

Protein crystal structures are based on crystalline protein samples, and the 

conformations of protein regions may have substantial differences from those in solution 

(Acharya and Lloyd 2005). This presents a particular difficulty for crystallization of 

integral membrane proteins like ion channels, as the crystalline protein is often formed in 

the absence of the stabilizing interactions provided by the lipid bilayer. The crystal 

structures for many potassium channel proteins {MthK, KcsA, KvAP) have used a Fab 

antibody to stabilize the protein allowing for crystallization, but have since been
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crystallized in the presence of lipids to stabilize their structure (Darman et al. 2006; Jiang 

et al. 2002; Jiang et al. 2003; Ruta et al. 2005; Zhou et al. 2001). While the structure of 

the highly selective potassium pore is conserved in these crystal structures, the artificial 

constraint on channel structure caused by the Fab complex, has resulted in the peripheral 

voltage sensing structures (specifically the S1-S4 regions), in KvAP exhibiting 

inconsistencies between the crystal structure and experimental data, resulting in the 

highly controversial, “paddle model” of channel gating (Jiang et al. 2003; Ruta et al. 

2005; Tombola et al. 2006). When KvAP was re-crystallized in the presence o f lipids, and 

in the absence o f the antibody, the voltage sensor remained on the periphery o f the 

channel at the protein-lipid interface, but was oriented vertically through the membrane 

(Lee et al. 2005).

The crystal structure of RatKv1.2 more realistically depicts the open conformation 

of the channel, including a more consistent position of the voltage-sensing domain. The 

relative locations of the transmembrane helices, and the position of the alpha-subunits is 

generally consistent with the experimental structure-function data (Long et al. 2005). 

However, the crystal structure lacks any intracellular and extracellular loops with the 

exception of the S4-S5 linker and the S5-pore loop -S 6  indicating that they are highly 

flexible even in a whole molecule crystal. The crystal structure of the RatKv1.2 protein 

also depicts the SI and S3 helices as poly-alanine helices (Figure l-2)(Long et al. 2005). 

Because crystal structures are representative of statistical averages o f the molecules 

within the protein, the lack of resolution of the SI and S3 helices, specifically that of the 

side chains suggests that these regions exhibit conformational flexibility such that small 

changes within protein structure of these helices do not involve significant energetic 

changes even as they are crystallized (Acharya and Lloyd 2005; Long et al. 2005). Thus, 

this structure fails to provide an accurate description of side-chain interactions between 

these helices. Although crystal structures are useful for building models and evaluating 

experimental data, many questions remain unaddressed.

1.4.5 B io info r m atic  C om par a tiv e  A nalysis

Genetic sequences, encoding the protein structure of the channel, are readily 

available for a number o f model organisms through whole genome sequencing projects
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and large-scale cDNA sequencing efforts. Using a bioinformatics approach, it is possible 

to identify the highly conserved sequences o f Kv channels within the genome (Li and 

Gallin 2005, 2004). However, without cloning and functional expression, we are 

incapable of making all but the vaguest predictions as to the physical properties of the 

channel. Specifically, the invertebrate channels characterized to date, including those 

from model organisms like Caenorhabditis elegans and Aplysia californica, have the 

conserved Kv channel structure, but have manifested quantitatively large variation in 

electrophysiological properties compared to the intensively studied vertebrate channels.

A limited number of channels have been characterized, representing the medically 

interesting phylum, Chordata, and the majority of these channels are members of the KV1 

subfamily (Figure 1-3) (Li and Gallin 2004). Thus, to date, only a relatively small region 

of total sequence-space for voltage-gated potassium channels has been sampled, and only 

a limited part o f the total possible range of electrophysiological activities for these 

channels has been characterized. For models to have more general validity, and for 

structure/function relationships to be set in context, it is important to examine potassium 

channels from more diverse taxa. Additional channels from invertebrates, with increased 

representation from multiple phyla, with all channel subfamilies represented, increases 

the ability of machine learning algorithms to distinguish non-conserved, functionally 

important residues from random mutations during evolution. The highly conserved 

invariant residues, like the basic residue repeats in the voltage sensor, are essential to the 

function of Kv channels. However, non-conserved residues are known to contribute to 

channel function, and allowing a quantitative gradation o f protein function within the 

conserved structure (Smith-Maxwell et al. 1998, 1998).

1.4.6 H o m o lo g y  M odels  and  M olec u la r  D ynam ics

By utilizing known crystal structures of Kv channels in homology models, it is 

possible to create models of structures of channels or components of channels that have 

not yet been crystallized. Prior to the crystallization of a 6 TM Kv channel, a number of 

homology models were built on MthK  and KcsA channel crystal structures (Laine et al. 

2003; Laine et al. 2004). The highly conserved pore architecture of these channels was 

the focus o f these studies, which attempted to determine the structural basis for ion
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channel selectivity and the mechanism by which potassium passed through the pore 

(Ranatunga et al. 2001; Shrivastava et al. 2000). Similarly, molecular dynamics studies 

attempt to reconcile experimental data, crystal structure data and biochemical realities to 

form accurate models. However, this approach fails to reach a generally applicable 

structure/function model because o f the highly specialized data set that represents a small 

number of channels, from a limited number of organisms (Bemeche and Roux 2001; 

Durell et al. 1998; Durell et al. 2004). Also, the conformational changes occurring on a 

millisecond timescale are computationally intractable, and thus limit dynamics 

simulations. These molecular models do provide a framework upon which new 

hypotheses of channel function can be developed and tested, and then the model can be 

revised in an iterative hypothesis/results/experimental cycle. Application o f these 

hypotheses to under-represented phyla, and newly characterized channels may also 

broaden the applicability of the model, moving towards a general model o f channel 

function.

Homology models are limited by a multitude of factors including the accuracy of 

the crystal structure used as a template. Accurate amino acid alignments and threading of 

channel sequence on the crystal structure backbone can influence the accuracy of the 

mapped interactions. Moreover, for interactions of the channel in the closed (resting) 

conformation, homology models are limited by the lack of a closed state crystal structure 

of a 6 TM channel. This is best demonstrated by Yarov-Yarovy (2006) who used 

ROSETTA to model the complete structure, including loops and side-chain residues of 

SI and S3 of RatKv1.2 on the backbone of the RatKv1.2 crystal structure, and create a 

structural model of the open and closed state of the channel. The ROSETTA model 

threaded the sequence as to provide residue and side chain detail on the SI and S3 helices 

as well as including loops. However, the ROSETTA model was mis-threaded prior to the 

S3 helix, such that the sequence modeled as helices was not the same as the regions 

identified in by multiple alignments (Figure 1-4). This caused inaccurate models of 

channel structure. Despite the problems in the modeling, this analysis provides a 

framework for creating additional structural hypothesis on a closed state channel.
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1.5 O b je c t iv e s  o f  T h e sis

The objective of my thesis is to use information about invertebrate channels to 

inform a more general model of the voltage-gated potassium channel structure/function 

relationships. Because the pore architecture is so highly conserved, I focus my attention 

on the voltage-sensing domain (S1-S4). Here I perform an integrative structure/function 

analysis explore how interactions within the voltage-sensing domain effect the function 

channel protein.

First, I elucidated the structural interactions within the channel protein that change 

the relative conformational stabilities of the open vs. closed state, and how these 

interactions may affect local protein packing in a jellyfish channel jShakl through 

mutational analysis. These results were interpreted using Double Mutant Cycle Analysis 

and presented in the context of a homology model based on the RatKv1.2 crystal 

structure.

Second, I characterized two Shaw potassium channels from the free living marine 

flatworm Notoplana atomata which have novel channel properties, despite conservation 

of channel structure. Here I used specifically designed protocols to explore the slow, 

early opening transitions of the N.at-Kv3.J delayed rectifier, determining that sub­

threshold conformational changes delay channel opening. Furthermore, I showed that 

N.at-Kv3.2 is an inward rectifier that is permeable to multiple cations, despite a conserved 

pore structure, and here I proposed that structural differences within the S4 voltage sensor 

allows ion conductance through an alternative permeation pathway.

Finally, I performed a number of site-directed mutagenesis experiments within the 

S4 voltage sensor o f N.at-Kv3.2, focusing on the structural packing with the voltage- 

sensing domain, and how this contributed to the accessibility and shape o f the alternative 

permeation pathway. This work demonstrated the flexibility and tolerance o f the channel 

protein to structural modification and suggested that a general model o f how voltage- 

gated channel structure contributes to function has yet to be determined.
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1.5.1 I n t r a m o l e c u l a r  I n t e r a c t i o n s  D e t e r m in e  V o l t a g e - s e n s i t i v i t y  in  a  

C n id a r ia n  V o l t a g e - g a t e d  P o ta s s iu m  C h a n n e l ,  jShakl1

Many voltage-gated channels isolated from invertebrates show rightward shifted 

voltage-conductance relationships, compared with those from vertebrates. The flatworm 

channels, N.at-Kv3.1 from Notoplana atomata and SKV1.1 from Schistosoma mansonii, 

have half activation voltages (V50) of +9.3 mV and +20 mV respectively (Kim et al.

1995; Klassen et al. 2006). A Shab channel from the mollusc Aplysia califomica has a 

V50 o f+17 mV (Quattrocki et al. 1994), while a Shaw channel Kv3 (egl-36) from 

Caenorhabditis elegans has the most rightward shifted V50 reported to date, +63 mV 

(Johnstone et al. 1997). The V50 values of both Polyorchis channels are markedly more 

positive than those of homologous vertebrate KV1 channels (Grigoriev et al. 1997; Jegla 

et al. 1995). In comparison most other KV1 channels, including jShak2, jShakl has one 

fewer positively charged motif in the S4 region, with a charged residue being absent at 

the position equivalent to R362 in Shaker (Figure 1-5).

Both of the KV1 potassium channels (jShakl and jShakl) from the jellyfish, 

Polyorchis penicillatus, differ from all other, non-cnidarian, Kv channels in that one of 

the conserved acidic residues in S2, corresponding to E283 in the Shaker channel, is a 

neutral asparagine (N227 in jShakl). The recently cloned KV1 channel from the 

Portuguese-Man-o-War Physalia physalias also lacks the 1st acidic residue in S2 (S231 in 

PpKvl)  and has a shortened S4 (Bouchard et al. 2006) suggesting that these two structural 

differences may reflect a conserved variant o f channel architecture in the hydrozoans. 

Previous mutagenesis analysis in jShakl (Grigoriev et al. 1997) demonstrated that the 

addition of length and charge in the S4 voltage sensor, to either side of the conserved 

K294 residue (K374 in Shaker) had complex effects on channel properties, but did not 

simply shift the voltage sensitivity of jShakl to the range observed for vertebrate KV1 

channels.

In this study we utilized jShakl to investigate the effects of mutating the neutral 

N227 residue to an acidic residue, either N227E or N227D. We changed the identity of

1 A version of this chapter is being prepared for submission to the Journal o f General 
Physiology.
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charged residues in S4 to evaluate their role in setting voltage sensitivity. Finally, using 

double mutant cycle analysis to evaluate energetic changes in the equilibrium between 

open and closed states, we examined the effects of combining the S2 mutations with the 

S4 mutations that alter both the length and charge of S4, to identify interactions involved 

in stabilizing the major conformational states of the channel.

1.5.2 A t y p ic a l  P h e n o t y p e s  f r o m  F l a t w o r m  K v3 c h a n n e l s 2

The few potassium channels from basal phyla that have been described provide a 

rich source o f structural and functional novelty. Potassium currents from jellyfish and 

flatworms have been characterized (Blair and Anderson 1993; Buckingham and Spencer 

2000; Day et al. 1995; Holman and Anderson 1991; Keenan and Koopowitz 1984; Meech 

and Mackie 1993; Przysiezniak and Spencer 1994), and four functional potassium 

channel proteins have been cloned from cnidarians (Bouchard et al. 2006; Jegla et al. 

1995; Jegla and Salkoff 1997), and one from Schistosoma mansonii (Kim et al. 1995), a 

parasitic trematode. What little is known of the K+ channels from these two phyla 

indicates that they differ in several respects from many of their homologues in 

vertebrates, insects, and molluscs. The potassium channels of flatworms and jellyfish 

tend to be shifted in their voltage/conductance curves in a more depolarized direction 

(Blair and Anderson 1993; Buckingham and Spencer 2000; Day et al. 1995; Grigoriev et 

al. 1997; Jegla et al. 1995; Jegla and Salkoff 1997), and one flatworm potassium current 

in central neurons activates very rapidly allowing for high-frequency firing (Buckingham 

and Spencer 2002). The potassium channels o f "basal" phyla, those that diverged earliest 

within the metazoan clade, are more likely to exhibit novel properties because of their 

long divergence times from commonly studied channels in phyla such as the nematodes, 

arthropods, and vertebrates.

To date, no potassium channels have been cloned from non-derived, free-living, 

flatworms. We therefore applied a degenerate PCR approach to characterize voltage- 

gated potassium channels from Notoplana atomata, a marine, polyclad flatworm, that is 

representative o f early bilaterians. We cloned and characterized two Shaw-type voltage-

2 A version of this chapter has been published. Klassen et al. 2006. Journal of 
Neurophysiology. 95: 3035-3046.
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gated channels with disparate and unusual properties for this channel family. When 

expressed in oocytes, N.at-Kv3.1 exhibited a non-inactivating, outward current with slow 

opening kinetics due to a number of voltage-dependent, pre-opening intermediate events. 

In contrast, a second channel, N.at-Kv3.2, was constitutively open in the range o f normal 

resting potentials but showed weak inward rectification at potentials more positive than - 

40 mV. Both o f these flatworm Shaw-type channels express currents with properties that 

are not normally seen in other members of the Shaw subfamily (Rudy and McBain 2001). 

Evolutionary early natural selection in a basal metazoan has produced two Shaw 

channels with diverse electrical phenotypes that are convergent with phenotypes 

produced by distantly related families of K+ channels in “higher’ metazoans.

1.5.3 A N a t u r a l  A l t e r n a t iv e  P e r m e a t io n  P a t h w a y  in  N.at-Kv3.23

In the previous section, we reported that the expression o f the flatworm channel 

N.at-Kv3.2 yielded a weak inward rectifier that is open at hyperpolarized potentials 

(Klassen et al. 2006). This channel, N.at-Kv3.2, preferentially passes potassium, but is 

also permeable to a number of cations, including cesium, lithium, guanidinium, sodium, 

and to a limited extent barium (Klassen et al. 2006). Structurally, N.at-Kv3.2 resembles 

other Shaker superfamily channels. It is a 6 TM channel with the characteristic S4 

voltage-sensing domain and highly conserved reentrant pore loop and selectivity filter 

(Figure 1-6) (Klassen et al. 2006). Because the pore domain o f N.atKv3.2 is highly 

conserved among potassium channels (Figure 1-6), we proposed that the pore o f N.at- 

Kv3.2 is uncoupled from the voltage sensor, and that this channel utilizes the gating pore 

as a permeation pathway, (Islas and Sigworth 2001; Starace and Bezanilla 2001; Starace 

et al. 1997) allowing the natural equivalent of a cation selective Omega current to pass 

along the S4 voltage sensor (Tombola et al. 2005).

The voltage sensor S4 helix in N.at-Kv3.2 differs from other Kv channels in that 

the first (R l) and third (R3) basic residue positions are not arginine or lysine (Figure 1-6). 

In N.at-Kv3.2 a histidine (H325) is present in the first position and a glycine (G331) is at 

the third position. In Kv channels, histidine substitution for a basic residue is less

3 A version o f this chapter is being prepared for submission to the Journal of Biological 
Chemistry.
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disruptive than other mutations because the positive charge in that position is maintained 

at physiological pH (Starace et al. 1997). The presence of glycine residues confers 

flexibility on a protein as well as allowing for close helical packing (Bright and Sansom 

2004; Chou and Fasman 1974, 1974; Javadpour et al. 1999; Li and Deber 1992; Russ and 

Engleman 2000). It is well established that in Shaker superfamily channels, glycine 

residues form flexible functional hinges. Specifically, glycine residues in the S6  helix are 

believed to hinge the kinked alpha helical bundle crossing, allowing opening of the 

activation gate in response to membrane depolarisations (Ding et al. 2005; Jiang et al. 

2002). Specifically, a single glycine residue is conserved (G466 in Shaker) in over 468 

potassium selective and cyclic nucleotide gated channels and is thought to be critical in 

gating of the S6  hinge (Schealy et al. 2003). This structural conservation suggests that 

glycine residues would only occur at positions requiring an essential and functional 

hinge. The presence of a glycine hinge at a central position in the S4 voltage sensor, 

suggests a critical structural motif that is required for proper function o f the channel 

protein.

To elucidate the relative contributions of these unique residues to the biophysical 

properties of N.at-Kv3.2, we created a number of single S4 mutants. In Shaker, mutations 

of R1 (R362) to alanine, valine, serine, and cysteine produced the artificial Omega 

current mutants (Tombola et al. 2005). Here we reproduce those mutations creating 

H325A, H325C, H325S, H325V mutants, as well as reintroducing the arginine found at 

this position in all other channels, H325R. In addition, the charge was reversed by 

replacement with a glutamate (H325E).

Because of its central position in the helix, the mutations at G331, were designed 

to determine: 1) if  at rest the glycine kinks the S4 allowing current to flow, 2) if  recovery 

of an alpha helical conformation is sufficient to reconnect the sensor to the canonical 

pore, and 3) if  the addition of basic charges o f differing side chain lengths can result in 

typical delayed rectifier channels. To this end, we created four mutants. The first mutant 

introduces a proline, G33 IP, which is known to disrupt the secondary structure of the 

helix, causing an -30  degree kink (Barlow and Thornton 1988; Bright et al. 2002; 

Teitelman et al. 1987; Tieleman et al. 2001; von Heinje 1991). The second mutant 

introduces an alanine, G331 A, which, when compared to glycine should have the most
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pronounced stabilization of the alpha helix (Chakrabartty et al. 1991; O'Neil and Degrado 

1990; Serrano et al. 1992). The last two mutants introduce the arginine and lysine 

(G331R, G33 IK), which are found in other Kv channels at this postion, contributing to 

the equivalent charge movement that gates the channel (Perozo et al. 1994; Starace and 

Bezanilla 2001). Finally, we created double S4 mutants, which combine all 24 pair-wise 

combinations of the H325 and G331 mutants to determine the shape and nature of the 

Omega current path.

Here we demonstrate that the inwardly rectifying N.at-Kv3.2 channel uses an 

alternative permeation path, rather than the canonical pore to allow an influx of cations. 

We propose a structural model of the alternative permeation pathway in N.at-Kv3.2, 

where the accessibility of the pathway is permitted by the histidine (H325) in position 

R1, and the glycine hinge (G331) in position R3 allows the shape o f the gating pore to 

change in response to changes in transmembrane voltage (Figure 1-7). Mutations to either 

residue in the S4 can produce a gating pore pathway with different ionic selectivity 

whose selectivity varies from the wild-type channel. Some mutations (H325S, H325A, 

H325C, H325R, G331R, G331K) can produce a delayed rectifier, while some pair-wise 

combinations of mutations appear to use the alternative path when the S4 is at rest, but 

allow potassium efflux through the canonical pore upon reaching threshold voltage.
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Figure 1-1: Crystal structures of two bacterial potassium channels in the closed and 
open conformation.
A. The open conformation of the MthK  channel shown in magenta.
B. The closed structure o f KcsA in blue. The accessibility o f ions to the pore can be 
limted by the bundle crossing of the M2 domains (equivalent to S6  in 6 TM channels).
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A RatKv1.2 Crystal Structure

in tra c e llu la r

subunit

B Homology model of Kv1.2

S3-S4 linker 
*S1-S2 linker

S2-S3 linker

Figure 1-2: The crystal structure of RatKv1.2 lacks resolution of the linkers and the 
SI and S3 helices.
A. The Rat Kvl. 2 crystal structure (PDB Accession 2A79) with the well-defined regions 
in magenta and the poorly defined structures shown as blue poly-alanine helices. Note 
there are no intercellular or extracellular loops shown joining the transmembrane helices 
and SI and S3 are only resolved sufficiently to determine the presence o f the helix but 
not the sidechains.
B. Homology model o f the RatKv1.2 sequence (in green) on the backbone o f the 2A79 
structure (same colors as in A) prepared by Megan O’Mara of the Tieleman lab. Note 
that the intracellular and extracellular loops have been modelled and the positions o f the 
residues in SI and S3 have now been assigned based on a multiple alignment of 140 Kvl 
family sequences and on interactions defined by published mutagenesis experiments. 
Note that the energy minimization was limited, using the SWISS-MODEL web server.
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Figure 1-3: Dendrogram showing the predominance of mammalian channels and 
KV1 channels in the comparative structure/function dataset.
In this tree, prepared December 2004, the channel subfamilies Shak (bounded by red), 
Shab (bounded by blue), Shaw (bounded by purple) and Shal (bounded by brown), are 
shown. All mammalian channels are black, non-mammalian chordate channels (frog and 
fish) are in green, and invertebrate channels from all other phyla are in blue.
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A Open vs Closed Conformation by ROSETTA (Yarov-Yarovoy et al. 2006)

Closed State

Overlay Homology Model
S1-S3 misaligned in ROSETTA MODEL

;3-S4 Linker

S2-S3 Linkerl

Figure 1-4: Model of open and closed states of RatKv1.2, based on ROSETTA 
models.
A. Models o f the open conformation (red) and closed conformation (blue) o f the mis- 
threaded ROSETTA models from Yarov-Yarovoy et al. (2006).
B. Overlay o f the RatKv1.2 model from Figure 1-2 (green) over open state model from 
Yarov-Yarovoy et al. (2006) (red). Note that the S1-S2 and S3-S4 loops differ due to 
different sequence alignments.
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Figure 1-5: The jS h ak l channel lacks one acidic residue in S2 and one basic triplet 
motif in S4.
A. A schematic o f a single 6 TM alpha subunit o f the Shaker voltage-gated potassium 
channel. The S5-pore, S5-S6 loop and S6  domain are shown in grey while the S1-S4 
transmembrane helices are white.
B. Alignments o f the transmembrane helices S2, S3 and S4. Residues in Shaker are 
labelled in black while corresponding positions in jShakl are labelled in blue. jShakl 
lacks an acidic residue in S2 (N227) but contains the stabilizing acidic residue in S3 
(D260). The S4 voltage sensor o f jShakl is shorter than the other KV1 channels by one 
basic motif. The highly conserved acidic residues in S2 (E283 and E293) and the 
conserved acidic residue in S3 (D316) are shown in blue while the basic residues in the 
S4 voltage sensor are shown in red.
C. Alignment o f S4 helix of jShakl with three other channels’ S4 helices, indicating the 
sites o f insertion o f the S4 mutants on either side o f position K294 in jShakl.
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Figure 1-6: The N.at-K^.2  channel lacks two basic residues in S4, that allows the 
passage of ions through an alternative permeation pathway.
A. A schematic o f a single 6 TM alpha subunit in the Shaker voltage-gated potassium 
channel. The colored conserved S5-pore loop -S 6  is shown in grey while the S4 voltage 
sensor is blue. The S2 and S3 helices that stabilize the voltage sensor during 
conformation changes are shown in pale grey and blue grey respectively.
B. Alignments o f the S2, S3, and S4 transmembrane helices where charged residues are 
highlighted. The S4 voltage sensor of N.at-Ky3.2 aligns well with other channels, but has 
a histidine at position Rl(yellow) and a glycine in the central R3 position (orange). An 
aligment o f the pore indicates that the ion selective sequence (GYG) is present in the 
N.at-Kv3.2 channel.
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S4 in Active Channel
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Gating Pore Depolarized Gating Pore Hyperpolarized

Figure 1-7: A cartoon of the structural basis for the Omega current flow through 
the gating pore pathway compared to the Shaker mutant channel.
A. The structural model for the Omega current mutant in Shaker created by reducing the 
side-chain length o f the arginine in R1 (eg. R362C). The alternative permeation pathway 
is closed when the voltage-sensor translocates through the membrane, opening the 
canonical pore. When the voltage sensor is at rest, the small side chain o f the R1 residue, 
permits a non-selective influx o f cations.
B. Model o f permeation in N.at-Ky3.2 where even at depolarized potentials the flexible 
glycine hinge allows a small ionic flow. In our model, H325 (at R l) allows access to the 
pore, and G331 (at R3) provides flexibility in protein packing, and untethers the voltage- 
sensing domain from the pore.

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2: MATERIALS AND METHODS:

2.1 C r e a t io n  o f  a n  N - in a c t iv e  f o r m  o f  jS h a k l  in  pX T 7

The wild-type jShakl coding region contained in BlueScript Plasmid (Jegla et al. 

1995) was amplified using primers WJG1182 and WJG1173 (Table 2-1). The PCR 

fragment was cut using unique Xhol and Spel sites and was inserted into the pXT7 

plasmid and sequenced to confirm that no PCR-induced errors were present. 

Translational efficiency of transcribed mRNA is enhanced by using pXT7 as the 

expression vector because the inserted coding region is flanked by 5'UTR and 3'UTR 

sequences from X. laevis globin mRNA (Figure 2-1).

The full-length jShakl channel in pXT7 was used as a template for PCR 

amplification with primers WJG 2037 and WJG 1246 (Table 2-1). The PCR fragment 

and the wild-type containing expression plasmid were cut with unique Xhol and Hpal 

restriction sites. The PCR product was then ligated into the wild-type plasmid, and cut 

with Xhol and Hpal (NEB) to create a A23 N-truncated channel without the N-type 

inactivation ball, as described previously (Jegla et al. 1995). By removing fast 

inactivation (Hoshi et al. 1990) the steady-state conductance o f the channels can be more 

accurately measured from tail currents. This channel is designated as wild-type for all 

subsequent experiments.

2.2 I so l a t io n  o f  N o t o p l a n a  c h a n n e l s4

2.2.1 Co llec tio n  a nd  Iso latio n  of DNA and  RNA

Specimens of Notoplana atomata were collected from the mid-intertidal zone on 

cobble beaches at Bamfield Inlet, BC, Canada. Animals were held in running seawater 

and starved for four days prior to isolation of DNA. Genomic DNA was prepared either 

by SDS/proteinase K lysis followed by phenol extraction (Strauss 1998) or by the 

Carlson lysis method (Carlson et al. 1991) followed by methylene chloride extraction 

(Maureen Krause, Department of Biology, Hofstra University, Hempstead NY, personal

4 Isolation of Shaw channels from Notoplana atomata was performed by D.A. Atherton.
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communication).Total RNA was isolated from whole organisms using the Totally RNA 

Kit (Ambion).

2.2.2 Clo n in g  a nd  Seq uen cin g

Initial PCR fragments of voltage-gated potassium channels were obtained using 

degenerate primers (Table 2-1, Jegla et al. 1995) and cloned into pGEM-T (Promega). 

Individual plasmids were then sequenced and the translated sequence was used to search 

the NCBI non-redundant protein sequence database using BLASTP (Altschul et al. 1997) 

to identify potassium channel fragments. Complete nucleotide sequences for the two 

channel mRNAs were determined using a combination of inverse PCR on genomic DNA 

and RACE-PCR on cDNA (Invitrogen GeneRacer kit). Sequences were determined from 

both strands of uncloned PCR product from at least two independent reactions to avoid 

unintended PCR errors. Open reading frames for each channel were amplified using 

appropriately designed primers (Table 2-1), cloned into pXT7 expression plasmid 

(Dominguez et al. 1995), and fully sequenced to confirm that no errors had been 

introduced (Figure 2-2, Figure 2-3).

2.2.3 P h y lo g en etic  An a ly sis  of N oto pla n a  c h a n n e ls5

Amino acid sequences were aligned using the XALIGN algorithm (Wishart et al. 

1994) as implemented in Peptool vl.O (www.biotool.com), and hand adjusted. Four 

distinct phylogenetic analyses were performed to address four different questions. First, 

to test if  the Notoplana sequences were more related to ERG or Shaker superfamily 

proteins, an alignment of 43 taxa and 327 positions was assembled. Second, resolution 

within the Shaker superfamily was sought from a dataset of 38 taxa and 292 positions. 

Third, a data set o f 31 taxa and 324 positions, was used to resolve the position of the 

Notoplana sequences in the Shaw/Shab clade. Fourth, a dataset, using N.at-Kv3.1 as a 

surrogate for both N. atomata channels, was assembled with 46 taxa and 324 positions.

Optimal tree topologies o f the 46, 43 and 38 taxon datasets were determined from 

distance matrices calculated by Tree-Puzzle 4.0.2 (Schmidt et al. 2002) with 8  plus 1 rate 

categories estimated from a starting Neighbor Joining tree (Saitou and Nei 1987). Trees

5 Phylogenetic analysis was performed by J.B. Dacks and W.J. Gallin.
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were constructed from these matrices using the Fitch program, which implements the 

Fitch-Margoliash algorithm (Fitch and Margoliash 1967) with global rearrangements and 

jumbling implemented. This analysis also yielded Quartet Puzzling support values. 

Additional confidence estimates for the 38 taxon dataset were obtained using ProtML 2.2 

(Adachi and Hasegawa 1996) with 10,000 replicates. For the 31 taxon dataset, the 

optimal tree topology and Bayesian posterior values were obtained using MrBayes 

v3.0b4 (Ronquist and Huelsenbeck 2003) with the default parameters for amino acid 

sequences.

For maximum likelihood (ML) distance bootstrapping, Seqboot (from the 

PHYLIP 3.6 package) was used to produce 100 pseudoreplicate datasets. These were 

analyzed using Tree-Puzzle to produce distance matrices with parameters estimated from 

the original dataset in coordination with Puzzleboot (www.tree-puzzle.de). These 

distance matrices were then analyzed using Fitch (for the smaller datasets) or Neighbor 

(for the larger datasets). Analyses with Neighbor incorporated the Jumbling option, 

while Fitch analyses were done with 10 times jumbling and global re-arrangements. 

Seqboot, Fitch and Neighbor are all programs from the PHYLIP v3.6 (Felsenstein 1995) 

suite of phylogenetic analysis programs.

2.3 M u t a g e n e sis

In presenting and discussing my results, all mutations are named as per Larsson and 

Elinder (2000). For example, the mutation K294R, the wild-type residue is K294, where 

the amino acid is 294, and the mutant channel is K294R (Larsson and Elinder 2000).

2.3.1 Site-dir ec ted  M utagenesis

2.3.1.1 jShakl Mutants

The single K294Q, K294R, R291K and R291Q mutants, as well as the double 

mutants R291K+K294R, K294Q+R297K and K294R+R297K were created by pairing a 

single antisense primer containing the desired mutations with WJG2037 (Table 2-1). The 

resulting PCR products were digested with Xhol and Bglll and ligated into the cut N- 

truncated wild-type plasmid to create the S4 mutants. The sequence of all mutants was

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.tree-puzzle.de


confirmed by sequencing the cloned plasmid with two flanking primers in the pXT7 

plasmid.

2.3.1.2 N.at-KvS.2  Mutants

The full-length N.at-Kv3.2 channel in pXT7 was used as a template for two rounds 

of PCR site-directed mutagenesis. To create the H325 mutants, the 5’ construct primer 

WJG 1497 was paired with the antisense mutagenesis primers WJG2054-2059 containing 

the desired mutation and a unique BspEI restriction site (Table 2-1). The resulting PCR 

fragment and the wild-type containing expression plasmid were cut with unique Bglll and 

BspEI restriction sites (NEB). The PCR product was then ligated into the wild-type 

plasmid to create the H325 mutants. To create the G331 mutants, the 3 ’ construct primer 

WJG1494 was paired with the sense mutagenesis primers WJG1950, 1951, 1952 and 

1961 containing the desired mutation and the unique BspEI restriction site (Table 2-1). 

The resulting PCR fragment and the wild-type containing expression plasmid were cut 

with BspEI and EagI (NEB). The PCR product was ligated into the wild-type plasmid to 

create the G331 mutants. All mutant plasmids were fully sequenced to confirm the 

desired mutation and the absence o f PCR induced mutations.

2.3.2 O v er la ppin g  E x tensio n

In the jShakl channel, the triplet mutations of the S4 sensor, whereby either RIF 

or QIF was inserted on the N-terminal side o f K294, or IFR was inserted on the C- 

terminal side of K294 (Figure 1-5C), were constructed in this plasmid using overlapping 

PCR extension as described previously (Grigoriev et al. 1997).

The S2 mutations at asparagine residue 227 were created by overlapping PCR 

mutagenesis. Primers used to create the N227E mutation were WJG1062 and WJG1063 

and construction of N227D used primers WJG1064 and WJG1065. In both instances the 

flanking primers were WJG1149 and WJG1181. The resulting PCR products were 

digested with Hpal and Clal and ligated into the wild-type or S4 mutant plasmids to 

create single (S2) and double (S2/S4) mutations respectively.
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2.3.3 N .at-Kv3.2  D o u b le  M u ta n t  C u t  an d  P a s te

To create the S4 double mutants, we employed a classic cut and paste approach 

where the G331 mutant plasmids were designated to be vector, and H325 mutants were 

designated as inserts. In this procedure, the six H325 mutant expression plasmids and the 

four G331 mutant expression plasmids were cut with Bglll and BspEI restriction 

enzymes, and the restriction digest was run on a 0.8% agarose gel. The resulting 500 base 

pair fragment containing the H325 mutation and the ~4000 base pair linear vectors 

containing the G331 mutants were excised from the gel and purified using the Qia-quick 

Gel Extraction Kit (Qiagen). The purified H325 containing fragments were ligated into 

the G331 containing vectors, resulting in the production o f twenty-four S4 double 

mutants. These plasmids were fully sequenced to confirm the presence o f both H325 and 

G331 mutations.

2.4  E l e c t r o p h y s io l o g ic a l  M e t h o d s

2.4.1 Ch a n n el  E x pression

2.4.1.1 mRNA Creation

Purified plasmids were prepared from 10 ml overnight cultures (Terrific Broth 

(Ausubel et al. 1987) with 100 pg/ml ampicillin using a Wizard Miniprep Kit (Promega). 

Plasmids were linearized with Xbal a unique restiction enzyme, and gel purified using the 

Qia-quick Gel Extraction Kit (Qiagen). Capped mRNAs were prepared by in vitro 

transcription using a mMessage mMachine (Ambion) T7 polymerase kit, and stored at - 

80°C.

2.4.1.2 Oocyte Preparation

2.4.1.2.1 Oocyte Extraction

Two year old female A. laevis (Biological Sciences Animal Services) were 

reversibly anaesthetised in 0.17% MS-222 (Sigma) and a single lateral incision made in 

the abdomen 1 cm from the midline, 1 cm caudal to the pelvic girdle (Animal Care 

Protocol # 400503). A single ovary was removed, and two sutures were used to close the
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incision. Frogs were left to recover from surgery for 4-8 hours before they were returned 

to the aquatics facility.

2.4.1.2.2 Biochemical Oocyte Preparation fo r  Mutagenesis Experiments

The ovarian lobe was manually separated into half centimetre clumps. Ovarian 

pieces were rinsed three times in MBM (in mM: NaCl 8 8 , KC11, Ca(N0 3 ) 2  0.33, CaCh 

0.41, MgS0 4  0.82, NaHC03 2.4, HEPES 10 (Tris Base to pH 7.5), sodium pyruvate 2.5 

supplemented with penicillin G 0.1 g/L and gentamycin sulfate 0.05 g/L (Huang et al. 

1993) and incubated on a rotating shaker for 2h in 2mg/ml collagenase IA  (Sigma) in 

MBM at room temperature. Eggs were removed from the collagenase solution, rinsed in 

MBM and incubated, -200 eggs/glass scintillation vial, at 17°C overnight in fresh MBM. 

Eggs were de-folliculated by immersion in a hypo-osmotic phosphate buffer (in mM: 

K2PO4 100 (pH 6.5 with HC1)) for lh. Following treatment, eggs were left for 2 h in 

fresh MBM to recover prior to manipulation.

2.4.1.2.3 Manual Oocyte Preparation fo r  N. at-Kv3.1 and N. at-Kv3.2 Channel 

Characterization

Ovarian lobes were separated into clumps of about 50 oocytes. These were then 

washed in low-calcium oocyte saline (ND96, in mM NaCl 96; KC1 2; CaC^ 1; MgCh 1; 

HEPES 5; pH 7.6) and incubated in 2 mg/ml collagenase (Sigma type IV) in calcium-free 

ND96 for about lh. Selected stages V to VI oocytes were then manually de-folliculated 

using Dumont #5 forceps (Fisher Scientific). De-folliculated oocytes were rinsed in fresh 

ND96 (in mM NaCl 96; KC12; CaCl2 1.8; MgCl2 1; HEPES 5; pH 7.6) before mRNA 

injection.

2.4.1.3 Channel Injection and Incubation

2.4.1.3.1 jShakl Mutant Channels

Mature oocytes (stage V-VII) were injected with 48.6 nl mRNA (200-600 ng/nl) 

and incubated in MBM at 17°C with daily changes of incubation medium.

2.4.1.3.2 Wild-type Flatworm Kv3 Channels
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Mature oocytes (stage V -V II) were injected with 50 nl of mRNA (1 ng/nl) and 

held at room temperature with daily changes of incubation medium (ND96 supplemented 

with sodium pyruvate at a final concentration o f 2.5 mM).

2.4.1.3.3 N.at-Kv3.2 Mutant Channels

Mature oocytes (stage V -V II) were injected with 40.6 nl mRNA (200-600 ng/nl) 

and incubated in SOS+ (in mM: NaCl 96, KC12, CaCl2 1.8, MgCh 1, HEPES 5, sodium 

pyruvate 2.5 (adjusted to pH 7.4), supplemented with 3% horse serum (Sigma) and 

gentamycin sulfate 0.01 g/ml) at 17°C.

2.4.2 A c q u isitio n  o f  D a ta

2.4.2.1 G eneral M ethods

Electrophysiological experiments were performed 1 to 2 days after injection. 

Recordings were made in an RZ-17 perfusion chamber (Warner Instruments) and oocytes 

were perfused with ND96. Oocytes were impaled with glass microelectrodes fabricated 

from borosilicate glass, filled with 3 M KC1 and having a resistance o f 0.5 to 1 MQ. 

Experiments were driven by a GeneClamp 550B amplifier (Axon Instruments) controlled 

by pClamp 9.0 software (Axon Instruments). Data were acquired through an Axon 

Instruments 1322A analogue/digital converter at a sampling rate of 100 ps with no on­

line filtering. Data was analysed using Clampfit 9.0 (Axon Instruments). Measurements 

were performed with leak subtraction (P/N = 4) for delayed rectifiers, but not for N.at- 

Kv3.2 and N.at-Kv3.2 mutants showing inward rectification as these channels conducted 

over the range of command membrane potentials used. For combination delayed/inward 

rectifier channels recordings were made first with leak subtraction (P/N=4), and analyzed 

to determine that the small influx of current was real and not an ohmic leak current.

When non-ohmic currents were subtracted, outward inflections in current traces at 

hyperpolarized potentials were observed. Thus, subsequent recordings on combination 

delayed/inward rectifier channels were performed without leak subtraction.

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.4.2.2 jS h ak l N-truncated Mutant Characterization

The N-truncated jShakl wild-type channel had identical activation properties to 

the full-length channel, but lacked fast N-type activation (Figure 2-4A, 2-4B). The N- 

truncated jShakl channels expressed in pXT7 had higher rates o f translation compared to 

mRNA prepared from BlueScript (Grigoriev et al. 1997; Jegla et al. 1995), but had 

identical electrophysiological properties. The N-truncated channels manifested variable 

C-type inactivation, with IFR-E having the most inactivation at 150 ms, however, all 

channels opened quickly allowing for peak currents to be obtained by 50 ms. Therefore, 

all electrophysiological protocols were designed to elicit current measurements prior to 

significant C-type inactivation (Figure 2-4C, 2-4D).

Steady-state conductance was measured using standard tail current protocols 

where the membrane is held at -90 mV for 10 ms followed by a series o f 50 ms 

depolarisations from -140 mV to +90 mV in 10 mV steps followed by a 20 ms step to -90 

or -70 mV for inward tails or -50, -40, or -30 mV for outward tails, followed by a 200 ms 

return to a -90 mV holding potential. Steady-state voltage-conductance curves were 

obtained by measuring the tail current 1-3 ms after the capacitative transient (Figure 2-5).

2.4.2.3 N.at-Ky3.2 Current/Voltage Protocols

2.4.2.3.1 Inward Rectifier and Combination Delayed/Inward Rectifier Channels

Steady-state currents for inward rectifier channels were elicited using standard 

current/voltage protocol, where the membrane is held at -90 mV for 50 ms followed by a 

series of 400 ms depolarisations from -140 mV to +90 mV in 10 mV steps followed by a 

return to a -90 mV holding potential.

2.4.2.3.2 Delayed Rectifier Channels

Steady-state currents for delayed rectifier channels were elicited using standard 

current/voltage protocol, where the membrane is held at -90 mV for 50 ms followed by a 

series of 200 ms depolarisations from -140 mV to +90 mV in 10 mV steps followed by a 

return to a -90 mV holding potential. Current/voltage measurements were taken 10 ms 

before the end o f the activation step, before the capacitative transient. Currents were
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normalized for each mutant independently. The mean and standard error o f the mean for 

the normalized current for each voltage step was plotted to create I/V curves.

2.4.2.4 Inward Rectifier Permeability

Perfusion experiments in which [K]out was varied from 2 mM, 10 mM, 50 mM 

and 98 mM were performed in ND96 and ND96 with choline replacing NaCl, with 

increasing [K]out compensated for by decreasing either Na+ or choline concentration 

(ND96, in mM NaCl or ChoCl 96-X; KC1 2+X; CaCl2 1; MgCl2 1; HEPES 5; pH 7.6). 

For ion substitution experiments done in modified saline, the bath solution was either a 

control saline (Control, in mM NaCl 78; KC1 2; CaCl2 1; MgCl2 1; ChoCl 18; HEPES 5; 

pH 7.4) or a solution (High K+, Low Na+, Low Cl' and High Ca2+) where the ion 

concentrations were modified by substituting with 20 mM KC1 (replacing ChoCl), 8 8  

mM ChoCl (replacing 70 mM NaCl), 38.5 mM Na2S0 4  (replacing 78 mM NaCl) or 10 

mM CaCl2 (replacing ChoCl) respectively.

In ion substitution experiments performed to test permeability, the bath contained 

a 100 mM solution of a single cationic salt, guanidinium chloride (GuCl), LiCl, CsCl, 

NaCl, KC1, or BaCl2, and, in mM; HEPES 10; EDTA 1; pH 7.6.

The dose responses curve for pharmacological blockers were created by 

dissolving 4-AP or TEA in ND96 creating a lOOmM stock, and serial dilutions of this 

stock were used at the concentrations specified.

2.5  D a t a  A n a ly s i s

2.5.1.1 Gibb’s Free Energy Analysis

Voltage-conductance curves obtained for the jShakl mutants were fitted with a 

four-parameter Boltzmann curve:

U i m =yO + /■ /■
l + e

v v

Gmax_______

- { v - v » T \) 
b  J J

(Eq. 2-1)
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Where yO is an offset, Gmax is maximal conductance, V50 is the voltage at which half of 

the channels are activated, and b is the Boltzmann slope factor. Charge (z), the number 

of elementary charges responsive to V was calculated as:

(Eq-2-2)
bF

Where R is the gas constant (8314 J/kmol*K), T is temperature (25°C) in degrees Kelvin 

(298°K), and F is Faraday’s Constant (96.4846 C/kmol).

Gibbs Free Energy at OmV was calculated for each mutant by:

AG0 = 0.2389(zFV50 ) (Eq. 2-3)

For double mutant cycle analysis Gibbs free energy was compared to the wild-type 

channel:

AAG0 =AG0mul-A G 0w, (Eq. 2-4)

Negative values indicate that the equilibrium is shifted towards the open state through a

combination o f leftward shift in voltage sensitivity and/or a change in z value for the

mutant channel. Positive AAGo values are caused by a combination of rightward shift in 

half activation voltage and/or a decreased z value of the mutant channel compared to the 

wild-type, indicating an increased stabilization of the closed state compared to the open 

state of the channel.

2.5.1.2 Calculated Conductance for N.at-Kv3.2 mutants

To obtain a measure of ionic conductance (G) through the alternative permeation 

path in N.at-Kv3.2 mutant channels the current for each voltage step was divided by the 

voltage step used to elicit the response minus the reversal potential (Erev) for the 

experiment:

(Eq. 2-5)

The Erev for the experiment was taken as the x-intercept from the slope of the line 

connecting the two data points marking the transition from influx to efflux (crossing 0  

pA) in the I/V plot for individual experiments.
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All mutants with similar conductance profiles were grouped together, resulting in 

five Conductance Groups (Figure 2-6) to allow comparisons between the data sets. In 

defining the conductance groups, the G/V curves were divided into three regions; 1) 

below the Erev (~ -60 mV), 2) between Erev and the plateau phase (~ -60 mV to OmV) and 

3) the plateau phase (+ 0 mV), and examined for the shape of the conductance curve (eg. 

falling conductance, ohmic conductance, rising conductance) in these regions.

Conductance/voltage relationships for the delayed rectifiers and combination 

delayed/inward rectifiers were fit with a four parameter sigmoidal Boltzmann curve and 

normalized to G/Gmax, to compare the biophysical properties (V50 and slope factor) of 

the mutants.

2 .6  M o l e c u l a r  m o d e l in g 6

The crystal structure of the KV1.2 potassium channel in the open state (2A79.pdb) 

(Long et al. 2005) was used as the primary modeling template for homology modeling of 

jShakl in the closed state. The crystal structure maps the coordinates for residues Cys32 

to Gly 131, Thr219 to Ala243 and Met288 to Thr421. The two unresolved chains, 

represented in the crystal structure as by polyglycines and polyalanines, are Chains C and 

D. Chain C represents the T l-S l linker and SI helix, while Chain D represents the S3 

helix. Chains C and D are 52 and 21 residues long, respectively. The identity o f the 

residues comprising Chains C and D was determined using the known structural elements 

and secondary structure predictions from PredictProtein (Rost et al. 2004), on the 

complete primary sequence of Kv1.2 (NCBI# P63142). The corresponding regions of the 

primary sequence were threaded onto the polyglycine or polyalanine backbones and the 

side-chains were rebuilt using SwissPDBViewer (Guex and Peitsch 1997; Peitsch et al. 

1995; Peitsch et al. 1997). The missing inter-helical loop regions o f the voltage sensor 

were rebuilt using SwissPDB loop databases (Guex and Peitsch 1997).

The pair-wise sequence alignment of jShakl and RatKv1.2 and the corresponding 

secondary structure predictions (Rost et al. 2003) were used to identify the T l-S l linker 

region, SI and S3 helices of jShakl. These regions were threaded onto the polyglycine 

and polyalanine backbones of the corresponding regions of the Kv1.2 crystal structure

6 Molecular modeling was performed by M. O ’Mara and M. Renstone.
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and the side-chains were rebuilt using SwissPDB Viewer (Guex and Peitsch 1997; 

Schwede et al. 2003). A homology model of jShakl was constructed in SwissModel 

using the resolved residues of the KV1.2 channel structure as a modeling template. The 

threaded T l-S l region, SI and S3 helices were incorporated into the homology model 

and the missing inter-helix loops were rebuilt using SwissModel and SwissPBDViewer 

loop databases (Guex and Peitsch 1997; Schwede et al. 2003). The resulting subunit 

model was energy minimized and refined to remove any steric clashes. The symmetry 

information from the Kv1.2 crystal structure was used to derive the coordinates o f the 

other three identical jShakl subunits to give the complete channel. The jShakl channel 

model was tetramerized and loop and interface regions were refined. Finally, the model 

was energy minimized again to remove any residue clashes or irregularities at the subunit 

interfaces. The completed jShakl homology model was checked using WHATIF (Vriend 

1990) and found to be o f comparable quality to the KV1.2 channel. The root-mean 

squared deviation (RMSD) between the Kv1.2 crystal structure and the jShak l homology 

model was 0.13A.
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Fable 2-1:1»CR Primers used for the cloning o f novel channels into the pXT7 expression plasmid, and for mutagenesis experiments 
in ihs jShakl and N.at-Kr3.2 channels.___________________________________________________________________________________

Primer Template Function Direction Sequence 5’-3’
Multiuse Primers
WJG1118 Kv channel degenerate primer in sense TCGGAATTCTATGACTA.CTGTTGGNTAYGGNGA
WJG1U9 Kv channel degenerate primer in anti sense ACTTCTAGAGGTAGTGCTATTRYNAGNACNCC
WJG 1174 pXT7 external sequencing sense TGCTTGTTCTTTTTGCAGAAG
WJG] 175 pXT7 external sequencing antisense GCTTAGAGACTCCATTCGGG
WJG1218 pXT7 T7 sequencing primer sense T AAT ACGACT CACT AT AGGG
WJG 1402 Kv channel nested degenerate anliscnse T CNCCRT ANC CAACAGT AGTCAT
WJG 1403 Kv channel nested degenerate sense GGNGTNCTNRYAATAGCACT
WJG1404 5' RACE Primer outside Invitrogen sense CGACTGGAGCACGAGGACACTGA
WJG 1405 5’Nested RACE nested Invitrogen sense GGACACTGACATGGACTGAAGGAGTA
WJG1406 3' RACE Primer outside Invitrogen anti sense GCTGTCAACGATACGCTACGTAACG
WJG1407 3' Nested RACE nested Invitrogen antisense COCTACOTAACGGCATGACAGTG
WJG 1427 pXT7 SP6 sequencing primer imtisensc TATTTAGGTGACACTATAG

jShakl Structure/Function Study
WJG1062 jShakl N227E o v eil up sense CTGTGGAGACGGCTGTAATATGCTGGTTTAC
WJG 1063 jShakl N227E overlap autisense G C CGTCTCCA CAGT AAACATCCACGTC
WJG 1064 jShakl N227D overlap sense CTGTGGACACGGCTGTAATATGCTGGTTTAC
WJG1065 jShakl N227D overlap antisense GCCGTGT CCACAGTAAACATCC ACGT C
WJG1149 jShakl outside flanking sense GCCCGTATTTGCCCCAAAAG
WJG 1150 jShakl outside flanking autisense GC C ATT G AACC AAC AATTT G A C CC
WJGU52 jShakl inside flanking primer antisense GAACGATCCTTTACTGCTACTTAC
WJG 1173 jShakl pXT7 cloning wt anti sense GGACTAGTTTTAAAGGATAAGTACACGAC.CCGTTT
WJG1176 jShakl internal primer sense C CAT AGA C C AACTTTTGAATCC AT
WJG1177 jShakl internal primer sense GACATTCCCGTGGTTTACAGA
WJG1178 jShakl internal primer sense CAATAGCTTTGCCAGTGCCT
WJG1179 jShakl internal primer antisense AATATAAAATGGATT CAAAAGTTGGT CTA
WJG1180 jShakl internal primer anliscnse AAAGACACTACGATAATGACT ACGGA
WJG1181 jShakl internal primer antisense CGTAACATGCTGAACGATCC
WJG 1182 jShakl pXT7 cloning wt sense GGCTCGAGCCACCATGATGTTTGTAOCCACTAA
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Table 2-1 (Cont.): PCR Primers used for the cloning o f novel channels into the pXT7 expression plasmid, and for mutagenesis 
experiments in the jShakl and N.at-Ky3.2 channels.___________________________________________________________________

Primer Template Function Direction Sequence 5’-3’
WJG2037 jShakl A23 n-truneation sense GGCTCGAGCCACCATGGAAGAGAATGCAGA
W.1G2111 jShakl K294Q antisense CCTAAGATCTGTAAACCACGGGAATGTCTCGATAGTTGAAACAC
WJG2112 jShakl K294R antisense CCTAAGATCTGT’AAACCACGGGAATGTCTCGATAGTCGAAACAC
WJG2147 jShakl R291K+K294R anti sense CCTAAGATCTGTAAACCACGGGAATCnCTCGATAGTCqAAACACCriTAAAACC
WJG2149 jShakl R291K an ti sense cctaagatctotaaaccacoooaatotctooataotttaaacacctttaaaacc
WJG2150 jShakl R291Q antisease CCT.AAGATCTGTAAACCACXTOGAATGTCTCGATAGTTTAAACACCTGTAAAACC
WJG2151 jShakl K294Q+R297K antisense CCTAAGATCl'GTAAACCACgOQAATOCTTCOATAG'nttAAACAC
WJG21S2 jShakl K294R+R297K antisease CCT.-\AGATCTGTAAACCACOOOA/\TOC'n-COATA07X.'OAAACAC

Novel Channels from Notoplana atomata
WJG] 394 N.at-Kv3.2 1“ GeneRacer primer sense CC GT C CAT G GG GCTACCTGGTC
WJG 1395 N.at-K,3.2 2'1’ GeneRacer primer sense GTCGGGTCTGCCTGTGCGCTCAT
WJG 1396 N.at-Kv3.2 I*1 GeneRacer primer antisense GAGCGCACAGGCAGACCCGACGA
WJG1397 N.at-Kv3.2 2“' GeneRacer primer anliscnse CGACGAGGTAGCCCCATGGACGG
WJG1398 N.at-Kv3.1 1st GeneRacer primer sense GCTCAACTGGATCGATATTCTCTGTAA
WJG1399 N.at-Kv3.1 2!vl GeneRacer primer sense CGCCTTCCGCATTCTCCTCTATTCT
WJG 1400 N.at-Kv3.1 l"1 GeneRacer primer antisense GGCCGTAGGGAATTGATGTGAAGTT
WJG 1401 N.at-K,3.1 2nd GeneRacer primer antisense AGACGATGGAGCCGAATAGGATGGA
WJG 1414 N.at-Kv3.2 5' RACE primer anti sense CGAAG G TGAAAAAGGCGACA
WJG1415 N.at-Kr3.2 3’ RA CE primer anti sense CGGCCGTGATAT CTGCTCAA
WJG1419 N.at-K»3.2 internal primer sense AATCGAGAAGTGCTGCTGGGTGAG
WJG1420 N.at-Kv3.2 internal primer antisense CTCACCCAGCAGCACTTCTCGATT
WJG1421 N.at-K„3.2 internal primer sense CGCTAGATTACGTGTGTGTCGCCTTT
WJG1422 N,at-K,3.1 internal primer antisease CACTGAGGAGGCTGAAATGAACATC
WJG1423 N.at-K,3.1 internal primer antisense TAGAATAGAGGAGAATGCGGAAGGCG
WJG 1424 N.at-Kv3.1 internal primer antisense GGCCGTATCGCATTCGACCTCCAC
WJG1425 N.at-Kv3.1 internal primer antisense GTTT GGCCTGGCACGCGTTT CTT G
WJG1431 N.at-Kv3.2 internal primer antisense CTGCATGT GGCCGGCGAATCT
WJG1475 N.at-K,3.2 internal primer sense CGGCGTCCTCGTTGTGGCTTTC
WJG 1476 N.a1-Kv3.2 internal primer sense CGATAT G GAT G GTTGCGG CA G TG
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Table 2-1 (Cool.): PCR Primers used for the cloning o f novel channels into the pXT7 expression plasmid, and for mutagenesis 
experiments in the jShakl and N.at-Ky3.2 channels.   ........................ ...................................................... .....

Primer Template Function Direction Sequence 5’-3;
CCCTGCATGTGGCCGGCGAATCTCWJG 1491 N.al-K,3.2 internal primer antisense

WJG 1492 N.at-Kv3.2 internal primer sense
WJG 1493 N.at-K.,3.2 internal primer antisense
WJG 1494 N.at-Kv3.2 pXT7 cloning antisense
WJG1495 N.at-K,-3.1 pXT7 cloning sense
WJG 1496 N.at-K,3.1 pXT7 cloning antisense
WJG1497 N.at-K,3.2 pXT7 cloning sense
WJG 1590 N.at-Kv3.1 internal primer antisense

Notoplana Voltage Sensor Mutations
WJG 1950 N.at-KT3.2 G331P sense
WJG 1951 N.at-Kv3.2 0331A sense
WJG 1952 N.al-Kv3.2 G331K sense
WJG1961 N.at-Kv3.2 G331R sense
WJG2054 N.at-Kv3.2 H325R antisense
WJG2055 N.at-Kv3.2 H325A antisense
WJG2056 N.at-K,3.2 H325V antisense
WJG2057 N.at-Kv3.2 H325C antisense
WJG2058 N.at-Kv3.2 H325S antisense
WJG2059 N.at-Ky3.2 (13251; antisense

CCGCTACGCTCTGGATCTGCACCTTCTGTC
CCGCAATGCTCCTCACATAGACAAAAGGT'GCAGATC
GGACTAGTCGCAGCGGTGCTCCTCACAC
GOGTGATCACCGGCATGATGGCCGAAAGAGTCGT
GGGTCTAGATTTTCTTTCTTAAGCAATTATCAGATGTTCTCC
GGGTGATCACCATGACGTCCCGCCTCGCCTTC
CGGGATGGCGGTCGAA

G TG ATC C ACG T G TTCCGGAT TTTCC CT AT CCTGCGTG TC
GTOATCCACGTGTTCCGGATTTI’CGCTA't'CCTOCGTOT'C
GTGATCCACGTGTTCCGGATTTTCAAAATCCTGCGTGTC
GTGATCCACGTGTTCCGGATTTTCAGGATCCTGCGTGTC
TCCGGAACACCCGGATCACATCGAGG
TCCGGAAGACTGCGATCACATCGAGG
TCCGGAAC AC1ACGA T C AC ATCG AGG
TCCGGAACACACAGATCAC.ATCGAGG
TCCGGAACA* C t At VfCACATCGAGG
TCCGGAACACCTCGATCACATCGAGG

* underlined basepairs indicate codon mutation resulting in amino acid change
# bolded basepairs indicate restriction enzyme recognition site used for cloning
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BamHI

3‘ p—globin UTR

Full length jShakl in pXT7
(4491 bp)

^ s ta rt of A23 N-truncation mutant

Figure 2-1: Construct map of the full length jShakl pXT7 expression plasmid.
The open reading frame of the channel is denoted by the dashed arrow. The residues of 
interest (N227 and K294) are labeled within the marked S2 and S4 sequences. The 
location of the beginning of the N-truncated A23 mutant is also marked. Restriction 
enzymes used in mutant preparation are labeled.
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Figure 2-2: Construct map of the full length N.at-KyS.l pXT7 expression plasmid.
To clone the wild-type channel into pXT7, the PCR fragment was digested, and purified, 
and ligated into the corresponding cut-sites in pXT7. The open reading frame of the 
channel is denoted by the dashed arrow. The restriction enzymes used for cloning are 
marked.
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Hindlll

Full length N.at-Kv3.2 in pXT7
(4792 bp)

Smal

Figure 2-3: Construct map of the full length N.at-K.^.2 pXT7 expression plasmid.
The open reading frame of the channel is denoted by the dashed arrow. The residues of 
interest (H325 and G331) are labeled within the marked S4 sequence. The location to 
create double mutant channels the unique BspEI site was used to isolate a short fragment 
of plasmid containing the H325 mutations. This fragment was cleaned and ligated into 
the corresponding sites o f the large G331 containing vector during cut and paste 
mutagenesis.
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Figure 2-4: A23 N-truncated jShakl channels lack N-type inactivation but exhibit 
slow C-type inactivation.
A. Current traces of the full-length wild type jShakl channel show fast opening and fast 
N-type inactivation. Outwardly-directed currents evoked by 100 ms step depolarisations 
from a holding potential of -90 mV to a range of potentials from -90 to + 90 mV in 10 
mV increments followed by a return to -90 mV.
B. The A23 N-truncated wild-type jShakl channel lacks N-type inactivation. Currents 
elicited as in A.
C. C-type inactivation was observed in some N-truncated S2/S4 mutant jShakl channels. 
Currents of the IFR-E double mutant showed the most C-type inactivation as shown here. 
Currents evoked as in A.
D. Shortened acquisition protocols allowed channels to open fully but limited the amount 
of slow inactivation. Outwardly-directed currents from IFR-E evoked by 50 ms step 
depolarisations from a holding potential of -90 mV to a range o f potentials from -90 to + 
90 mV in 10 mV increments followed by a return to -90 mV to induce inward tail 
currents.
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Figure 2-5: Exemplar traces for N-truncated wild-type jS h ak l, S2 single mutants 
and the S4 insertion mutants showing measurable outward tail currents.
A. N-truncated wild-type jShakl channels exhibit measurable outward tail currents 
evoked by a 20 ms -30 tail step after a range o f 50 ms step depolarisations -90 to + 90 
mV in 10 mV from a holding potential of -90 mV. GV measurements were obtained 1-3 
ms after the capacitative transient.
B. Measurable tail currents obtained for the N227E and N227D S2 mutants obtained as in 
A.
C. Measurable tail currents obtained for the RIF, QIF and IFR S4 insertion mutants 
obtained as in A.
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Figure 2-6: The conductance/voltage relationships for the inwardly rectifying N.at- 
Kv3.2 single and double mutants can be divided into five conductance groups.
These conductance profiles were assigned based on the shape of the curve through three 
voltage ranges: below Erev, above Erev below the plateau phase o f the current/voltage 
relationships, and through the shallow slope phase (typically greater than 0 mV). Because 
conductance was calculated using an extrapolated reversal potential in Eq. 2-5, the largest 
error was at or near the Erev point, and therefore was not plotted.
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CHAPTER 3: INTRAMOLECULAR INTERACTIONS 
DETERMINE VOLTAGE-SENSITIVITY IN A CNIDARIAN 
VOLTAGE-GATED POTASSIUM CHANNEL, jS h a k l7

3.1 R e su l t s

3.1.1 R ela tio n sh ip  betw een  V 50 and  E q u iv a len t  Charge

This study was designed to determine how specific interactions between residues 

within the voltage-sensing domain (SI to S4) of a Kvl-type channel, jShak l, affect 

voltage sensitivity. We focused on two features of structure that, based on previous 

reports, would be expected to be involved in setting the voltage sensitivity. These 

features were, the nature of the residue at position 227 in the S2 transmembrane segment, 

and the number of charges and length of the segment carrying positively charged residues 

in the S4 transmembrane segment with particular reference to position K294, which is 

known to play an important role in folding in the D. melanogaster Shaker channel 

(Papazian et al. 1995; Perozo et al. 1994). For perturbation analysis, half-activation 

voltages (V50) and equivalent gating charge (z) were obtained using the non-inactivating 

N-truncated S2 and S4 single and double mutants. Gibbs free energy differences were 

calculated to determine the impact of the single mutations independently and their 

combined effect in the double mutants.

There was no significant correlation between V50 values and slope factors in this set 

of channel proteins (r2=0.0552 for linear regression). V50 values reflect the 

transmembrane potential required to hold half of the channel protein tetramers open and 

half closed, whereas the slope factor is a function of the number of charges that pass 

through the voltage field during the conformational changes associated with channel 

activation. It is important to note that this translocation can be due to a combination of 

voltage sensor movement relative to the membrane and movement o f the voltage gradient 

relative to the membrane. The energy required for channel opening is a function o f the 

product of the V50 and the number of charges that move during the opening transition.

7 A version of this chapter is being prepared for submission to the Journal of General 
Physiology.
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Thus, the mutations that are described here cause changes in the energy required for 

opening through two distinct effects; changing the amount of charge translocated through 

the membrane potential field and changing the internal energy difference between the 

open and closed state.

3.1.2 S2 M u t a n t s

As has been observed for other Kv channels, jShakl can be stabilized in the open 

state through formation of a salt bridge between an acidic residue at position 227 in S2 

and positively charged residues in S4. Replacing the neutral asparagine at position 227 

with aspartate, N227D, had small effects on the V50 of activation (15.8 mV vs 18.8 mV) 

and on the Boltzmann slope factor (17.86 vs 16.14) compared to the wild-type channel 

(Figure 3-1A, Table 3-1). The Gibb’s free energy difference indicates that the N227D 

mutation stabilized the open state to a small extent (AAGon227d = -0 .2 1 , Table 3-1). 

However, the number of charges that moved through the field was essentially unchanged.

The glutamate mutant (N227E) that differs from the N227D mutant by having an 

additional methylene group in the side-chain of amino acid 227, caused the most 

significant shift of all of the single mutations examined. We observed a hyperpolarizing 

shift (by -41 mV) of the V50 of activation to -22.56 +/- 1.8 (Figure 3-1A, Table 3-1).

This mutation also affected the Boltzmann slope factor, increasing the steepness, by 

decreasing the slope factor, to 10.74 from 16.14, indicating that one more charge was 

translocated through the field during channel opening compared to the wild-type. The 

N227E mutation substantially stabilized the open state compared to the wild-type channel 

(AAG0N227e= -2.12, Table 3-1).

3.1.3 S4 M u tants

3.1.3.1 Triplet Insertions

Although the effect of individual 3-residue S4 insertion mutations in the full-length 

channel were reported in an earlier study (Grigoriev et al. 1997), we have now 

characterized these mutations in the N-truncated forms to provide more accurate 

measures o f V50 and slope factor that are comparable to the values measured for other 

channel mutants. While the slope values were similar to the previously published values,
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the V50 values differed noticeably from those previously reported for the N-inactivating 

channel (Figure 3-1B, Table 3-1). The differences can be attributed to the errors arising 

from calculating conductance from peak current using an estimated Ek as compared to 

directly measuring conductance from tail currents, as in this study.

The QIF mutation favors the open state relative to the wild-type channel (AAGoqif= 

-0.84). This mutant translocates more charge through the field than the wild-type channel 

(2.38±0.11 vs. 1.65±0.11), in spite of the fact that the third arginine in S4 has been 

converted to an uncharged glutamine residue. Both the IFR and RIF insertion mutants 

shift the channel equilibrium towards the closed state relative to the wild-type channel 

(Figure 3-1B, Table 3-1). Interestingly, the IFR mutation increases the translocated 

charge to 2.26±0.10 while the RIF mutation translocates virtually the same charge 

(1.72±0.12) as the wild-type channel (Table 3-1).

3.1.3.2 S4 Single Mutants

The single amino acid mutations at K294 had similar V50 o f activation (K294R = 

49.95 +/- 2.11 mV; K294Q = 48.18+/- 1.49), and equivalent charge (K294R = 1.67 +/- 

0.03; K294Q = 1.68 +/- 0.05). In both channels, channel equilibrium favored the closed 

state relative to the wild-type channel (Figure 3-1C, Table 3-1). While the K294R 

mutation showed similar opening kinetics to the wild-type channel and all other mutants, 

the K294Q showed distinctly slower opening kinetics (data not shown) indicating that the 

activation mechanism is altered but not the relative stability o f the open and closed states.

The single amino acid mutation, R291Q destabilized the membrane causing 

increased leak current and prevented stable clamping. This mutation was generally lethal 

to oocytes resulting in 100% oocyte death two days post-injection. The few reliable 

recordings from this channel obtained from low concentration mRNA injection showed a 

large rightward shift in half-activation voltage (R291Q = 93.68 +/- 14.58 mV), with a 

very large slope factor, indicating a significant reduction in charge (1.19). The R291Q 

channel favored the closed state relative to the wild-type channel with the largest 

observed Gibb’s free energy value (AG0r29 iq= 2.51+/-0.25, Table 3-1). In contrast, the 

R291K had a similar Gibb’s free energy to the wild-type (AGor29 ik=  0.81 vs AGqjshaki= 

0.71). The R291K mutant had a similar V 5 0  of activation to the IFR insert (26.07+/-1.54
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mV vs 29.36+/-1.19 mV). However, the R291K mutant, like the R291Q mutant, had less 

equivalent charge passing through the field (1.16+/-0.03 vs 1.19 =/- 0.09, Table 3-1).

3.1.3.3 S4 Double Mutants

In an attempt to assess the effect of changing the charge content in the S4 without 

increasing the length of this segment through triplet insertions, a series o f substitution 

mutants were created. The R291K+K294R double mutant caused oocyte death when 

expressed at high concentrations, and limited recordings indicated a very rightward 

shifted V50 (80.36 +/- 4.97 mV, Table 3-1), with the smallest valence recorded (1.06 +/- 

0.13) for any mutant channel. This channel favored the closed state compared to the 

wild-type channel and had a similar AAG value to the single K294R mutant 

(AAGor2 9 ik+k294r= 1 - 2 2  v s AAGok294r=  1.17, Figure 3-2, Table 3-1).

The double mutants K294R+R297K and K294Q+R297K both showed a 

rightward shifted V50 of activation (K294R+R297K= 38.79+/- 3.93mV; K294Q+R297K=

45.02 +/- 1,44mV, Table 3-1) that were similar to the single K294R and K294Q mutants 

(Figure 3-2B,C). The K294Q+R297K mutant had a similar equivalent charge to both the 

wild-type and K294Q channel (1.51+/- 0.06 vs 1.65+/-0.11 vs 1.68+/- 0.03), but not to the 

QIF channel (2.55 +/- 0.17, Figure 3-2). The K294R+R297K mutant translocated less 

charge through the electric field to open the channel compared to the K294R or RIF 

channel (1.23+/- 0.09 vs 1.67+/-0.05 vs 1.72=/-0.12) but this movement required a lower 

potential across the membrane (Figure 3-2C). Both channels favored the closed 

conformation compared to the wild-type channel. (AAGok294r+r297k=  0.34 vs 

AAGok294q+r297k=  0 .8 6 , Table 3-1).

3.1.4 D o u ble  M u ta n t  C ycle  An a ly sis

3.1.4.1 QIF Mutations

The addition of QIF in the S4 voltage sensor of jShakl shifted the V50 of 

activation in a hyperpolarizing direction by approximately -21 mV relative to the wild- 

type channel and increased the translocated charge to 2.38+0.11 (Figure 3-3A, Table 3-1). 

When the N227D mutation was combined with the QIF addition then this double mutant, 

QIF-D, showed a further -17 mV leftward shift (V50 o f -19.92 +/- 1.38 mV, Table 3-1)
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while maintaining a similar slope to the QIF mutant alone (10.6 compared to 11.1) 

implying a charge of 2.48 compared to 2.38 (Table 3-1). The QIF-D double mutation 

stabilized the open state significantly more than the sum of the effects of the QIF or 

N227D mutations individually (AAGoqif-d = -1.87 compared to AAGoqif +  AAGon227d = -

1.05,Table 3-2). This large negative AAGo for the double mutant indicates that the 

N227D mutation in S2 and the QIF mutation in S4 interact synergistically to stabilize the 

open state.

The double mutant QIF + N227E (QIF-E) also shifted the V50 o f activation in a 

hyperpolarizing direction, by approximately -23 mV, compared with the QIF mutation 

alone, but the translocated charge for this mutant protein was similar to that for the wild- 

type channel, 1.72±0.11 (Figure 3-3B, Table 3-1). Gibbs free energy calculations show 

that QIF-E favored the open state compared to the wild-type channel (AAGoqif-e= -1.81). 

However, the sum of Gibb’s energies for the single mutants (AAGoqif + AAG0N227E =  

-2.57) was greater than that observed in the double mutant (AAGoqif-e= - 1 -8 1 ), indicating 

that the combined QIF and the N227E mutations antagonized their independent abilities 

to stabilize the open state.

3.1.4.2 IFR Mutations

The addition of an IFR motif to the C-terminal side of K294 in the S4 voltage 

sensor of jShakl shifted the V50 of activation by approximately +11 mV in the 

depolarizing direction when compared to the wild-type channel, increased the 

translocated charge to 2.26+0.10 (Figure 3-4A, Table 3-1) and stabilized the closed state 

(AAGoifr = 0.81). In contrast, the double mutant combining IFR + N227D (IFR-D) 

shifted the V50 of activation in the hyperpolarizing direction, by approximately -11 mV 

relative to the wild-type without causing a significant change in the translocated charge, 

thus favoring the open state of the channel (AAGoifr-d= -0.40). Importantly, this shift 

favoring the stabilization of the open state was opposite to the summed effect o f the 

single mutations (AAGoifr +  AAGon227d = 0 .6 , Table 3-2), indicating a synergistic 

interaction between these mutation sites in S2 and S4.

The V50 of activation for the double mutant IFR + N227E (IFR-E) was shifted in 

the hyperpolarized direction by approximately -46 mV compared to the IFR mutant alone
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(Figure 3-4B). This mutant had the same number of translocated charges as the wild-type 

channel (Table 3-1). The Gibbs’ free energy value for the IFR-E double mutation was 

approximately the same as for the sum of the ffee-energy values for independent IFR and 

N227E mutations (AAGoifr-e =  -1-27 compared to AAGoifr +  AAGon227e = -1.31, Table 3- 

2) indicating that the mutations in S2 and S4 acted independently in the double mutant.

3.1.4.3 RIF Mutations

The addition of the RIF motif to the N-terminal side of K294 shifted the V50 of 

activation in the depolarizing direction by +32 mV compared to the wild-type channel 

without affecting the number of translocated charges, while the double mutant RIF + 

N227D (RIF-D) showed a hyperpolarizing shift of -12 mV compared to the single RIF 

mutant (Figure 3-5A). Additionally, the slope factor was decreased when compared to 

the RIF single mutant (from 16 to 12.3), corresponding to an increase o f the translocated 

charges to 2.10. Combining the RIF and N227D mutations in a single channel stabilized 

the closed conformation o f the channel to a greater extent than the sum of the 

independent single mutations (AAGorif-d =  1.16 compared to AAGorif+  AAGon227d =

1.05, Table 3-2), but this difference was small.

In comparison, the RIF + N227E (RIF-E) mutant had a similar voltage sensitivity 

to the RIF mutant alone (app. 51 mV in both cases, Figure 3-5B) and did not appreciably 

change the slope factor (16.78 vs. 15.97, Table 3-1). Introduction o f the N227E mutation 

in the RIF backbone did not have the same stabilizing interaction as was observed in the 

RIF-D mutant. Double mutant cycle analysis indicated that the addition of a long 

glutamate side-chain in S2  stabilized the closed state in the double mutant (AAGorif-e =  

1 . 1 0  compared to AAGorif+  AAGon227e =  -0.89, Table 3-2).

3.1.4.4 K294R Mutations

The single mutation of lysine to arginine shifted the V 5 0  of activation a similar 

amount to the insertion of the RIF motif (49.95+/- 2.11 mV vs 50.92+/-1.04 mV) with a 

nearly identical equivalent charge (1.67+/-0.05 vs 1.72+/-0.12). The double mutant 

K294R+N227D (K294R-D) failed to shift the voltage sensitivity o f half-activation 

(45.22+/-3.18 mV) relative to K294R but decreased the number o f charges (1.30+/-0.10)
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translocated through the field during activation, compared to the wild-type and K294R 

(Figure 3-6A, Table 3-1). The combination of the K294R and N227D mutations in a 

single channel has favourable interactions to stabilize the open channel state compared to 

the sum of the independent single mutations (AAGok294-d = 0.63 compared to AAG0K294R + 

AAGon227d = 0.96, Table 3-2).

In comparison, the K294R + N227E (K294R-E) mutant had a leftward shifted 

voltage sensitivity compared to K294R alone (38.10 +/- 3.46 mV, Figure 3-6B) as well as 

a slightly shifted slope factor (17.34 vs. 15.78, Table 3-1). Gibbs free energy calculations 

showed that K294R-E favored the closed state compared to the wild-type channel 

(AAGok294-e = 0.91). The sum of Gibb’s energies for the single mutants (AAGok294r  + 

AAGon227e = -0.95, Table 3-2) favored the open conformation indicating that the channel 

conformation of K294R-E inhibits the stabilizing interaction of S4 with N227E.

3.1.4.5 K294Q Mutations

Like the K294R mutant, the K294Q mutation shifted the V50 of activation in the 

depolarizing direction by +30 mV compared to the wild-type channel while decreasing 

the slope factor (15.34 vs. 16.14). The double mutant K294Q + N227D (K294Q-D) 

shifted the V50 o f activation in the hyperpolarized direction (22.81 +/- 2.63) relative to 

K294Q but did not affect the equivalent charge (Figure 3-7A, Table 3-1). The 

interactions between K294Q and N227D in the double mutant acted to stabilize the open 

channel conformation compared to the effects of the single mutations alone (AAGok294q-d 

= 0.13 compared to AAGok294q +  AAGon227d =  0.94, Table 3-2).

The K294Q+N227E (K294Q-E) mutant favored the open conformation compared 

to the single K294Q mutant and the wild-type channel shifting the half activation voltage 

to 13.04 mV (Table 3-1). Gibbs free energy calculations show that K294Q-E favors the 

open state compared to the wild-type channel (AAGok294q-e = -0.32). However, the sum 

of Gibb’s energies for the single mutants (AAGok294q  + AAG0N227E = -0.96, Table 3-2) is 

greater than that observed in the double mutant (AAGok294q-e=-0 .3 2 ), indicating that the 

protein conformation of the double mutant antagonizes the effects of the single mutants 

alone.
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3.1.5 H o m o lo g y  M o d e l in g  o f  jS h a k l  o n  t h e  Ra tK v1. 2  t e m p la t e

The open-state jShakl homology model and closed-state ROSETTA model give a 

continuous representation of the intracellular domain and transmembrane domain of the 

channel, minus the N-terminus and C-terminus. Loop regions missing from the original 

Kv1.2 crystal structure have been rebuilt from loop databases to give a continuous model 

of the transmembrane domain, from the start of the T l-S l linker to the end of the S6  

helix. Analysis of the Ramachandran plot for the hybrid KV1.2 structure shows that 

99.0% of residues were in favourable regions of the plot, while the VK139 and VK140 

models contained 94.0% of residues in favourable regions of the Ramachandran plot, 

respectively. PROCHECK and WHAT IF protein structure checks were performed on 

the open-state homology model and the original Kv1.2 crystal structure. The results 

showed the models were of comparable to the quality o f the template crystal structure. 

The backbone root mean squared deviation (RMSD) between the jShakl open-state 

homology model and the Kv1 . 2  crystal structure was 0.13 A.

The quality of the initial sequence alignment is a crucial for the development of 

an accurate homology model. Here, the jShakl sequence was robustly aligned with a set 

of 140 voltage-gated potassium channel sequences using MUSLCE v3.6 (Edgar 2004, 

2004) and the pair-wise alignment of jShakl and RatKv1.2 was extracted and used as 

input to the SWISS MODEL program (Schwede et al. 2003), which performs an energy 

minimization on side-chain conformation but does not do a global conformational 

minimization (Figure 3-8). The structural template for modeling was derived from the 

published crystal structure of RatKv1.2, PDB file 2A79 (Long et al. 2005). The SI and 

S3 helices and in the KV1.2 structure are not sufficiently well resolved to identify the 

placement of the individual residues and are represented as polyalanine and polyglycine 

helices in the PDB file. The interhelical linkers are not resolved in the crystal structure 

and so are absent from the PDB file. The placement of residues in the SI and S3 helices 

was determined by comparing PredictProtein secondary structure predictions (Rost et al. 

2003) on Kvl .2 to the corresponding structural motifs in the crystal structure. The 

PredictProtein method pinpoints the location of transmembrane helices to approximately 

80% accuracy. Here, we found the predicted location of the resolved pore and voltage 

sensor transmembrane helices matched the experimentally determined location of each
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transmembrane helix within one or two residues, lending confidence to the predicted 

range of the unresolved T l-S l region and the S3 helix. Reassuringly, the predicted span 

SI and S3 helices were viably placed within the resolved secondary structurale motifs 

and the predicted span of the unresolved transmembrane helices matched the length of 

the polyalanine and polyglycine chains.

The interhelical linkers were modeled purely from loop databases. In each case, a 

loop conformation accepted from the database was the lowest energy tertiary structure for 

a given sequence that matched the secondary structure predictions for that region. The 

modeling o f these structures was informed with information from electrophysiological 

and perturbation studies on a number of channels. It is important to note that the KV1.2 

channel was crystallized in the absence of an intact membrane (i.e. equivalent to a 0 mV 

transmembrane potential), and so it represents the open conformation o f the channel since 

the V50 for RatKv1.2 has been reported to be -17 mV (Scholle et al. 2000) or -35 mV 

(Stuhmer et al. 1989).

Figure 3-9A shows the alignment of the S3-linker-S4 portion o f the two 

structures. The RatKv1.2 linker is large and flexible and includes a helical region, as 

predicted from the mutagenesis analysis of Mathur et al. (1997). The jShak l linker is 

short, near the length o f a fully extended polypeptide, and thus should act to anchor the 

C-terminal end o f S3 and the N-terminal end o f S4 in close proximity during channel 

transitions between the open and closed state. The strong similarity between the S4 and 

L45 linker in the open state of the channel is illustrated in Figure 3-9B. When the 

membrane is depolarized the translocation of the S4 helix is coupled to lateral movement 

of the L45 segment that pulls the intracellular ends of the S5 and S6  helices apart, 

opening the activation gate, allowing K+ flow through the pore. Because of this essential 

function, it is expected that the three mutations that insert a tripeptide into the S4 helix 

will likely to distort the conformation of the channel by displacing the N-terminus of the 

S4 helix in an outward (extracellular) direction. However, the length, shape and 

conformation o f the S3-S4 linker has been shown to affect voltage sensitivity suggesting 

that modifications to the length of the S4 may independently affect voltage sensitivity 

regardless of charge content of the S4 (Gonzalez et al. 2001; Mathur et al. 1997).
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The alignment of the S2 helices (Figure 3-10A) illustrates a clear positional 

equivalence of Kv1.2 E226 and jShakl N227 and of Kv1.2 E236 and jSh a k l E237, as 

shown in the alignment in Figure 1-5B. The alignment o f the S4 helices shows that the 

alignment of the S4 helices of Kv1.2 and jShakl are consistent with the alignment shown 

in Figure 1-5B, with the exception that the SML tripeptide at the N-terminal end of the 

jShakl S4 is part of the helix, not part of the connecting linker (Figure 3-1 OB).

The model of the S2 and S4 helices (Figure 3-10C) illustrates the basis for the 

difference between the wild-type and N227E mutant of jShakl. In the wild-type channel 

(Figure 3-10C) the N227 residue is not in close proximity with any o f the basic residues 

of S4, whereas in the KV1.2 model (Figure 3-10C) the glutamate residue at the position 

homologous to E227 in jShakl is very close to one of the arginine residues in the S4 

helix; this reaction would be expected to stabilize the open configuration of the channel 

and thus yield a V50 value considerably more hyperpolarized than that for a channel 

without an acidic residue in that position. In the homology model, the channel is in the 

open conformation, and the residues that are thought to stabilize the closed state by 

forming salt bridges are not in close proximity. It is clear that the process o f channel 

closing will require rotation and translocation o f all three helices to form the predicted 

interaction network between residues E237, D260, and positive residues in S4.

3.2 D is c u s sio n

Perturbation analysis compares the difference in free energy between the open 

and closed states of the wild-type channel with that o f the mutant channels (Hong and 

Miller 2000; Li-Smerin et al. 2000; Monks et al. 1999; Perozo 2000). Mutations may 

stabilize or destabilize either of these conformations relative to the other. In double 

mutant cycle analysis the A A G o  values for two single mutations are compared with the 

observed A A G o  value for the double mutant channel. If the difference between the 

double mutant and the summed A A G o  for the single mutants is zero ( A A G o d o u b i e  -  

( A A G o m u t i  + A A G o m u t 2 ) =  0 ) then the single mutations are acting independently in the 

double mutant channel (Horovitz 1996). Conversely, if  there is a difference between the 

double mutant and the sum of the single mutations ( A A G o d o u b i e  -  ( A A G o m u t i  +  A A G o m u c )  *  

0 ), then the residues at the two positions are energetically coupled, either through direct
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or indirect interactions. Differences in A A G o  provide a quantitative measure of the 

strength o f pair-wise interactions between sites of mutations (Horovitz 1996). In our 

study, if  the difference between A A G o d o u b i e  and A A G o m u t i  +  A A G o m u t 2  was greater than zero 

then an opposing interaction between the two residues was said to stabilize the closed 

conformation while a difference less than zero stabilized the open conformation through a 

synergistic interaction.

For voltage-gated potassium channels the Gibbs’ free energy difference between 

the opened and closed conformations is a function of both V50 and the equivalent number 

of charges that must move through the electrical field of the membrane during 

conformational changes in the channel, calculated from the Boltzmann slope factor 

(Zagotta et al. 1994). Recent studies have shown that the depth and position o f the 

membrane electrical field can be influenced by the protein structure near the S4 voltage 

sensor (Chanda et al. 2005).

The channel, jShakl, has a number of structural elements that make it useful for 

probing structural interactions involved in stabilizing the open and closed conformational 

states of the channel. First, the S2 transmembrane helix contains a single acidic residue 

(E237) that is conserved in other KV1 channels, but lacks a second acidic residue that is 

present in most other KV1 channels but which is an asparagine in jShakl (E237/N227; 

Figure 1-5B). Secondly, the S4 voltage sensor is shorter by a single triplet motif than 

other KV1 channels, containing 6  basic residues corresponding to R365-R380 in Shaker 

(Figure 1-5B). This provides a naturally occurring, physiologically functional channel 

with a simpler voltage sensor than most other KV1 channels. Modeling shows that the 

length o f the S4 is similar to other KV1 channels, but the Ser-Met-Val (SML) amino acid 

sequence replaces the N-terminal basic motif. Finally, the S3-S4 linker in the wild-type 

jShakl channel is the shortest reported in any Shaker channel being composed o f only 3 

amino acids. All of the jShakl mutants, including those with the tripeptide insert, 

activate in response to voltage, suggesting that both the voltage sensor and linker move 

minimally during activation. However, changes in the S3-S4 linker's length, shape and 

conformation have been shown to affect voltage sensitivity in Shaker (Mathur et al.

1997).
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This study was designed to test the effect of mutating the N227 residue to acidic 

residues N227E or N227D on the voltage sensitivity of the channel, and to determine 

how these mutations interact with the charged content o f S4, by altering the charge of 

residues on either side o f K294, as well as determining the effect the insertion o f length 

vs. charge has on the ordered structure of the voltage sensor.

3.2.1 Sing le  m u tatio n s  in  S2 stabilize  the  o pen  state

In the wild-type jShakl channel, the neutral asparagine at position N227 in S2 is 

not capable of forming the stabilizing salt bridges with S4 residues R288 and R291 

(homologous to R368 and R371 in Shaker) when the channel enters the open 

conformation (Silverman et al. 2003; Tiwari-Woodruff et al. 1997). Neutralization of the 

S2 residue in Shaker, E283Q, causes a rightward shift of +78 mV, while double charge 

reversals E283R with R371E yield the normal, more hyperpolarized shift (Papazian et al. 

1995). In jShakl, the N227E and N227D mutations both moved V50 in a hyperpolarized 

direction, consistent with this residue forming electrostatic interactions with the basic 

residues in S4, although the -41 mV shift in N227E is much smaller than the shift 

observed in Shaker, implying that the short S3-S4 linker constrains channel packing in 

jShakl. The greater side-chain length of glutamate permits a much greater stabilization 

of the open state, as indicated by the magnitude of the shift in half activation voltage 

compared to that caused by the mutation to aspartate. This suggests that packing of the 

channel in this region is highly constrained, to the extent that the carboxylate group of the 

aspartate side-chain is unable to move towards the interacting positive charge(s) on the 

S4 helix to produce a more stable salt bridge. The equivalent charge movement during 

channel activation was also increased by the N227E mutation but not by the N227D 

mutation. Because the acidic residues in S2 have been shown not to contribute to gating 

charge (Seoh et al. 1996), we suggest that the longer side-chain o f the glutamate mutant 

modifies the shape o f the electric field across the membrane allowing more equivalent 

charge movement with the same translocation of the voltage sensor.
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3.2.2 D ouble  m utants  ch a n g in g  c harge  c o n tent  in  th e  S4 a r e  d iffer en t

THAN THE TRIPLET INSERTION MUTANTS

The original mutagenesis studies in jShakl, were designed to determine whether 

the lack of one triplet charged motif in S4 was the basis for the depolarized V50 of 

activation (Grigoriev et al. 1997). Double mutation of S282R and M283V to replace 

charge content at the N terminal end of S4 produced a channel that did not differ 

noticeably from the wild-type, indicating that increasing charge on S4 alone could not 

recover the voltage sensitivity observed in other Kv channels (Grigoriev et al. 1997). The 

triplet motifs inserted into the S4 helix in jShakl, had diverse effects depending on the 

location of the insertion and the charge content of the motif. While QIF and RIF inserted 

into the N-terminal side of K294, and IFR inserted into the C-terminal side expressed 

mature functional channels, IFQ insertions on the C-terminal side failed to express 

(Grigoriev et al. 1997). The secondary structure and length of the S3-S4 linker and 

composition and packing of the highly conserved S4-S5 linker have been shown to affect 

significantly both activation properties and voltage sensitivity of the channel (Gonzalez et 

al. 2001; Ohlenschlager et al. 2002). The structure of jShakl, with the short S3-S4 linker 

and shortened S4, constrains large-scale movements caused by length insertion. While 

K294 is a highly conserved residue in all Kv channels, insertions o f triplet motifs to either 

side of this position will affect helical packing, such that K294 may be relocated. This 

repositioning of the lysine would modify the stabilizing electrostatic interactions with S2 

and S3, presumably shifting the open to closed equilibrium.

In an attempt to isolate the charge effects on this channel, a series of mutants were 

created to assess conformational stability when the relative positions o f basic (Arg or 

Lys) and neutral residues (Gin) were modified individually or in pairs in the voltage 

sensor at or near position K294. The R291Q and R291K+K294R mutants showed 

extremely rightward shifted V 5 0  values (93.7 mV and 80.4 mV respectively). Both of 

these mutations favored the closed state, having large free energy values 

(A AG0R2 9 1K+K294R = 1 -22, AAG0R291K = 1.81). Comparatively, the jShakl R291K mutant 

expressed robustly and was rightward shifted compared to wild-type (26.1 mV vs 18.8 

mV). The V 5 0  of activation for R291K (26.1 mV) was similar to the IFR triplet motif 

insert (29.4 mV). However, the slope factor of R291K was substantially larger than the
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IFR mutant (22.4 vs 11.6 ), indicating that approximately half the equivalent charge 

moves during channel activation, compared to IFR, suggesting that the addition of the 

longer basic side-chain is modifying the location or shape of the transmembrane electric 

field.

Double S4 mutants designed to modify the conserved lysine and arginine (K294R 

or Q+ R297K) had half-activation voltages that were slightly leftward shifted compared 

to the K294R or Q single mutants alone. The free energy values for the double S4 

mutants were more similar to the wild-type (AAGok294q+r297k= 0 .8 6 , AAGok294r+ r 297k=  

0.34). Based on Shaker mutagenesis, we believe the addition o f the lysine residue at the 

C-terminal end of the S4 acts to stabilize the open conformation o f the channel by 

interacting preferentially with E237 (E293 in Shaker) and D260 (D316 in Shaker), 

forming stabilizing salt bridges during channel activation (Papazian et al. 1995).

In our experiments, the isolated charge effects were insufficient to describe the 

results observed with the insertion of the triplet motifs. We believe that there are 

confounding length effects in the S4 triplet motif mutants which act in concert with the 

charge effects of these mutants. The instability in channel structure, which occurs with 

excessive charge neutralization or localized packing changes due to side-chain 

interactions, affects protein structure during gating transitions (Bao et al. 1999; Miller 

and Aldrich 1996). The addition of length in the constrained S4 is tolerated because of 

the limited shifts in relative residue position, but the modifications in non-basic residue 

position may have a greater effect than modification o f charge as demonstrated by our 

charge effect mutants. The Shaker ILT (V3691I+I372L+S377T) mutation, mimicking 

non-basic residue content of Shaw, reproduced the kinetic and voltage sensitivity o f Shaw 

in the Shaker backbone (Smith-Maxwell et al. 1998, 1998). These non-basic residues are 

implicated in co-operative interactions in the activation process suggesting additional 

mechanisms, external to salt-bridge formation, by which a channel may favor the closed 

state vs. the open conformation.
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3.2.3 A cid ic  resid ue  m utatio ns  at  positio n  N 227 sta bilize  in ter a c tio n s  w ith

A LONGER S4

Double mutants, containing either N227D or N227E and an S4 triplet motif insert, 

all caused a shift of the equilibrium towards the open state relative to the single triplet 

mutant. For the most leftward shifted channels QIF-E and QIF-D, the A A G o  values were 

very similar suggesting that the N227E or N227D mutants had comparable interactions 

with the S4 basic residues. However, the sum of the single QIF and N227E mutations 

predicted a greater stabilization of the open state (A A G oqif + A G on227e=  -2.85) than was 

observed in the double mutant channel (AAGoqif-e= -1 -8 4 ) suggesting an interfering 

interaction between the two mutations, while a synergistic interaction was observed for 

the QIF-D double mutant (A A G oqif + A G on227d =  -1.05 vs A A Goqif-d = -1.87). Since the 

difference between the QIF-D and QIF-E double mutants is that the side-chain o f the 

acidic residue at position 227 has one more methylene group in the glutamate than in the 

aspartate, this may indicate that the QIF mutation can alter the conformation of the 

protein such that in the open state the S4 helix is closer to the S2 helix than in the wild- 

type. This would yield higher interaction energy between aspartate and the two arginine 

residues in the open state by moving the positive and negative charges closer together, 

while leading to a lower interaction energy between glutamate and the two arginine 

residues because of steric crowding.

In the IFR double mutants, the presence of acidic S2 residues also favored the 

open conformation of the channel. The IFR-E mutation, with the longer glutamate side- 

chain shifted the half activation voltage leftward by 38 mV as compared to the IFR-D 

mutation that only shifted leftward lOmV. Double mutant cycle analysis showed that in 

the IFR-D mutant a positive interaction between N227D and the S4 mutation acts to 

stabilize the open conformation of the channel (A A G oifr + AAGon227d =  0 . 6  vs A A G oifr-d =  

-0.4), while in the IFR-E mutant the stabilization of the open state comes from two 

independent non-synergistic additive contributions from the IFR and N227E mutations 

(A A G oifr +  AA Gon227e=  -1.31 vs A A G oifr-e = -1.27) (Horovitz 1996).

While the RIF insert in S4 shifted the closed to open equilibrium to favor the 

closed state, the double mutants with the acidic residue shifted the energetics slightly 

towards the open state compared to the RIF single mutant alone (A G orif =  1 .94 , A G orif-d
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= 1.87, A G orif-e =1.80). The AAGo values for both double mutants are also very similar 

(A A G 0r i f - e = 1 1 0 ,  A A G orif-d =1.16), however the energetics o f interaction with the acidic 

S2 residues are different. In RIF-E, the longer side-chain of N227E has a disruptive 

interaction with the additional argenine, while in RIF-D mutants the effects of N227D 

and RIF appear to be non-synergistic, acting in an additive fashion only. Because the 

RIF and QIF insertions both occur on the N-terminal side of K294, the protein structure 

in this region, and the interactions with S2 residues should be similar, particularly as it is 

the first 2 argenines which form the electrostatic interactions. The QIF-E and RIF-E 

mutants showed similar interference between the long glutamate side-chain and the S4 

voltage sensor. However, the QIF-D and RIF-D mutants showed very different 

interactions, where the QIF containing S4 had a synergistic stabilizing interaction with 

the acidic N227D while the RIF mutant had independent additive interaction. This 

suggests that protein packing caused by the addition of a basic residue is different from 

that of a neutral residue and that the interactions and packing in jShakl favor a less 

charged voltage sensor.

The closed conformation of the Shaker channel is the more stable state at 

membrane potentials below V50 , so mutations that shift the equilibrium towards the open 

state can be either destabilizing the closed state or stabilizing the open state (Hackos et al. 

2002; Yifrach and MacKinnon 2002). If the insertion of the triplet QIF m otif to the N- 

terminal side of K294 (K374 Shaker) in jShakl displaces the surrounding residues that 

stabilize the closed state by forming electrostatic interactions with E237 (E293 Shaker) in 

S2 and D260 (D316 Shaker) in S3, the neutral glutamine would replace the basic lysine at 

position 294. This replacement would prevent salt bridge formation between the basic 

K294 residue in S4 and the acidic E237 and D260 residues (Papazian et al. 1995; Tiwari- 

Woodruff et al. 1997). In Shaker the direct substitution o f glutamine for lysine (K374Q) 

fails to form an active channel and remains in the endoplasmic reticulum (Papazian et al. 

1991), but double mutants K374Q with E293Q shifts the V 5 0  of the channel in a 

hyperpolarized direction, presumably by destabilizing the closed state conformation 

(Papazian et al. 1995). To test this hypothesis, the K294Q mutation was designed to 

remove the stabilizing interactions between the highly conserved lysine and the acidic 

residues in S2 and S3. However, this channel had a rightward shifted half-activation
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voltage with slow activation kinetics, clearly favoring the closed conformation o f the 

channel. This is the first functional single mutant channel containing a charge 

neutralization at this highly conserved position. Because the K.374Q mutant in Shaker 

failed to export from the endoplasmic reticulum, presumably due to improper folding, we 

believe that protein packing in the mature jShakl channel does not represent the best 

packing for comparison to the unmodified channel.

3.2.4 A c idic  m utatio n s  at  positio n  N227 sta bilize  pr o tein  str uc tur e  in

SINGLE K294 MUTANTS

Mutation of the highly conserved lysine K294 (K374 in Shaker) to either the basic 

residue, arginine (K294R), or the neutral residue, glutamine (K294Q), substantially 

shifted the V50 of activation in the depolarized direction, by +30 mV. In Shaker the 

K374Q mutant channels remain in the endoplasmic reticulum, failing to express 

functional channels in the cell membrane (Papazian et al. 1995; Papazian et al. 1991; 

Perozo et al. 1994), however, double mutants containing the K374Q mutation with 

E293Q or D316N mutations express functional channels with leftward shifted half­

activation voltages (Papazian et al. 1995). The functional expression o f the K294Q 

jShakl mutant suggests that the additional structural constraint by the short S3-S4 linker 

aids functional protein packing during synthesis.

The most favourable energetic interactions for both K294R and K294Q were 

observed with the N227D containing S2 mutations. Despite the depolarized V50 

activation value (45.2mV) for the K294R-D double mutant, double mutant cycle analysis 

showed that a stabilizing synergistic interaction is occurring between S2 and S4 

(A A G 0k294r  +  AAGon227d  = 0.96 compared to AGok294r -d  = 0.63). Similarly, the K294Q-D 

double mutant has stabilizing S2  and S4 interactions (AAGok294q  +  A A Gon227d  = 0.94 

compared to A G ok294q -d =  0.13). In the K294Q-D double mutant, this favourable 

interaction was reflected in the -25 mV shift in half activation voltage relative to the 

K294 single mutant channel.

The N227E containing K294R double mutant had a slight (~11 mV) leftward shift 

in half-activation voltage relative to the K294R single mutant. However, the AAGO value 

(AAGok294r-e= 0.91) suggests that the double mutant favors the closed state compared to
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the wild-type. Double mutant cycle analysis suggests the addition o f N227E mutation 

causes an interfering interaction (AAGok294r  +  AAGon227e = -0.95 compared to AAGok294r-  

e =  0.91) similar to that observed in the RIF-E mutant (A A G orif-e=  1.10). The K294Q-E 

double mutant had a noticeable leftward shift in V50 (13.04 mV) compared to the K294Q 

mutant (48.2 mV). The AAGok294Q-e favors the open conformation (-0.32) compared to 

the wild-type channel. Like the QIF-E mutant the K294Q-E double mutant cycle analyis 

shows an interfering interaction between S2 and S4 because o f steric crowding related to 

the longer side-chain of glutamate (AAGok294q  + AAGon227e = -0.96 vs AAGok294q-e =  - 

0.32). However, the negative AAGo value indicates that the presence of K294Q and 

N227E in the same channel still stabilizes the protein more than the wild-type, to the 

same extent as the N227E mutant alone does.

3.2.5 H o m o l o g y  M o d e l i n g

In the absence of high-resolution structures of the ion channel of interest,

homology models provide a three-dimensional map of a protein. They are structural

predictors, which are highly dependant on the accuracy of the underlying sequence

alignment and as such, require progressive refinement as new results become available.

In the case o f the jShakl open-state homology model, secondary structure predictions and

loop database searches were used to bridge the gaps in the Kv1.2 template structure,

allowing the development of a more complete homology model. A homology model, like

a crystal structure, represents a single, state-dependant snapshot o f jShakl. While the

open-state jShakl model described here is a true homology model, no physiologically

viable crystal structure exists for the closed-state of a potassium channel with voltage

sensors attached. Here we have threaded the jShakl primary sequence onto a predicted

ROSETTA model o f the closed state to give a closed state conformation of the jShakl

pore and voltage sensors. While ROSETTA models give tremendous insights into

unresolved structures, ROSETTA is a structure-prediction tool, not a crystal structure.

Homology and ROSETTA models, when interpreted in conjunction with experimental

results, are enormously powerful visualization tools which can help provide a general

overview o f the mechanism of channel gating (Yarov-Yarovoy et al. 2006).
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3.2.6 C on c lu sio n s

With the crystallization of KvAP and RatKv1.2 new models of channel gating and

resulting conformational changes have been identified (Chanda et al. 2005; Jiang et al.

2002; Jiang et al. 2003; Jiang et al. 2003; Long et al. 2005; Ruta et al. 2005; Ruta and

MacKinnon 2004). In this context, homology modeling provides a greater understanding

of residue interactions, particularly when a channel like jShakl is used. By utilizing this

natural structurally constrained channel, it is possible to determine the effects that

varying mutations have on stabilizing the different conformational changes observed

during channel activation. Our results suggest that the mutations of S2 and S4 have

distinct effects on protein packing and interactions in this channel (Figure 3-11). In this

study we have shown that the open state is stabilized by the S2 acidic mutations, N227E

and N227D, and that in a longer S4 backbone, the additional methylene group in N227E

causes steric interference, while a synergistic stabilization of the open state is achieved by

the shorter N227D mutation (Figure 3-11). We have also shown that the modification of

charge content in S4 fails to produce the same results as the introduction of length and/or

charge in the triplet motif insertions. This indicates that the relative positions of non-

basic residues and the interactions between charged residues have an effect on protein

packing around the S4 that effect voltage sensitivity in this channel.
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Table 3-1: Summarized Fit Parameters for jShakl S2/S4 Mutants including Gibb’s Free Energy
Calculations

Channel n Vso Boltzmann Slope z AGq AAGo
Jsklwt 1 0 18.80 +/- 1.14 16.14 +/- 0.82 1.65 +/-0 . 1 1 0.71 +/- 0.08
N227D 14 15.80 +/-3.19 17.86 +/- 1.07 1.52 +/-0 . 1 1 0.50 +/- 0.09 -0 . 2 1

N227E 8 -22.56 +/- 1.80 10.74 +/- 0.85 2.55 +/-0.17 -1.41 +/-0.17 -2 . 1 2

QIF 7 -2.47 +/- 1 . 2 0 1 1 .1 1 +/- 0.57 2.38 +/-0 . 1 1 -0.13 +/- 0.07 -0.84
QIF-D 1 0 -19.92 +/- 1.38 10.69 +/- 0.54 2.48 +/-0 . 1 2 -1.16 +/-0 . 1 2 -1.87
QIF-E 6 -25.89 +1-2.12 15.61 +/- 0.92 1.72 +/-0 . 1 1 - 1 . 1 0 +/-0.19 -1.81
IFR 8 29.36 +/- 1.19 11.60 +/- 0.45 2.26 +/-0 . 1 0 1.52 +/- 0.07 0.81
IFR-D 9 8.24 +1-2.99 15.50 +/- 0.99 1.74 +/-0 . 1 1 0.30 +/-0.15 -0.40
IFR-E 8 -17.15 +/- 2.05 18.10 +/- 0.78 1.45 +/- 0.06 -0.57 +/- 0.06 -1.27
RIF 9 50.92 +/- 1.04 15.97 +/- 1.23 1.72 +/-0 . 1 2 1.94 +/-0.14 1.23
RIF-D 5 38.49 +/- 0.85 12.29 +/- 0.30 2 . 1 0 +/- 0.05 1.87 +/- 0.08 1.16
RIF-E 8 51.18 +/- 2.99 16.78 +/- 0.54 1.55 +/- 0.05 1.80 +/- 0.08 1 .1 0

K294R 7 49.95 +/-2 . 1 1 15.78 +/-0.51 1.67 +/- 0.05 1 . 8 8 +/-0 . 1 0 1.17
K294R-D 13 45.22 +/-3.18 2 1 . 1 1 +1-1.41 1.30 +/-0 . 1 0 1.34 +/-0.15 0.63
K294R-E 2 1 38.10 +/- 3.46 17.34 +/- 0.73 1.54 +/- 0.07 1.62 +/-0.13 0.91
K294Q* 4 48.18 +/- 1.49 15.34 +!- 0.28 1 . 6 8 +/- 0.03 1 . 8 6 +/-0 . 1 0 1.16
K294Q-D 5 22.81 +/- 2.63 15.76 +/- 1 . 2 0 1 . 6 8 +/-0.15 0.85 +/- 0.05 0.14
K294Q-E* 2 13.04 +/- 5.35 19.01 +/- 1.99 1.38 +/-0.14 0.39 +/-0.13 -0.32
R291Q* 2 93.68 +/- 14.58 21.81 +/-1.65 1.19 +/- 0.09 2.51 +/- 0.25 1.81
R291K 11 26.07 +/- 1.54 22.36 +/- 0.63 1.16 +/- 0.03 0.81 +/-0 . 1 0 0 . 1 0

R291K+K294R * 3 80.36 +/- 4.97 25.65 +/- 3.64 1.06 +/-0.13 1.92 +/-0.16 1 .2 2

K294R+R297K 8 38.79 +/- 3.93 2 1 . 6 6 +/- 1.50 1.23 +/- 0.09 1.05 +/- 0.08 0.34
K294Q+R297K 7 45.02 +/- 1.44 17.17 +/-0.71 1.51 +/- 0.06 1.57 +/-0 . 1 0 0 . 8 6

* expressed mutation disrupts the cell membrane causing an unsteady vohage-clamp and is ultimately lethal
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Table 3-2: Double Mutant Cycle Analysis: AAGo for single mutations and double mutations in 
jShakl______________ _________________________________ ____________________________

S2 mutants
Single
Mutant

N227E 
Sum Single Double 
Mutations Mutant Dif*

Single
Mutant

N227D 
Sum Single Double 
Mutations Mutant Dif*

S4 mutants AAG0 -2.12 -0.21
QIF -0.84 -2.95 -1.81 1.14 -1.05 -1.87 -0.82
IFR 0.81 -1.31 -1.27 0.04 0.6 -0.40 -1
RIF 1.23 -0.89 1.10 1.99 1.05 1.16 0.11

K294R 1.17 -0.95 0.91 1.86 0.96 0.63 -0.33
K294Q 1.16 -0.96 -0.32 0.63 0.94 0.13 -0.81

* Difference was calculated: Dif = AAGodoubie -  (AAG0singieS2 + AAG0s,rlgieS'i)

<1
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Figure 3-1 Single mutations in the S2 and S4 helices modify steady-state properties 
of the channel.
A. The steady-state activation curve for jShakl S2 mutants reveals that the N227E 
(inverted triangles) channels are activated at far more hyperpolarized potentials than 
N227D (open circles) and wild-type channels (filled circles). In this analysis the 
amplitudes of the tail currents were measured 1 -3 ms after the disappearance of the 
stimulus artefact and then normalized to the maximal tail current. The solid curve 
represents the fit to a Boltzmann function giving V50 and slope parameters (b) for each 
channel (error bars = S.E.M); wild-type (filled circles) V50 = 18.8 +/- 1.1 mV, b = 16.1 
+/- 0.8 mV/e (n=10), N227D (open circles) V50 = 15.8 +/- 3.2 mV, b = 17.9 +/- 1.1 mV/e 
(n=14), N227E (inverted triangles) V50 = -22.6 +/- 1.8 mV, b = 10.7 +/- 0.85 mV/e (n=8 ).
B. The steady-state activation curve for jShakl S4 insertion mutants reveals that the 
insertion of the QIF motif to the N-terminal side of K294 shifts the activation curve in the 
hyperpolarized direction while the IFR and RIF insertions shift the activation curve in the 
depolarized direction compared to wild-type channels. The solid curve represents the fit 
to a Boltzmann function giving V50 and slope parameters (b) for each channel (error bars 
= S.E.M); wild-type (filled circles) V50 = 18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), 
QIF (inverted triangles) V50 = -2.5 +/- 1.2 mV, b = 11.1 +/- 0.6 mV/e (n=7), IFR (open 
triangles) V50 = 29.4 +/- 1.2 mV, b = 11.6 +/- 0.5 mV/e (n=8 ), RIF (open circles) V50 =
50.9 +/- 1.0 mV, b = 16.0 +/- 1.2 mV/e (n=9).
C. The steady-state activation curves for the jShakl S4 single amino acid mutants K294R 
and K294Q revealing that the mutation of the highly conserved lysine shifts the 
activation curve in a depolarized direction. Measurements were performed as in A. The 
solid curve represents the fit to a Boltzmann function giving V50 and slope parameters (b) 
for each channel (error bars = S.E.M). Curves are separate graphs to show the striking 
similarity in behavior of K294R and K294Q; K294R (open circles) V50 = 49.9 +/- 2.1 
mV, b = 15.8 +/- 0.5 mV/e (n=7), K294Q (filled circles) V50= 48.2 +/- 1.5, b = 15.3 +/- 
0.3 mV/e (n=4).
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Figure 3-2: Double mutants changing charge content in the S4 are different than the 
triplet insertion mutants.
A. The steady-state activation curve for the R291K+K294R double mutant is extremely 
shifted in the depolarized direction with the shallowest slope of all mutants. R291K alone 
has a similar half-activation voltage as the IFR mutant, but has a much shallower slope. 
The solid curve represents the fit to a Boltzmann function giving V50 and slope 
parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) V50 = 18.8 
+/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), IFR (green squares) V50 = 29.4 +/- 1.2 mV, b =
11.6 +/- 0.5 mV/e (n=8 ), R291K (grey triangles) V 50 = 26.1 +/- 1.5 mV, b = 22.4 +/- 0.6 
mV/e (n=l 1), R291K+K294R (emerald diamonds) V50 = 80.4 +/- 4.9 mV, b = 25.6 +/-
3.6 mV/e (n=3).
B. The steady-state activation curve for the K294Q+R297K double mutant is similar to 
the rightward shifted K294Q single mutant and substantially rightward shifted compared 
to both QIF and wild-type channels. The solid curve represents the fit to a Boltzmann 
function giving V50 and slope parameters (b) for each channel (error bars = S.E.M); wild- 
type (red circles) V50 = 18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), K294Q (pale 
green squares) V50 = 48.2 +/- 1.5 mV, b = 15.3 +/- .3 mV/e (n=4), K294Q+R297K (pink 
triangles) V 50 = 45.0 +/- 1.4 mV, b = 17.2 +/- 0.7 mV/e (n=7), QIF (navy diamonds) V50 

= -2.5 +/- 1.2 mV, b = 11.1 +/- 0.6 mV/e (n=7).
C. The steady-state activation curve for the K294R+R297K double mutant is slightly 
rightward shifted compared to the K294R and RIF mutant channels, but has a much 
shallower slope. The solid curve represents the fit to a Boltzmann function giving V50 and 
slope parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) V 50 =
18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), K294R (dark green squares) V50 = 49.9 
+/- 2.1 mV, b = 15.8 +/- 0.5 mV/e (n=7), K294R+R297K (purple triangles) V50 = 38.8 +/-
3.9 mV, b = 21.7 +/- 1.5 mV/e (n=8), RIF (blue diamonds) V50 = 50.9 +/- 1.0 mV, b = 
16.0+/- 1.2 mV/e (n=9).
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Figure 3-3: The closed to open equilibrium is shifted towards the open state in the 
QIF double mutants.
A. The steady-state activation curve for the QIF-D double mutant is shifted in a 
hyperpolarized direction compared to the single mutant and wild-type channels. The 
solid curve represents the fit to a Boltzmann function giving V50 and slope parameters (b) 
for each channel (error bars = S.E.M); wild-type (red circles) V50 = 18.8 +/- 1.1 mV, b =
16.1 +/- 0.8 mV/e (n=10), QIF (green squares) V50 = -2.5 +/- 1.2 mV, b = 11.1 +/- 0.6 
mV/e (n=7), N227D (orange triangles) V50 = 15.8 +/- 3.2 mV, b = 17.9 +/- 1.1 mV/e 
(n=14), QIF-D (aqua diamonds) V50 = -19.9 +/- 1.4 mV, b = 10.8 +/- 0.5 mV/e (n=10).
B. The steady-state activation curve for the QIF-E double mutant is shifted in a 
hyperpolarized direction compared to the single mutant and wild-type channels but has a 
shallower slope than the QIF mutant alone. The solid curve represents the fit to a 
Boltzmann function giving V50 and slope parameters (b) for each channel (error bars = 
S.E.M); wild-type (red circles) V50 = 18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), QIF 
(green squares) V 5 0  = -2.5 +/- 1.2 mV, b = 11.1 +/- 0.6 mV/e (n=7), N227E (blue 
triangles) V 50 = -22.6 +/- 1.8 mV, b = 10.7 +/- 0.85 mV/e (n=8). QIF-E (pink diamonds) 
V50 = -25.9 +/- 2.7 mV, b = 15.6 +/- 0.9 mV/e (n=6).
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Figure 3-4: The addition of an acidic residue in the IFR mutant shifts the closed to 
open equilibrium to favor the open state.
A. The steady-state activation curve for the IFR-D double mutant is shifted in a 
hyperpolarized direction compared to the single mutant and wild-type channels. The 
solid curve represents the fit to a Boltzmann function giving V50 and slope parameters (b) 
for each channel (error bars = S.E.M); wild-type (red circles) V 5 0  = 18.8 +/- 1.1 mV, b =
16.1 +/- 0.8 mV/e (n=10), IFR (green squares) V 5 0  = 29.4 +/- 1.2 mV, b = 11.6 +/- 0.5 
mV/e (n=8 ), N227D (orange triangles) V 5 0  = 15.8 +/- 3.2 mV, b = 17.9 +/- 1.1 mV/e 
(n=14), IFR-D (aqua diamonds) V 5 0  = 8.2 +/- 4.0 mV, b = 15.5 +/- 1.0 mV/e (n=9).
B. The steady-state activation curve for the IFR-E double mutant is shifted in a 
hyperpolarized similar to that of the N227E single mutant, but has a much shallower 
slope. The solid curve represents the fit to a Boltzmann function giving V5o and slope 
parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) V 5 0  = 18.8 
+/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), IFR (green squares) V 5 0  = 29.4 +/- 1.2 mV, b =
11.6 +/- 0.5 mV/e (n=8), N227E (blue triangles) V50 = -22.6 +/- 1.8 mV, b = 10.7 +/- 0.85 
mV/e (n=8), IFR-E (pink diamonds) V 5 0  = -17.5 +/- 2.0 mV, b = 18.1 +/- 0.8 mV/e (n=8).
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Figure 3-5: The closed to open equilibrium of all RIF containing mutants is shifted 
to the closed conformation.
A. The steady-state activation curve for the RIF-D double mutant is shifted in a 
depolarized direction and has a much steeper slope compared to the N227D and wild- 
type channels. The solid curve represents the fit to a Boltzmann function giving V50 and 
slope parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) V50 =
18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), RIF (green squares) V50 = 50.9 +/- 1.0 
mV, b = 16.0 +/- 1.2 mV/e (n=9), N227D (orange triangles) V5o = 15.8 +/- 3.2 mV, b =
17.9 +/- 1.1 mV/e (n=14), RIF-D (aqua diamonds) V50 = 38.5 +/- 0.9 mV, b = 12.3 +/- 
0.3 mV/e (n=5).
B. The steady-state activation curve for the RIF-E double mutant is shifted in a 
depolarized direction opposite to that of the N227E single mutant, and has a much 
shallower slope. The solid curve represents the fit to a Boltzmann function giving V 50 and 
slope parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) V50 =
18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), RIF (green squares) V50 = 50.9 +/- 1.0 
mV, b = 16.0 +/-1.2 mV/e (n=9), N227E (blue triangles) V 50 = -22.6 +/-1.8 mV, b =
10.7 +/- 0.85 mV/e (n=8), RIF-E (pink diamonds) V50 = 51.8 +/- 3.0 mV, b = 16.8 +/- 0.5 
mV/e (n=8).
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Figure 3-6: The addition of an acidic residue in S2 forms a favorable electrostatic 
interaction in the K294R mutant channel.
A. The steady-state activation curve for the K294R-D double mutant has similar voltage 
sensitivity to the K294R single mutant, but with a much shallower slope than either 
compared to the N227D and wild-type channels. The solid curve represents the fit to a 
Boltzmann function giving V50 and slope parameters (b) for each channel (error bars = 
S.E.M); wild-type (red circles) V 5 0  = 18.8 +/-1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), 
K294R (green squares) V 50 = 49.9 +/- 2.1 mV, b = 15.8 +/- 0.5 mV/e (n=7), N227D 
(orange triangles) V 50 = 15.8 +/- 3.2 mV, b = 17.9 +/- 1.1 mV/e (n=14), K294R-D (aqua 
diamonds) V 5 0  = 45.2 +/- 3.2 mV, b = 21.1 +/- 1.4 mV/e (n=13).
B. The steady-state activation curve for the K294R-E double mutant is shifted leftward 
compared to the single K294R mutation alone, but still favors the closed conformation. 
The solid curve represents the fit to a Boltzmann function giving V 5 0  and slope 
parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) V 5 0  = 18.8 
+/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), K294R (green squares) V5o = 49.9 +/- 2.1 mV, 
b = 15.8 +/- 0.5 mV/e (n=7), N227E (blue triangles) V50 = -22.6 +/- 1.8 mV, b = 10.7 +/- 
0.85 mV/e (n=8 ), K294R-E (pink diamonds) V 5 0  = 38.1 +/- 3.5 mV, b = 17.3 +/- 0.7 
mV/e (n=21).
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Figure 3-7: The closed to open equilibrium is shifted towards the open conformation 
in K294Q mutant channels with an acidic residue in S2.
A. The steady-state activation curve for the K294Q-D double mutant is shifted in a 
hyperpolarized direction compared to K294Q alone, with a steeper slope compared to the 
N227D and wild-type channels. The solid curve represents the fit to a Boltzmann 
function giving V5o and slope parameters (b) for each channel (error bars = S.E.M); wild- 
type (red circles) V50 = 18.8 +/-1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), K294Q (green 
squares) V 5 0  = 48.2 +/- 1.5 mV, b = 15.3 +/- .3 mV/e (n=4), N227D (orange triangles)
V 5 0  = 15.8 +/- 3.2 mV, b = 17.9 +/- 1.1 mV/e (n=14), K294Q-D (aqua diamonds) V 5 0  =

22.8 +/- 2.6 mV, b = 15.8 +/- 1.2 mV/e (n=5).
B. The steady-state activation curve for the K294Q-E double mutant is shifted in a 
hyperpolarized direction relative to the wild-type or the K294Q single mutant, but has a 
shallower slope. The solid curve represents the fit to a Boltzmann function giving V5o 
and slope parameters (b) for each channel (error bars = S.E.M); wild-type (red circles) 
V 5 0  = 18.8 +/- 1.1 mV, b = 16.1 +/- 0.8 mV/e (n=10), K294Q (green squares) V 5 0  = 48.2 
+/- 1.5 mV, b = 15.3 +/- .3 mV/e (n=4), N227E (blue triangles) V5o = -22.6 +/- 1.8 mV, b 
= 10.7 +/- 0.85 mV/e (n=8), K294Q-E (pink diamonds) V50 = 13.0 +/- 5.4 mV, b = 19.0 
+/- 1.9 mV/e (n=2).
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Figure 3-8: Homology model of jS h ak l based on the structure of RatKv1.2.
Full alpha subunit complete with T1 domain and modeled loops RatKv1.2 (orange) and 
jShakl (blue). The placement o f residues in the SI and S3 helices was determined by 
comparing PredictProtein secondary structure predictions on Kv1.2 to the corresponding 
structural motifs in the crystal structure. The PredictProtein method pinpoints the location 
transmembrane helices to approximately 80% accuracy. The interhelical linkers were 
modeled purely from loop databases where the conformation selected gave the lowest 
energy tertiary structure for a given sequence that matched the secondary structure 
predictions for that region. The modeling o f these structures was informed with 
information from electrophysiological and perturbation studies on a number of channels.
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Figure 3-9: Homology models of the structural constraints in jS h ak l based on the 
structure of RatKv1.2.
A. Overlay o f S3 and S4 showing the extremely short 3 amino acid S3-S4 linker which 
anchors the C-terminal end o f S3 and N-terminal end o f S4 in jShakl in close proximity 
during gating transitions. The homology model o f jShakl (blue) is placed over the model 
o f RatKv1.2 (orange). The basic residues in S4 are illustrated as side-chain sticks, and 
transmembrane helices are labelled.
B. Overlay of the highly conserved S4-S5 linker (L45) that is conserved in both RatKv1.2 
(orange) and jShakl (blue). The L45 couples the translocation o f the voltage sensor to 
the opening of activation gate. This conserved mechanism suggests that length insertions 
in the short S4 o f jShakl should move residues extracellularly rather than modify the 
amphipathic packing o f L45.
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Figure 3-10: Structural elements in the S2 and S4 of jShakl prevent favourable 
electrostatic interactions in the open state.
A. A structural overlay o f S2 transmembrane domains o f RatKv1.2 (orange) and jShakl 
(blue) showing the homologous positions of E226 to N227 and E236 to E237 
(respectively). The short non-charged side-chain o f N227 prevents favorable electrostatic 
interactions with S4 residues in the open conformation that can be recovered with 
mutations to either glutamate (N227E) or aspartate (N227D).
B. A structural overlay o f S4 showing relative location o f the S4 basic residue side-chains 
in RatKv1.2 (orange) and the shortened S4 o f jShakl (blue). The periodicity and side - 
chain location o f the arginine residues between the channels is preserved the C-terminal 
end of the helix. Specifically, positions K306/R309 in RatKv1.2 overlay K274/R377 in 
jShakl.
C. Homology model o f the interactions between S2 and S4 residues in the open 
conformation o f the channel illustrating the favourable salt bridge interactions between 
E226 and R303. The N227 residue in jShakl (blue) does not form a salt bridge with 
R291, while E226 shows a strong interaction with R303 in RatKv1.2 (orange).
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Figure 3-11: Cartoon of interactions occurring between the S2 and S4 helices in the 
open state in the jS h ak l mutant channels as determined from Double Mutant Cycle 
Analysis.
The cartoon o f the wild-type jShakl channel shows the proximity o f the S2 (yellow) and 
S4 (blue) helices in the open conformation of the channel. The basic residue m otif (red) is 
indicated on the S4 helix, and the position o f the K294 residue is indicated in orange. The 
N227 residue is shown on the S2 as having a short side chain that is uncharged (pink).
The outlined black box indicates where the inter-helical interactions within the voltage- 
sensing domain occur in the mutant channels. The addition of a negative charge in the 
N227D (blue) and N227E (purple) mutant channels formed a stabilizing electrostatic 
interaction with R288 in S4, however the longer side-chain of N227E allowed a more 
stabilizing interaction. The insertion o f IFR (brown) to the C-terminal side o f K294 
provided increased length and charge in the voltage sensor. The S4 insertion alone shifted 
the open to closed equilibrium to the closed state, while double S2/S4 mutants shift the 
equilibrium to the open state. The insertion o f QIF (pink) to the N-terminal side of K294 
added only length to the S4, and shifted the open to closed equilibrium towards the open 
state, with larger leftward shifts occurring in the double mutants containing the S2 acidic 
residues. Unfavorable steric interactions were observed in the RIF (red) S4 length and 
charge mutant, both in the presence and absence o f the S2 acidic residues. In all cases, 
the open to closed equilibrium of the double S2/S4 mutants channel was shifted to favor 
the open conformation with the addition o f N227D to a greater extent than the N227E 
mutation indicating that the longer glutamate side-chain had negative steric interactions 
with the S4 helix when either length or charge was added to the voltage-sensor.
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CHAPTER 4: ATYPICAL PHENOTYPES FROM 
FLATWORM Kv3 CHANNELS8

4.1 R e su l t s

4.1.1 N.at-Ky3.1 a n d  N.at-Kv3.2 a r e  S h a w -t y p e  c h a n n e l s

PCR with degenerate primers applied to genomic DNA of Notoplana atomata 

yielded several small fragments whose sequences were characteristic of the pore and S6 

regions of potassium channels. New primers, whose design was based on the unique 

sequences obtained from these clones, were used for inverse PCR of genomic DNA and 

5’-RACE and 3’-RACE reactions using cDNA to obtain full-length cDNA sequences, 

N.at-Kv3.1 and N.at-Kv3.2 (GenBank accession numbers AY186793.1 and AY186794.1 

respectively), that encode proteins with strong similarities to characterized potassium 

channels in the Shaker superfamily (Figure 4-1). BLASTP searches o f the non-redundant 

NCBI protein database using N.at-Kv3.1 and N.at-Kv3.2 sequences retrieved members of 

the Shaw subfamily of 6 transmembrane domain K+ channels as the best scoring match 

(e-values of 6e-75 and 8e-70 respectively). However, K+ channels from other Shaker 

subfamilies were also retrieved at near equivalent scores (8e-55 and 8e-69 e-values 

respectively) for the next most significant, non-Shaw, match.

To confirm that these channel proteins are members o f the Shaker superfamily, 

and not of the ERG-type with which N.at-Kv3.2 shares inward rectifying properties (see 

below), N.at-Kv3.I and N.at-Kv3.2 were aligned with 36 taxonomically diverse sequences 

from the four Shaker sub-families, and with five ERG-type channels (a total of 43 

channel sequences). Analysis of this dataset clearly separated the ERG channels from the 

clade of Shaker family channels, in which the N. atomata sequences were embedded by 

100% Resampling of Estimated Log Likelihood (RELL) and bootstrap support in ML and 

ML distance analyses (not shown). In analyses o f the Shaker superfamily proteins, both 

N.at-Kv3.1 and N.at-Kv3.2 were clearly positioned within the Shaw/Shab clade, with 97% 

RELL and 85% bootstrap support (Fig. 4-2, Node D). Strongly supported nodes

8 A version of this chapter has been published. Klassen et al. 2006. Journal of 
Neurophysiology. 95: 3035-3046.
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excluded them from the Shab (100/100%), Shal (100/100%) and Shak (100/95%) groups 

(Fig. 4-2, nodes E, F and A respectively). To further clarify this placement, a dataset of 

38 sequences containing diverse Shaw and Shab homologues, rooted by Shal sequences, 

was investigated by Bayesian and ML distance methods (Fig. 4-3). Below we show that 

N.at-Kv3.2 shares a distinct electrophysiological trait with the nematode C. elegans Shab 

3 channel (EXP-2), namely inward rectification. However, three strongly supported 

nodes separate these two sequences (Fig. 4-3). Therefore the inward rectifying properties 

of 'N.at-Kv3.2 and C. elegans Shab 3 must have evolved separately.

In all analyses, the two N. atomata sequences strongly group together in ML and 

Bayesian analyses despite lower support from ML distance methods. It is therefore likely 

that they represent the product of lineage-specific gene duplication. When N.at-Kv3.1 is 

used as a surrogate for the two sequences, it strongly groups with Shaw-type channels 

(99/77%) by ML and ML distance methods. This grouping along with the exclusion of 

the two Notoplana channels from the Shal clade (Fig. 4-2 and Fig. 4-3), further confirms 

the Shaw affiliation of both sequences.

The clade consisting of the two channels from N. atomata branches basal to the 

Kv3 type channel from the cnidarian, Polyorchis penicillatus, in Figure 4-3. Thus, there 

is an alternative interpretation, that the two N. atomata channels form a clade 

representing a novel Kv channel family. Given the fact that all the channels within the Kv 

group evolved in common ancestor of metazoans, this would mean that there existed 

another channel family that was lost in all other phyla for which the Kv channels have 

been studied. However, if  only N.at.-Kv3.1 is included in the phylogenetic analysis it 

groups robustly within the Kv3 clade and weakly as a sister group to the P. penicllatus 

Kv3 channel. Given the long branch lengths of the N. atomata channel clade and the 

relatively weak support for placing this clade basal to the P. penicillatus Kv3 channel, we 

think that this formal possibility is unlikely to be true. Both N.at-Kv3.1 and N.at-Kv3.2 

sequences exhibit relatively long branches when compared to other Shaw-type proteins 

(Fig. 4-2), consistent with the differences in electrophysiological properties exhibited by 

these flatworm channels.
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4.1.2 N.at-Kv3.1 e x p r e s s e s  a  n o n -in a c t iv a t in g  K+ c u r r e n t  w it h  s l o w , e a r l y

OPENING TRANSITIONS

4.1.2.1 Voltage-sensitivity

For N.at-Kv3.1 currents, the I-V relationship was determined by applying 100 ms 

step depolarisations from a holding potential of -90 mV to a range o f potentials from -140 

to +70 mV in 10 mV increments followed by a return to -90 mV. Maximal current was 

measured 95 ms after the initial stimulus artefact. The steady-state activation properties 

were determined from the amplitude of tail currents measured immediately after the 

stimulus artefact and plotted against the voltage used to elicit the current. The amplitudes 

of the tail currents were normalized and fitted to a standard, first-order Boltzmann 

Function using Clampfit 9.2.

X. laevis oocytes injected with N.at-Kv3.1 mRNA expressed currents with delayed 

rectifier properties. Voltage-clamped oocytes expressing this channel responded to step 

depolarisations to potentials greater than approx. -  30 mV with a slowly activating 

outward current (Fig.4-4.4,5). Steady-state activation was characterized by a V50 of + 9.3 

±1.2  mV, with a Boltzmann slope parameter o f+14.5 ± 1.01 mV/e (n = 9) (Fig. 4-4Q.

4.1.2.2 Activation Kinetics

The kinetics of activation was determined by performing a two component, pre­

depolarisation protocol. Clamp currents were measured while holding the oocyte at the 

holding potential (-60mV) for 15 ms followed by a 50 ms step to -90 mV then applying a 

range of 800 ms pre-depolarisation steps from -90 mV to +50 mV in 10 mV increments 

immediately followed by a 200 ms step to +50 mV to fully open all channels. The 

kinetics o f channel opening was analyzed by fitting the current traces to formulae 

representing different models using the model comparison function in Clampfit 9.2 

(Axon Instruments).
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Unlike currents characteristic of the Shaw subfamily of potassium channels, the 

N.at-Kv3.1-mediated currents have a slow rate of activation, with a 10 to 90% rise time of 

150 ms, compared with 3 to 7 ms for mammalian Kv3.1 and Kv3.2 (Rudy and McBain 

2001). The opening kinetics include an unusually long, late rising phase after the initial 

opening phases (Fig. 4-5 A and 4-6A). Single exponential functions and single sigmoidal 

functions failed to fit the opening kinetics observed in N.at-Kv3.1 because of the 

combination o f the sigmoidal shape early in the time course of the opening transitions 

and the long, late phase o f activation. Increasing the number of terms yielded an 

improved fit with the sum of two sigmoidal terms (Eq. 4-1) or the sum of three 

exponential terms (Eq. 4-2) (Fig. 4-5A and 4-55).

/ ( / )  = A 5
_ (l + exp (- ('/ r l , , )_ (l + exp

+ C (Eq. 4-1)

I(t)  = [A * (l -  expH '/rl)))]+ [b *(1 -  exp(_('/r2)))]+ [c * (l -  exp(-(,/r3)))]+ D  (Eq. 4-2) 

However, neither o f these forms fitted the early phase of the kinetics well (Fig. 4-55). A 

better fit was obtained with Eq. 4-3. that is the sum of two terms, each the product of a 

co-operative exponential term (n=4, Figure 4-5 Q  and a non-co-operative exponential 

term all with different time constants (Fig. 4-5C and Fig. 4-6A).

7 (0  = [a  * (l -  ex p (-((/*K' l)))' (l -  ex p (-(,/^ 2)))]

+ [s * (l -  exp y  (i -  exp (~('/n'W2)))] (Eq. 4-3)

The steepness of the activation curve increased as the holding potential became 

more positive (Fig. 4-65), suggesting that the kinetic parameters vary not only as a 

function of the depolarizing potential, but also as a function o f holding potential. 

However the form of the curves did not vary with the holding potential, i.e. Eq. 4-3 

provided a good fit for activation curves elicited from different holding potentials.

In currents elicited from a holding potential of -90 mV to a range o f potentials (- 

20 mV to +50 mV) the contributions of the fast (A) and slow (B) components in Eq. 4-3 

were invariant (A = 0.315+/- 0.017, B = 0.685 +/- 0.017)(n = 6 ). For these currents the 

time constants of activation Tfasti and t siowi showed linear dependence on stimulation 

voltage (Fig. 4-6C). Similarly, t si0W2 showed linear voltage dependence, decreasing
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markedly with membrane depolarisation. However, ifast2 was independent of 

depolarisation voltage over the range tested (Fig. 4-6D).

The shape of the opening curve is a function of the holding potential, manifesting 

much faster opening with less delay when the holding potential is more positive (Fig. 4- 

6 B). Little or no inactivation was observed, even when depolarisation was extended to 1 

s. When currents were elicited from a range o f holding potentials (-20 mV to +40 mV) to 

a final potential of +50 mV, the ratio of A to B was independent o f the holding potential 

(A = 0.425 +/- 0.039, B = 0.575 +/- 0.039) (n = 6 ). Both Xfasti and xsi0wi were sensitive to 

the holding potential: Xfasti showed a sigmoidal dependence on holding potential 

(inflection point at -22 mV) while xsiowi showed an exponential dependence (Fig. 4-6E). 

Both Xfast2 and xsi0w2 showed an exponential dependence on holding potential (Fig. 4-67).

4.1.3 N. at-Ky3.2 e x p r e s s e s  a n  in w a r d  r e c t if y in g  K+ c u r r e n t

4.1.3.1 Current-Voltage Relationships

For N.at-Kv3.2 currents, the I-V relationship was determined from oocytes held at 

-60 mV by applying a 50 ms step to -90  mV prior to a 500 ms step to a range of 

potentials from -140 mV to +80 mV in 10 mV steps followed by a 50 ms step back to -90 

mV. Current amplitudes were measured after inactivation had occurred and constant 

current was obtained. The resulting currents were normalized and plotted against the 

voltage used to elicit the current.

Voltage-clamped oocytes injected with N.at-Kv3.2 mRNA responded to step 

depolarisations from a holding potential of -90 mV with currents that show inward 

rectification (Fig. 4-7A). At membrane potentials more negative than -40 mV the channel 

exhibited inward currents that were approximately proportional to the test potential. At 

extremely hyperpolarized potentials (-140 to -110 mV) the current was slow to reach 

peak steady-state current. This delay might arise from poor voltage clamp at 

hyperpolarized potentials. When the membrane was depolarized beyond -40 mV, the 

incremental increase in peak steady-state current became less with each successive 

voltage step. At the more depolarized potentials (greater than +10 mV) peak current was 

observed immediately after the voltage step but within 2 0  ms a reduction to the steady- 

state current level was observed (Fig. 4-7.4). The current/voltage relationships shown in
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Figure 4-75 are based on measurements taken after steady-state current levels had been 

reached.

4.1.3.2 Inactivation Kinetics

A “relaxation” of the peak outward current in response to test pulses more 

positive than -40 mV was observed (Fig. 4-8.4). This relaxation to the steady-state current 

level was best fitted by the sum of three exponential functions providing three separate 

time constants of inactivation (Fig. 4-8B,C,D). The relative contribution of the 

exponential term A (slow term) remains constant over the voltage range while the 

contribution of exponential term B (intermediate term) increases with increasing voltage. 

Exponential term C (fast term) decreases with increasingly depolarized potentials. Thus, 

the increased steepness of the relaxation at more positive voltages is due to the decrease 

of tau 1 and tau 3 (Fig. 4-85) and not a shift in relative contributions o f the faster terms.

4.1.3.3 Channel Permeability

Oocytes expressing N.at-Kv3.2 had markedly hyperpolarized resting potentials (- 

6 8  +/- 12.7 mV, n = 11) when compared with both control oocytes injected with 

nuclease-free water (- 39 +/- 3.8 mV, n = 15) and with oocytes injected with the delayed 

rectifier channel, N.at-Kv3.1, (-38 +/- 4.1 mV, n = 8 ) described above. Current-voltage 

curves (Fig. 4-75) suggested that N.at-Kv3.2 channels were constitutively open over the 

voltage range of test protocols, accounting for the relatively hyperpolarized resting 

potentials. The Goldman equation was used to calculate the relative permeabilities for 

N a+ and K+, assuming that Z  laevis oocytes have [K+]jntcmai= 150 mM and [Na+]intemai =  

20 mM (Kusano et al. 1982) For uninjected and N.at-Kv3.1 injected eggs, the ratio of N a+ 

permeability to K+ permeability for the leak current is 0.34 and 0.33 respectively. 

Expression of constitutively open N.at-Kv3.2 channels hyperpolarize the membrane, as 

would be expected for a potassium-selective channel, but the resting potential (-69 mV) is 

substantially more positive than the equilibrium potential for K+ (-110 mV) as shown in 

Figure 4-9C. The calculated ratio of N a+ permeability to K+ permeability for cells 

expressing the N.at-Kv3.2 channel is 0.08.

Perfusion experiments in which [K+]out was varied from 2 mM, 10 mM, 50 mM and 

98 mM also showed that the major permeant ion was K+ (Fig. 4-75). However, the Erev
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values measured when K+ replaced Na+ in solution are significantly different from the 

theoretical calculation for Erev if K+ was the sole permeant ion (Fig. 4-7C). When 

choline was substituted for Na+ in the bath solution, the extrapolated Erev was even more 

positive than predicted if it is assumed that the channels are only permeant to potassium. 

Thus there must be other significantly permeant ions (Fig 4-7C). Ion substitution 

experiments were performed in modified saline solutions in which the concentration of a 

single ion of interest was modified. The inward currents of N.at-Kv3.2 are shown to be 

affected most by changes in potassium and sodium and this channel has limited 

permeability to calcium (Fig. 4-9A). This limited ionic selectivity accounts for the 

reversal potentials not following the expected Nemst relationship for potassium ions. A 

second set of ion substitution experiments were performed in which a single cation was 

present in the bath solution. N.at-Kv3.2 is shown to preferentially pass potassium ions but 

this channel also passed other cations (Fig. 4-9B). Potassium inward currents were 

greater than those for any other cations tested, but a significant inward current was 

observed for all ions tested (Fig. 4-9B). While N.at-Kv3.2 is permeable to two cationic 

K-channel blockers, CsCl and BaC^, the channel’s permeability to potassium ions was 

insensitive to 10 mM extracellular TEA.

4.2  D is c u s sio n

Although these two N. atomata channel sequences are members of the Shaw family 

of potassium channels their long branch-lengths on the phylogenetic tree suggest that 

their electrophysiological characteristics should differ substantially from the other Shaw 

type channels. In the case oiN.at-Kv3.1, the large number of differences in sequence 

were reflected in a phenotype with far slower opening kinetics when compared with other 

Shaw channels, whereas a distinctive inward-rectifying phenotype was seen when N.at-Kv

3.2 was expressed.

4.2.1 N.at-Ky3.1 ACTIVATION KINETICS

Although we evaluated simpler kinetic schemes for fitting the channel opening data 

for N.at-Kv3.1, Eq. 4-3 was the simplest formula to give an accurate fit over the full time 

course of activation. Sigmoidal channel opening kinetic behaviour is thought to be due to 

a requirement for two or more voltage-dependent first-order transitions between closed
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states prior to the opening transition (Zagotta et al. 1994; Zagotta et al. 1994).The fact 

that this channel has such a complex kinetic behaviour that is affected by the pre­

depolarisation holding potential suggests that the voltage-dependent transitions in the 

channel-opening process have different voltage sensitivities. It is important to note that 

this behavior is different from the Cole-Moore effect (Cole and Moore 1960), in which 

the onset of channel opening varies with the holding potential but the shapes o f the 

activation curve are superimposable by simple translation along the time axis. The shape 

of the N.at.-Kv3.1 channel activation curve, but not its position on the time axis, varies 

with holding potential.

Although a number of different activation schemes would be consistent with the 

kinetics of N.at-Kv3.J-mediated currents, it appears that there are two independent 

activation mechanisms and that both include slow transitions that are activated at 

relatively negative voltages and fast transitions that are activated at more depolarizing 

voltages. Thus, this channel is a natural substrate for studying the kinetic intermediates 

of the activation process using single channel recording methods, since pre-opening and 

opening transitions (Zagotta et al. 1994; Zagotta et al. 1994) can be separated by an 

appropriately designed excitation protocol. Separation of the early transitions in the 

closed state from the final opening transition has also been achieved by the application of 

a naturally occurring snail toxin (BrMT) to N-terminally deleted Shaker B that 

dramatically slows early activation transitions by stabilizing the voltage sensor (Sack et 

al. 2004).

4.2.2 N.at-Ky3.2 is a n  In w a r d  R e c t if ie r

Currents mediated by N.at-Kv3.2 were evident at all physiologically significant 

potentials. The characteristic decrease in conductance in the upper right quadrant of 

current/voltage curves is a weak inward rectification that is incomplete. Inward 

rectification is found in a number of channels from different families, e.g. erg, Kir,

C.elegans Shab3 (EXP-2), and KATI-1. However, a number of different mechanisms 

appear to be at play in producing inward rectification.

One possible mechanism of inward rectification in N.at-Kv3.2 might be that 

channels were constitutively open (at potentials between - 140 mV and - 40 mV), but are
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inactivated with membrane depolarisation above -  40 mV. Miller and Aldrich were able 

to convert Shaker B channels to inward rectifiers by a triple mutation o f the S4 voltage 

sensor (Miller and Aldrich 1996). Unlike N.at-Kv3.2, this Shaker B  mutant is not 

constitutively open at rest since channels are mostly inactivated at rest.

Hyperpolarization-induced "activation" of the Shaker B  mutant is by recovery from 

N-type inactivation occurring through the open state. This is the mechanism suggested 

for intrinsic, voltage-dependent activation of other 6  transmembrane (TM) inward 

rectifiers such as KAT1 and hERG (Muller-Rober et al. 1995; Sanguinetti et al. 1995). 

Secondly, inward rectification might result from relatively slow activation and ultra-fast, 

N-type inactivation as was seen in another 6 TM channel, the EXP-2 channel (Shab3) of 

Caenorhabditis elegans (Fleischhauer et al. 2000). In N.at-Kv3.2, at the most positive 

test potentials (above + 30 mV), the rectification may also be due to inactivation having 

both an initial fast phase and a slower phase (Fig. 4-8). The slow development o f inward 

current that was only apparent at the most hyperpolarized command potentials used might 

be caused by a relatively slow removal of inactivation at very hyperpolarized potentials. 

However, inactivation cannot account for all of the rectification observed in N.at-Kv3.2.

A  steady-state reduction in current was observed at potentials (- 40 mV) before any 

inactivation was apparent. Rectification without inactivation first appeared at potentials 

more positive than app. - 10 mV (Fig 4-1 A).

It is also possible that the voltage sensor oiN.at-Kv3.2 is modified such that the 

mechanics of activation is altered significantly. In Shaker channels the transmembrane 

electric field is focused across aqueous crevices in the membrane (Starace and Bezanilla 

2004) implying that the S4 segment moves a short distance, (Cha et al. 1999) between 

crevices and specific acidic residues in S2 and S3 segments (Laine et al. 2003; Silverman 

et al. 2003; Swartz 2004). Substitution of a proline with hydrophilic residues at a specific 

site in the S6  activation gate of some Shaker channels can destabilize the closed state of 

the channel making it constitutively open and uncoupling the gate from the voltage 

sensor (Sukhareva et al. 2003). In this case, inward rectification may be caused by 

intracellular block by other cations. Partial block by intracellular Na+ and Mg2+ occurs at 

very positive potentials in H. sapiens K v 2.1 causing weak inward rectification of what is 

in other respects a typical delayed rectifier (Lopatin and Nichols 1994). Polyamine or
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Mg2++ block is seen in the 2TM, strongly inward-rectifying potassium channels such as 

IRK1 (Lopatin and Nichols 1994; Stanfield et al. 1994).

Finally, mutation of the S4 transmembrane domain can allow an alternative 

permeation pathway through the channel (Starace and Bezanilla 2004). For example, 

mutation of the first arginine in Shaker B removes a side -chain that blocks an alternate, 

parallel ionic pathway to the pore. This Omega current has been shown to be a cation- 

selective permeation pathway along the length of S4 which is only present when S4 is in 

the resting state (Tombola et al. 2005). As shown in Figure 4-9, the N.at.-Kv3.2 channel 

is permeable to many cations, although K+ is the most permeant ion. The canonical pore 

sequence in N.at.-Kv3.2 shows no sequence differences that would indicate that this 

channel should show such a low specificity (see Figure 4-10). Thus, the unusual 

permeability properties o f this channel would be consistent with its manifesting a 

naturally occurring Omega current. It is also worth noting that N.at.-Kv3.2 has a tyrosine 

residue at a position three residues C-terminal to the GYG selectivity sequence. In 

Shaker a mutation, T449Y, at the homologous position has been strongly correlated with 

the sensitivity of that channel to TEA inhibition (Taglialatela et al. 1994). N.at.-Kv3.2 

current is not affected by TEA up to a concentration of 10 mM, indicating that the ion 

conductance path may not involve the canonical pore region, but rather the conductance 

pathway characteristic of the Omega current.

The relatively non-selective cationic Omega current in the D. melanogaster 

ShakerB channel is caused by mutation of the first Arg residue in the S4 domain to one of 

Ala, Cys, Ser or Val (Tombola et al. 2005). The S4 helix of the N.at.-Kv3.2 channel 

differs from the normal S4 sequence in that the first residue is His, not Arg, and the third 

Arg residue is replaced with Gly (See Figure 4-10). Thus, the S4 region of N.at.-Kv3.2 

contains amino acid substitutions that might be expected to create an Omega current 

conductance pathway and uncouple S4 from the canonical channel gate.

If this is an example of a naturally occurring Omega current, then the canonical 

ion conductance pathway must be uncoupled from the normal activation mechanism, 

since depolarisation is not associated with the appearance of a more K+-specific current, 

as is seen in the case o f the synthetic Omega current mutants (Tombola et al. 2005). The 

inward rectification in this channel thus could be due to the S4 voltage-sensing helix
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moving from the resting state to the open conformation, effectively occluding the 

permeation pathway but not opening the canonical pathway.

4.2.3 C on c lu sio n s

Here we have demonstrated that isolation of voltage-gated K+ channels from 

organisms that diverged basal to the deuterostome/protostome split yield fertile material 

for new structure-function studies. As increasing selection pressure during early 

metazoan radiations produced striking phenotypic variants within single Shaker sub­

families, these same phenotypes of slow activation and inward rectification were 

convergently evolved in other 6TM-channel families in “higher” metazoans. The 

surprising divergence from “standard” Shaker phenotypes shown by these two flatworm 

channels would not have been predicted from phylogenetic or bio-informatic 

characterization alone, underscoring the value of comparative functional studies when 

interpreting genomic or proteomic data. This comparative data can be complemented by 

mutagenesis studies focused upon the S2, S3, S4 and pore regions that will determine the 

structural basis for these unusual activation properties. Although macroscopic current 

recordings demonstrate that the two N. atomata channels have unusual kinetic properties, 

a detailed structure-function analysis will require detailed single channel recordings. As 

the scope of genetic and genomic studies expands to encompass a wider evolutionary 

diversity of organisms than the intensively studied model organisms, this general 

approach to sampling functional sequence space should prove fruitful in the analysis of 

other examples o f protein machinery.
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Figure 4-1: Alignment of N.at-Kv3.1 and N.at-Ky3.2 protein sequences against 
RatKv1.2 and Shaker.
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Figure 4-2: N.at-KyS.l and 3.2 are Shaw/Shab type channels.
Notoplana atomata sequences (bolded) resolved as part of the Shab/Shaw clade (Node 
D), but are more likely to be members of the Shaw sub-family (Node B). N.at-Kv3.1 and
3.2 were more closely related to each other than to any other channels (Node C). 
Monophyly of the Shab (Node E), Shak (Node A) and Shal (Node F) sub-families 
excludes the N.atomata sequences. The best ML distance topology is shown as an 
unrooted tree o f 38 K+ channel protein sequences. The inset table shows support values 
for labeled nodes as follows: ML = ProtML RELL, QP = Quartet Puzzling, MLD = ML 
distance. All other nodes are labeled with a closed circle (indicating 95% plus support in 
both ML and ML distance methods), a solid circle (71-94%) or an open circle (50-70%). 
In all cases of discrepancy between methods, the lower value was taken.
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Figure 4-3: Phylogenetic analysis placed the N.at-Kv3 sequences with Shaw 
homologues.
Analysis of a Shab/Shaw/Shal dataset excluded the N.at-Kv3 sequences as Shab or Shal 
homologues. The N.at-Kv3 sequences are bolded, as are support values for three robust 
nodes separating the inward rectifying (Caenorhabditis elegans-Shab3 and Notoplana 
atomata-Kv3.2) channels. The taxon label for the C. elegans -Shaw2 alt 5 sequence is 
not shown for space considerations but was tightly clustered with the C. elegans-Shaw2 
sequence. This is the best tree topology obtained by Bayesian analysis; the clade of Shal 
(Ky4) sequences defines the root of this tree. Bayesian posterior probabilities and MLD 
bootstrap values are given at relevant nodes. All other nodes are labelled with closed 
circle (95% plus support for both methods), a shaded circle (71-94%) or open circle (50- 
70%). In all cases of discrepancy between methods, the lower value was taken.
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Figure 4-4: Currents mediated by the N.at-Kv3.1 channel, expressed in X. laevis 
oocytes.
A. Outwardly-directed currents evoked by 100 ms step depolarisations from a holding 
potential of -90 mV to a range of potentials from -140 to + 70 mV in 10 mV increments 
followed by a return to -90 mV that produced inward tail currents. The stimulus protocol 
is inset on the right.
B. Current/voltage plot showing an activation threshold between - 40 and - 20 mV.
C. Steady-state activation curve for N.ai-Kv3.1 -mediated currents. The solid curve 
represents the best fit to a Boltzmann function.
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Figure 4-5: Curve fit analysis of the opening kinetics of N.at-Kv3.1 channel.
A. Curve fit analysis of the first 400 ms o f channel opening in response to a step to + 50 
mV from a holding potential of -  90 mV. The combination of a sigmoidal shape early in 
the time course o f the opening transitions and the long, late phase of activation prevented 
fitting o f a single exponent or single sigmoid curve. The double sigmoidal curve o f Eq. 
4-1 (orange circles) and the triple exponential curve o f Eq. 4-2 (blue circles) both fitted 
well to the later portion o f the curve.
B. Curve fit analysis from A showing the first 70 ms o f channel opening. Neither the 
double sigmoidal curve (Eq. 4-1, orange circles) or the triple exponential curve (Eq. 4-2, 
blue circles) fitted the slow early transitions well.
C. Kinetic analysis of activation demonstrated that the opening transitions require 4 
subunits. Current traces for the initial 80 ms of current development is shown for 
depolarisations to either + 50 mV or + 20 mV from a holding potential o f - 90 mV (as in 
Fig. 3 A). Curves were fitted to Eq. 4-3 with different values of n (where n = 1, green; 2, 
pink; 3, blue; 4, red; 5, aqua; 6, grey). The best fit was obtained for n = 4 (heavy red 
line).
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Figure 4-6: Activation kinetics of the N .a t-K ^ .l channel.
A. Current traces for the N.at-Kv3.1 channel showing the first 400 ms of channel 
opening from a holding potential o f -90 mV to a range of potentials from -140 mV to +
50 mV in 10 mV steps. The best fit for kinetic analysis was obtained by fitting with Eq.
4-3 where n = 4 (red lines).
B. Scaled, smoothed superimposed current traces showing that pre-depolarisation o f the 
membrane reduced the initial delay in channel opening and increased the rate at which 
equilibrium was achieved. An 800 ms pre-depolarisation step was followed by a 100 ms 
step to + 50 mV to fully open the channels. The sigmoidal shape o f the current trace 
varied in response to the pre-depolarisation voltage. Pre-depolarisation voltages (holding 
potentials) were a = + 30 mV, b = 0 mV, c = - 40 mV and d = - 90 mV.
C and D. Kinetic analysis of activation of currents from a constant holding potential to a 
range o f supra-threshold potentials. All parameters were generated using Eq. 4-3 where n 
=4. The total contributions of the fast components (A for Xfasti and x&stt) and slow 
components (B for xsiowi and xsi0w2) remained constant for the potentials tested (0.315 +/- 
0.017 and 0.685 +/- 0.017 respectively). C: Both Xfasti (filled circles) and xsiowi (open 
circles) o f activation decreased in a linear, voltage-dependent manner. D: Xfast2 (filled 
circle) did not show any voltage dependence while xsi0W2 (open circle) decreased linearly 
in a voltage-dependent manner. E and F: Kinetic analysis of activation o f currents 
following prolonged sub-maximal depolarisation. The relative contributions of the fast 
components (A for Xfasti and Xfast2 ) and slow components (B for xsiowi and xsiOW2) remained 
constant over the range o f pre-depolarisation voltages tested (0.425 +/- 0.039 and 0.575 
+/- 0.039 respectively). E: Both Xfasti (filled circles) and xsiowi (open circles) of 
activation decreased as the conditioning pre-pulse became more depolarized. Xfasti 
exhibited a sigmoidal dependence on holding potential with the inflection point occurring 
near threshold while xsiowi showed an exponential decrease. F: Both Xfast2 (filled 
circles) xsi0W2 (open circles) showed an exponential decrease with increasing holding 
potential.
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Figure 4-7: C urrents mediated by the N.at-Kv3.2 channel expressed in X. laevis 
oocytes.
A. Currents evoked by 500 ms step depolarisations from a 50 ms pre-pulse at - 90 mV to 
a range of potentials from - 140 to + 80 mV in 10 mV increments followed by a 50 ms 
step back to -  90 mV. The holding potential was -  60 mV. Currents were activated very 
rapidly throughout this range, though currents evoked by hyperpolarizing steps also 
expressed a slowly activating component, and currents produced by strong 
depolarisations showed evidence of rapid and slow partial inactivation.
B. Current-voltage relationships for the N.at-Kv3.2 channel at different [K+]out- The 
reversal potential of N.at-Kv3.2-mediated currents depended upon the external 
concentration of potassium ions. The reversal potentials were measured by the same 
protocol as illustrated in A:, first in normal ND96 (2 mM K+, filled circles) then in saline 
in which a proportion of the sodium ions had been replaced with potassium ions (10 mM 
K+, open circles; 50 mM K+, filled triangles; 98 mM K+, filled squares).
C. The reversal potentials measured for different values of [KoUt] deviate from the 
theoretical Nemst potential for potassium ions ([K+]jntemai = 150 mM as reported in 
Kusano et al. 1982. Reversal potentials were extrapolated from the experiment in B in 
which a proportion of the sodium ions in the saline were replaced with potassium ions 
(filled circles), as well as the same experiment in which choline chloride was used instead 
of sodium (open triangles). This deviation from the expected relationship for potassium 
ions suggests that N.at-Kv3.2 is permeable to ions other than potassium.
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Figure 4-8: Inactivation o f the N.at-Ky3.2 channel.
A. Outwardly directed currents of N.at-Kv3.2. elicited from the protocol described in 6A. 
Inactivation of the channel was best fitted with a triple exponent.
B. C. and D: The relative contribution of the exponential term A (slow term) remained 
constant over the voltage range while the contribution of exponential term B 
(intermediate term) increased with increasing voltage. The exponential term C (fast 
term) decreased linearly with increasingly depolarized potentials. B. Taul, the slow time 
constant of inactivation, was sensitive to voltage, becoming noticeably faster at more 
depolarized potentials. C. Tau2, the intermediate time constant of inactivation, was not 
voltage sensitive. D. Tau3, the fast time constant of inactivation, appeared to be slightly 
voltage sensitive, becoming somewhat faster at more depolarized potentials.
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Figure 4-9: N.at-K\3.2 is perm eant to multiple cations.
A. A permeability experiment showing only inward currents for the first 250 ms of 
channel opening using the protocol described in 6A. The inward currents were obtained 
using either a control saline (Control, in mM NaCl 78; KC12; CaCh 1; MgCL 1; ChoCl 
18; HEPES 5; pH 7.4) or a solution in which the ion concentrations were modified by 
substituting with 20 mM KC1, 88 mM ChoCl, 38.5 mM Na2 SC>4 or 10 mM CaCh (High 
K+, Low Na+, Low Cl' and High Ca2+ respectively) to give the ionic concentrations 
shown. A noticeable difference in inward currents was observed in the high K+ and low 
Na+ bath solutions and to a lesser extent in the high Ca2+ bath solution.
B. A single permeability experiment showing only the inward currents for the first 40 

ms o f channel opening using the protocol described in 6A. A perfusion experiment was 
performed changing the single cation (x= monovalent cations; K+, Li+, Cs+, Gu+ 
(guandinium), Na+, or Ba2+) present in the bath (in mM, xCl 100; HEPES 10, EDTA 1). 
A noticeable inward current was observed for all cations tested, including the known K- 
channel blockers Cs+ and Ba2+.
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Figure 4-10: A comparative alignment of the S4 voltage sensor and pore regions of 
N.at-Kv3.2 with other K v channels.
A. Alignment of the highly conserved pore region. The characteristic GYG selectivity 
sequence is highlighted in grey. The location of the non-conducting Shaker mutation 
W434F is indicated in black. Sequence analysis of the pore suggests N.atKv3.2 should be 
TEA sensitive due to a tyrosine position after the pore (circled) as the homologous site 
T449 in Shaker when mutated to tyrosine gave increased TEA sensitivity in that channel.
B. Alignment of the S4 voltage sensor in selected channels. The characteristic positive 
arginine lysine repeats (R1-R7) are shaded in grey. The Omega current is caused by 
mutating R1 in Shaker to R362A, R362C, R362S, or R362V. N.atKv3.2 has a histidine 
(H325) at position R1 and a glycine (G331) at position R3. The combination of the 
hinging action of the glycine in the middle of the helix coupled with the presence of the 
planar side chain at R1 may create a native Omega current.
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CHAPTER 5: A NATURAL ALTERNATIVE PERMEATION 
PATHWAY IN N.at-Kv3.29

5.1 R E SU L TS

5.1.1 Sing le  S4 M utatio ns

5.1.1.1 H325A/C/S/R/V/E M utants

The mutation of the histidine at position R1 to either a hydrophobic valine 

(H325V) or negatively charged glutamate (H325E) produced weakly inwardly rectifying 

channels (Figure 5-1). H325V appeared similar to the wild-type N.at-Kv3.2, with large 

inward currents below -90mV, which begin to rectify near -lOmV giving rise to a linear 

plateau to +40mV (Figure 5-1). The conductance of H325V was highest at 

hyperpolarized potentials, which dropped to a steady conducting state from -130mV to - 

lOOmV (Group 1, Figure 5-1). This was followed by a step to a lower constant 

conductance state near the reversal potential. The conductance then decreased in a linear 

fashion through the remainder of the voltage range (-40 mV to +80 mV).

The addition of a negative charge at position R1 did not substantially change the 

IV properties, compared to the neutral valine. H325E had a reversal potential of -75 mV, 

showing limited rectification, with a current that did not reach a steady plateau at positive 

potentials (Figure 5-1). H325E showed a consistent linear decrease through the voltage 

range until +50mV where a constant conductance state was reached (Group 1, Figure 5-1).

All other single mutations of the first histidine (H325A, H325S, H325C, H325R) 

created a delayed rectifier phenotype more commonly associated with Shaw type voltage 

gated potassium channels (Figure 5-1). The conductance changes in response to changes 

in membrane potential of these channels followed a sigmoidal Boltzmann curve and had 

similar properties (Figure 5-1). The most leftward shifted H325 single mutant channel 

was H325A with a half activation voltage ( V 5 0 )  of 51.9 +/- 3.4 mV and a slope factor of

21.8 +/- 1.6 (Table 2). The remaining delayed rectifier mutants had V 5 0  values greater 

than +60 mV (Figure 5-1, Table 5-1). Surprisingly, the shallowest slope factor was

9 A version of this chapter is being prepared for submission to the Journal o f Biological 
Chemistry.
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observed in the only channel with the addition of a basic residue, H325R (27.3+/- 2.7). 

Both the H325S and H325C mutants had similar conductance properties, with V 5o values 

of 60.6 +/- 4.5 m V  vs. 62.5+/- 5.8 m V  and slopes of 19.2+/-1.9 vs. 22.9 +/- 2.1, 

respectively (Table 2). The right-shifted voltage sensitivities o f all the H325 delayed 

rectifier channels suggests that R1 does not contribute substantially to the gating charge 

in this S4 voltage sensor.

5.1.1.2 G331P/A/R/K M utants

Mutations of the flexible glycine residue at position R3 in the S4 voltage 

produced both inward rectifiers and delayed rectifiers (Figure 5-2). The replacement of 

glycine with a proline residue was expected to induce a constitutive kink within the 

voltage sensor, permitting the flow of cations through the gating pore. The G331P mutant 

was a weak inward rectifier with a reversal potential of -lOOmV. The outward current 

began to rectify at -40mV, reached a plateau at +10mV and remains constant through the 

voltage range tested. The conductance/voltage relationship of G331P is similar to H325E 

(Group 2) where there was a linear decrease through the entire voltage range until 

+60mV where a minimally conducting state was reached (Figure 5-2).

The replacement of glycine with alanine at position R3 (G331A) was expected to 

confer helical stability on the voltage sensor. Unexpectedly, the G331A mutant was also 

a weak inward rectifier (Figure 5-2). This channel appeared to pass current linearly with 

voltage from -140mV to -70mV with a reversal potential of -89mV. The outward current 

plateaued at +20mV and remains constant. Unlike the H325E, H325Vand G331P 

channels, G331A has an initially constant conductance through to the reversal potential (- 

140mV to -80 mV) that is followed by a linear decrease in conductance until a minimally 

conducting state is reached at +50mV (Figure 5-2, Group 3).

The recovery o f a typical voltage sensor, by replacing glycine with basic 

positively charged arginine (G331R) or lysine (G331K) converted N. at-Kv3.2 into a 

delayed rectifier (Figure 5-2). Both channels have a threshold voltage o f -20 mV. 

However, voltage conductance relationships for the two mutants differ substantially.

The G331R channel was similar to the H325R delayed rectifier mutant, with a V 5o of

73.8 +/- 9.7 mV and a slope of 23.8 +/- 2.8 mV/e (Figure 5-2, Table 5-1). In comparison,
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the G33 IK mutant was more left shifted with a V50 of 36.0 +/- 1.0 mV, with a 

substantially steeper slope factor of 15.2 +/- 0.5 mV/e (Figure 5-2, Table5-1).

5.1.2 D ouble  S4 M utants

5.1.2.1 G331P with H325 M utants

The addition of either a hydrophobic side uncharged residue (H325A or H325V) 

or an acidic residue (H325E) within the proline containing S4 (G33 IP) produced similar 

current and conductance profiles (Figure 5-3). Mutant channels with double 

G331P+H325A (G331P+A) substitutions appeared to have a linear current/voltage 

relationship between -140mV and -70mV with a reversal potential of -83 mV. The 

outward currents peaked at -lOmV, and remain at a steady plateau through the voltages 

tested (Figure 5-3). The conductance profile for this channel was similar to that of 

G331A, changing from a constant conductance state to a linear decreasing conductance at 

-70mV (Figure 5-3, Group 1). The G331P+H325V (G331P+V) double mutant had I/V 

relationships to -50mV (through the reversal potential, -67mV) and gradually decreased 

until the plateau at +10mV. Similarly, the G331P+H325E (G331P+E) mutant had a linear 

I/V curve through a reversal potential of -80mV to +20mV, where weak rectification 

occurred (Figure 5-3). The G331P+H325C (G331P+C) double mutant had current and 

conduction properties similar to the other G33 IP containing mutants. This channel had a 

linear I/V curve through the reversal point at -83mV until -70 mV when the current 

decreased until the outward plateau at -t-lOmV (Figure 5-3). Like G331P+A, the 

G331P+V, G331P+E and G331P+C channels all had an initial constant conducting state 

at hyperpolarized potentials (Figure 5-3, Group 3).

The addition of a polar, uncharged side-chain at the entrance to the gating pore, 

G331P+H325S (G331P+S), produced a weak inward rectifier, which had a linear I/V 

curve to -50mV, through the -73mV reversal potential. The slope o f the I/V curve then 

gradually decreased as voltage increased until +10mV where the I/V curve became linear 

again (Figure 5-3). The conductance/voltage profile for this channel was similar to the 

other G331P containing mutants, but the horizontal steady conductive state occurred from 

-140mV to -80mV (Figure 5-3, Group 3).
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The G331P+H325R (G331P+R) mutant containing arginine in the first position in 

the S4 also exhibited inward rectification (Figure 5-3). This channel showed a strong 

inward current between -140mV and -lOOmV, which is followed by a linear I/V curve 

through the -80mV reversal potential to a peak at +40mV where it then plateaued. Like 

H325V, the conductance/voltage relationship for G331P+R shows an initial high 

conductance at hyperpolarized potentials that decreased with increasing voltage (-140mV 

to -70 mV), followed by a drop to a steady conducting state (-60mV to +10mV). The 

conductance then decreased in a linear fashion through to +90 mV (Figure 5-3, Group 1). 

These results suggest that the proline kink induced by the substitution of the R3 glycine 

with proline (G33 IP) disrupts the voltage sensor helix to such an extent that the double 

mutants are all inward rectifiers (Figure 5-3).

5.1.2.2 G331A with H325 Mutants

The addition of alanine at position R3 (G331A) was designed to stabilize a non­

kinked conformation of the S4 voltage sensor, but inward rectification persisted. The 

double S4 mutants, where R1 (H325) is also replaced, exhibit notable inward currents 

(Figure 5-4). The G331A+H325A (G331A+A) and G331A+H325C (G331A+C) channels 

were identical to the G33 IP mutant channel in both current and conductance profiles. The 

G331A+A channel had a linear I/V curve from -140mV to -50mV through a -70mV 

reversal potential, while G331A+C channels show similar current but pass through a - 

84mV reversal potential. In both channels the I/V curve plateaued around +10mV and 

remained constant to +50mV (Figure 5-4). The conductance profile for both channels 

showed a linear reduction in conductance from -140 mV to +50 mV (Figure 5-4, Group 

2).

The addition of a negatively charged glutamate (H325E) on the G331A backbone 

is functionally similar to the H325E single mutant. Current produced by the 

G331A+H325E (G331A+E) channel had a reversal potential of -89mV, and the I/V curve 

plateaued at +10mV (Figure 5-4). The conductance profile reduced steadily in a linear 

fashion from -140mV to +50mV where a stable minimal conductance state was achieved 

(Figure 5-4, Group 2).
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The G331A+H325V (G331A+V) double mutant showed a similar current and 

conductance profile to the H325V single mutant (Figure 5-4). This channel appeared to 

have a linear I/V curve from -1 lOmV to -30mV, reversing at -70mV (Figure 5-4). The 

slope of the I/V curve gradually reduced, reaching a nearing a near horizontal slope at 

+30mV. The conductance profile for this channel showed a high initial conductance state 

at hyperpolarized potentials that reduced gradually to a stable conducting state from -80 

mV to 0 mV, followed by a linear reduction in conductance until a minimally conducting 

state was reached at +70 mV (Figure 5-4, Group 1).

However, not all double S4 mutants in this backbone show true rectification 

(Figure 5-4). The replacement of R1 with either serine (G331A+H325S) or arginine 

(G331A+H325R) appeared to create a biphasic inward rectifier, which had two distinct 

components to current flow a small inward current and a large outward current (Figure 5- 

4). The I/V curve below the reversal potential, in both channels had a shallow slope, and 

the outward I/V curve is not linear, with increasingly shallow slope at depolarized 

potentials (Figure 5-4). The conductance profiles for these channels exhibit a W-shape 

(Figure 5-4, Group 4), with a low initial conductance rising to a maximum and followed 

by a return to a low conductance state. The G331A+S channel had a maximum 

conductance at -80 mV, and returned to a low conductance state at +20mV, followed by 

an increase in conductance to +70 mV. In comparison, G331A+R had maximal 

conductance at -70mV, and returned to a low conductance state at +70mV (Figure 5-4, 

Group 4).

5.1.2.3 G331R with H325 M utants

Mutation to a “typical” S4 voltage sensing back-bone by the replacement of 

glycine with arginine at position R3 (G331R) yielded a delayed rectifier in the single 

mutant. However, the double mutants all yielded weak inward rectifiers, leak channels or 

biphasic inward rectifiers (Figure 5-5). The addition of a negative glutamate residue 

(G331R+H325E) to the arginine rich S4 voltage sensor created a weak inward rectifier 

(Figure 5-5). The G331R+E channel had large non-linear I/V curve from -140mV to - 

lOOmV, which became linear from -100 mV to +10 mV (through the reversal potential of 

-72mV) (Figure 5-5). The I/V curve plateaued at +10mV and remained constant to
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+70mV. This channel shows a high initial conductance, which dropped to a lower 

conductance state between -40mV and -lOmV, followed by a linear reduction in 

conductance +70mV (Figure 5-5, Group 1).

The G331R+H325C (G331R+C) channel exhibits a phenotype, which is similar to 

“leak” channels. This channel had a linear current across all voltages tested, passing 

through the -51mV reversal potential (Figure 5-5). This channel had a nearly constant 

conductance through the entire voltage range (-140mV to +90 mV) with inflections at the 

reversal potential and 0 mV (Figure 5-5, Group 1). These inflections suggest the shape of 

the permeation path is changing such that the resistance to ion passage increases.

The other S4 double mutants in the G331R backbone all exhibit a biphasic I/V 

curve (Figure 5-5). The G331R+H325A (G331R+A) and G331R+H325V (G331R+V) 

had large inward currents at more hyperpolarized potentials. The slope o f the I/V curve 

became shallower as it approached the reversal potential of -62mV in both channels. The 

slope then became steeper reflecting large ionic efflux (Figure 5-5). These channels 

exhibited weak rectification at potentials more depolarized than +40 mV. The 

conductance profile for these channels resembled the G331A+R double mutant (Figure 5- 

5, Group 4). The G331R+A channel had a skewed W-shape conductance with a peak at - 

20mV and a slow decline in conductance through the more depolarized potentials. 

Similarly, the G331R+V channel had a peak conductance at -20mV, which declined 

steeply to a minimally conducing state at +80 mV (Figure 5-5). The S4 double mutant 

that mimics the voltage sensor found in all other Kv channels, G331R+H325R 

(G331R+R) was also a biphasic inward rectifier (Figure 5-5). This channel had a shallow 

I/V curve below the reversal potential of -52mV, which is followed by a steep slope in 

the I/V curve to +10 mV (Figure 5-5). At the most depolarized potentials the slope of the 

I/V curve becomes exceptionally shallow, reflecting the weak rectification in this 

channel. The maximum conductance in this channel occurred at OmV however a 

minimally conducting state is not reached at depolarized potentials (Figure 5-5, Group 4).

5.1.2.4 G331K with H325 M utants

By replacing the flexible glycine hinge with the basic, positively charged lysine 

(G331K) a delayed rectifier phenotype was created (Figure 5-6). When double mutants
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were created in the lysine-containing S4 voltage sensor, the delayed rectifier phenotype 

was also observed (Figure 5-6). The S4 double mutant G331K+H325R (G331K+R) is the 

only double mutant that showed purely delayed rectification, with a threshold voltage of - 

40mV (Figure 5-6). That the conductance profile was similar to the G331K single mutant 

alone, with a similar slope factor (16.5 +/- 1.0 mV/e) but with a more left shifted half 

activation voltage (25.6 +/ -1.2 mV), implying that the introduction o f an additional 

charge in the voltage sensor shifts the voltage sensitivity o f the channel leftward 

compared to the G331K single mutant alone.

All of the other G33 lK-containing S4 double mutants have non-ohmic inward 

currents below the reversal potential and exhibit outward currents at more depolarized 

potentials. The G331K+H325S (G331K+S), G331K+H325C (G331K+C), 

G331K+H325V (G331K+V), G331K+H325A (G331K+A) and G331K+H325E 

(G331K+E) channels all passed measurable inward currents and at depolarized potentials 

exhibited typical potassium efflux (Figure 5-6). The reversal potential in these channels 

varies from -50mV in the G331K+C channel to -70mV in the G331K+S channel. The 

conductance profile for these channels fits a Boltzmann sigmoid curve, where the 

mutants have different biophysical properties (Figure 5-6, Group 5). The G331K+A 

mutant has similar properties to the G331+R channel, with a V50 o f 22.5 +/- 1.8 mV and a 

slope of 15.7+/- 1.5 mV/e, while G331K+C, G331K+V andG331K+S are comparatively 

left shifted by 7, 10 and 15 mV respectively (Table 5-1). The most pronounced 

hyperpolarized shift was observed when a glutamate residue was added to the voltage 

sensor. The G331K+E mutant had a V50 o f -27.5 +/- 2.1 mV (Table 5-1).

5.1.3 C h a n n e l  P e r m e a b il it y

5.1.3.1 H325E and H325V Permeation Profiles

Mutation o f the histidine at position R1 should change the accessibility of 

extracellular ions to the gating pore, but permeation through the path should be similar 

once an ion had gained access. The addition of the large acidic side-chain o f glutamate 

(H325E) should attract cations to the extracellular face o f the gating pore, but limit access 

to larger ions. A large potassium influx is observed in this channel (Figure 5-7). At - 

140mV cesium and guanidinium pass the same amount o f current (Ics/Ik=72.2+/-14.1% ,
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W I k=76.9+/-13.7%). H325V channels have large inward potassium currents, and 

intermediate cesium and guanidinium currents (Ics/ Ik=45.2+/-8.7%, lGua/lK=38.3+/- 

6.9%), while the influx of lithium, sodium and barium is low (less than 20% K+ current at 

-140mV) (Figure 5-7).

5.1.3.2 G331P and G331A Permeation Profiles

The shape of the gating pore pathway was expected to be drastically changed by 

the addition of proline kink in the S4 helix, or by replacing the flexible glycine hinge 

with a rigid alanine. Both G331P and G331A were permeant to multiple cation species, 

but differed in permeation profiles, indicating a different shape of gating pore. In G331P, 

potassium had the largest influx, while the other cations exhibited similar current 

conduction at hyperpolarized potentials ( W I k= 30.4+/-6.1%, Ics/ Ik=50.5+/-14.5%, 

W I k=45.2+/-13.5%, Iu / Ik=33.1+/-10.0%, W I k=26.1+/-10.0% (Figure 5-7). The 

straight helix of the G331A mutant allows a large non-linear potassium influx. The other 

cations all have a minimal influx at hyperpolarized potentials (less than 9% K+ current at 

-140mV; Figure 5-7).

5.1.3.3 H325R with G331P/A/R Permeation Profiles

The H325R and G331R single mutants both yielded a typical Kv delayed rectifier 

phenotype. However, when these mutations are combined in the S4 voltage sensor, a 

biphasic inward rectifier was observed. Thus, it appears that localized packing in the 

gating pore can be perturbed by the combination of mutations at R1 (H325) and R3 

(G331) changing the shape of the permeation path. The three S4 double mutants;

G331P+R, G331A+R and G331R+R all had high potassium influx at hyperpolarized 

potentials. In the G331A+R and G331R+R channels the influx of cesium is comparable 

to that of guanidinium, though G331 A+R appears more permeant to these cations 

(G331A+R=WIk=53.5+/-5.2%, IGua/lK=52.4+/-7.5%  vs. G331R+R WIk=29.8+/-7.5%, 

lGua/Ifc=33.8 +/-6 .6 %, Figure 5-8). In G331P+R channels the guanidinium influx was 

larger than cesium (Ics/Ik=52.3+/-3.0%, lGua/lK= 34.9+/-3.9% , Figure 5-8). Small inward 

currents were carried by barium and sodium in these channels.
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5.1.3.4 4-AP Block of the Omega Path

The N.at-Kv3.2 channel is capable o f passing a number o f monovalent and 

divalent ions, including the known channel blockers cesium and barium. Guandinium 

ions also pass through the alternative permeation path in this channel, suggesting a large 

accessible pore on the extracellular face. To test the accessibility o f the alternative 

permeation path to larger ions, we selected 4-aminopyridine (4-AP) because the 

compound is twice the size of guanidinium alone, and has a planar ring structure and is a 

known K+ channel blocker (Figure 5-9). Using 10-fold increases in 4-AP concentration 

(lOpM to lOmM), a dose-response curve was created for N.at-Kv3.2 channels using the 

standard I/V protocol as described in the Methods section. The observed inward current 

was larger than saline alone at lOuM concentrations, indicating either a stabilization of 

the gating pore by 4-AP, allowing for increased current, or that at low concentrations, 4- 

AP is permeable through the gating pore. However, at larger concentrations, the observed 

inward current diminished in a linear fashion with increasing 4-AP concentration (Figure

5-9). Block of the channel was instantaneous with no visible modification to opening 

kinetics or rectification, suggesting the 4-AP was able to gain access to the gating pore, 

becoming stuck in the path, and prevented current flow in a small population o f channels.

5.2 D ISC U SSIO N

5.2.1 Pr o po sed  Str u c tu r al  M o d el  of the Ga tin g  Po re  Pa th w a y

A comparative sequence analysis o f N.at-Kv3.2 against other Shaker superfamily 

channels suggested that the unusual inward rectifier phenotype exhibited by this channel 

is based on the unique composition of the S4 voltage sensor (Figure 1-7) (Klassen et al. 

2006). We believe that the presence of a histidine residue (H325), rather than a basic 

residue at position R 1 in the voltage sensor, permits access of extracellular cations to the 

gating pore pathway when the voltage sensor is in the resting conformation. This occurs 

when the proteinaceous gasket across the gating pore, between the S2 and S4 helices is 

not formed by the association of an acidic S2 residue (D l) with R l. We suggest that the 

large planar ring of histidine limits the accessibility of cations to the alternative 

permeation pathway, such that the wild-type N.at-Kv3.2 appears to be potassium selective.
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We also believe that the central glycine residue (G331), with its small side-chain permits 

the Omega current to flow along the voltage sensor at hyperpolarized potentials, but has 

little contribution to the ion selectivity of the alternative permeation pathway.

Because the voltage sensor in N.at-Kv3.2 has a number of basic residues, it should 

move in response to transmembrane voltage. However, in our model o f channel function, 

the limited movement of voltage sensor fails to open the ion selective pore because the 

flexible glycine hinge kinks, preventing the conformational change that otherwise would 

pull on the S4-S5 linker to open the activation gate. Membrane depolarisations still cause 

the voltage sensor to move locally, resulting in a changing the shape o f the gating pore 

pathway. These changes in protein conformation increase the resistance of the pathway to 

ion flow, decreasing the conductance through the gating pore to a minimally conducting 

state. Here we evaluate our proposed model of N.at-Kv3.2 channel function based on the 

results from our mutagenesis experiments.

5.2.2 A c c essibility  to  the  Ga tin g  P ore  Per m ea tio n  Pa th w a y

In voltage-gated potassium channels, the voltage sensor is thought to reside in an 

aqueous crevasse that acts to focus the transmembrane electric field across a small region 

of the channel protein (Gandhi et al. 2003; Goldstein 1996; Larsson et al. 1996). In 

Shaker the division between intracellular and extracellular vestibules is thought to be 

formed by a proteinaceous septum created by the residue side-chains of E283 in S2 and 

R362 (R l) in S4 at hyperpolarized potentials, and by E283 and R371 (R4) at depolarized 

potentials (Islas and Sigworth 2001; Sokolov et al. 2005; Starace and Bezanilla 2004; 

Starace et al. 1997; Tombola et al. 2005). Mutation of R362 to smaller uncharged 

residues caused a measurable influx of a TEA insensitive non-selective cation current, the 

Omega current, along the length of S4 (Tombola et al. 2005). In N.at-Kv3.2, R l is a 

charged non-basic histidine residue (H325), and the replacement of H325 with the 

arginine residue found at that position in other Kv channels, creates a non-inactivating 

delayed rectifier, typical of Shaw-type channels, The long positively charged side-chain 

likely blocks access to the gating pore, presumably through reestablishing the protein 

bridge between S2 and S4 (Papazian et al. 1995; Tombola et al. 2005). These results 

directly support our model, where H325 allows access of extracellular ions to the gating
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pore. This further suggests that the introduction of an additional charge in the S4 voltage 

sensor increases the movement of the S4 voltage sensor in response to membrane 

depolarisations to such an extent that the flexibility in the glycine hinge is overwhelmed, 

and the S4-S5 linker moves, opening the activation gate (Figure 5-10).

Unlike the case with Shaker, replacing H325 of N.at-Kv3.2 with serine, cysteine 

or alanine at the entrance to the gating pore creates a delayed rectifier. This also supports 

our model of channel behavior as the access to the gating pore in N.at-Kv3.2 appears to be 

blocked even with the addition o f small side chains. The differences in function between 

Shaker and N.at-Kv3.2 may be based on the structural basis for the wild-type channels. 

Specifically, Shaker has evolved to mediate the efflux of potassium in response to 

depolarisations of the membrane, while N.at-Kv3.2 has evolved to utilize the alternative 

gating pore pathway, instead of the canonical pore.

The addition of an acidic residue at the entrance to the gating pore, (H325E) 

resulted in an inward rectifier, with the most pronounced influx o f cations of all mutant 

channels. Specifically, cesium and guanidinium had -75%  the amount of potassium 

current through the gating pore at hyperpolarized potentials. We believe that side-chain 

repulsion between H325E and D260 (the first acidic residue in S2) opens the aperture at 

the gating pore, in addition to attracting cations with negatively charged carboxyl groups 

(Figure 5-10).

The H325V mutant unexpectedly showed inward rectification, indicating that 

side-chain packing, and local protein interactions affect accessibility through 

modification of the “gasket” at the interface of the extracellular and intracellular canals. 

The permeability of cations through the gating pore in H325V channels is less than that 

observed in H325E, but is greater than the wildtype channel (H325V, Ics/Ik=45.2+/-8 .7% , 

H325E, ICs/Ik=72.2+ /-14 .1% , N.at-Kv3.2, ICs/Ik= 27.0+/-9 .0% ). Our model of channel 

function, suggests that ions accessing the gating pore are permitted through the disrupted 

septum between S2 and S4, were the relative ionic permeabilities are dictated by the 

steric interactions between residue side-chains. Again, our model of channel function is 

corroborated by these results where the smaller non-polar valine residue allows greater 

accessibility to all cations, compared to the planar histidine ring in the wild-type channel 

which limits access to the gating pore, providing limited selectivity for potassium.
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5.2.3 G331R and  G331K Y ield  D ela yed  R ec t ifier s  w ith  D iffer en t

P ro per ties

The wild-type channel fails to open the canonical potassium selective pore even 

under large (+50mV) depolarisations. Our model suggests that the glycine residue (G331) 

hinges, fail to transmit the gating movement to the S4-S5 linker, which in turn fails to 

open the activation gate (Mathur et al. 1997). The replacement o f the glycine with basic 

residues, arginine and lysine, create a delayed rectifier phenotype (Figure 5-10). Notably, 

the G331R mutant has a similar half activation voltage to the H325R delayed rectifier 

mutants (73.8 mV vs 69.9 mV), but the G331R mutant has a steeper slope (b=23.8 mV/e 

vs 27.3 mV/e) suggesting that while the addition of charge at R l or R3 does not change 

the voltage sensitivity of the channel, but substitution of charge at R3 increases the 

equivalent charge that translocates the electric field. The G331K channel had a 

substantially left-shifted half activation voltage (36.0 mV vs 73.8 mV) and steeper slope 

(b=15.2 mV/e vs. 23.8 mV/e) compared to G331R. This shift is likely due to stabilizing 

electrostatic interactions, facilitated by the longer basic side chain, between S2 and S4 at 

both the hyperpolarized and depolarized positions of the voltage sensor, similar to the 

case in Shaker, where R3 (R368) forms stabilizing salt-bridges with E293 in the resting 

state, and in E283 in the open conformation (Papazian et al. 1995; Tiwari-Woodruff et al.

2000). However, in N.at-Kv3.2 the acidic residues in S2 are both aspartic acid, thus the 

longer side-chain of lysine compared to arginine may be required to form the electrostatic 

interaction. The combination of the basic residue at R l (H325R) and the stabilizing 

interaction of lysine (G331K) in the voltage sensor shifts the voltage sensitivity of the 

resulting delayed rectifier in the leftward direction by lOmV, compared to the G331K 

mutation alone.

5.2.4 C h a n g in g  the  Shape  o f  th e  Ga tin g  Po re  Pa th w a y

The aqueous path of the gating pore in Shaker made accessible by R l mutation, 

lies along the straight S4 voltage sensor. This channel preferentially passes guanidinium, 

and cesium before potassium (Tombola et al. 2005). We have provided evidence that 

H325 in at position R l is responsible for the ionic selectivity o f the wild-type N.at-Kv3.2. 

However, if  the shape of the conductance path changes during voltage sensor activation,
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and if  our model is correct, and the basis of that changing conductance path is facilitate 

by the central glycine residue (G331), then substitutions modifying protein packing 

below R3 in the voltage sensor should greatly modify the conductance properties of the 

channel. By substituting proline (G331P) at a central position in the voltage sensor of 

N.at-Kv3.2, the helix should kink by -30°, and allow increase ion conductance through 

the gating pore (Tieleman et al. 2001). Conversely, the addition o f alanine (G331A) is 

expected to straighten the helix, and should reduce the ability of cations to pass through 

the gating pore at more depolarized potentials (Chakrabartty et al. 1991; O'Neil and 

Degrado 1990; Serrano et al. 1992). Unlike the alternative path in Shaker, both the 

G331A and G33 IP mutants allow large K+ influx, however G331A mutants show the 

limited permeability to all other cations (less than 10% K+ at -140mV), while the G331P 

channel shows significant sodium influx (30%).

In the sodium channel, Navi.2a, a TTX insensitive potassium influx was observed 

in double charge neutralization mutants in Domain II but not in the single mutations 

alone (Sokolov 2005). At hyperpolarized potentials, double R2 (R850Q) R3 (R853Q) 

mutants showed linear inward currents that disappeared with depolarisation, and 

activation of the sodium selective pore (Sokolov et al. 2005). Similarly, double 

neutralizations, R3 (R853Q) and R4 (R856Q) show a linear efflux of current at 

depolarized potentials when the canonical pore is blocked by TTX (Sokolov et al. 2005). 

Because the N.at-Kv3.2 has non-basic residues at R l and R3, our model proposes that the 

permeation pathway is open whether the voltage sensor is in the resting or activated 

conformation, but that the shape of the pathway changes during membrane 

depolarisations causing changes in relative ion permeability and conductance. Therefore, 

the shape of the alternative permeation pathway should be affected by substitutions at 

both positions. This is best demonstrated by the biphasic inward rectifiers produced by 

the double mutants G331A+S, and all of the G331R containing double mutants except 

G331R+C (Table 5-1), indicates that the shape of the gating pathway is changing as the 

voltage sensor translocates through the membrane. The W-shaped conductance profile for 

these channels corresponds to the shape changes in the current-voltage relationships, 

showing a voltage sensitive conformation changes in the gating pore.
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By locking the conformation of the voltage sensor helix by the addition o f a 

central alanine, arginine or proline, the permeability and conduction profiles of the gating 

pore pathway change. In combination with mutations of the N-terminal histidine located 

at the extracellular and intracellular interface of the gating pore vestibules, allows an 

influx of cations in these double mutant channels. The pair-wise mutations within the S4 

voltage sensor disrupt the precise secondary structure of the voltage sensing domain that 

allow the blockade o f the alternative permeation pathway by the single mutations alone.

G331R+R mutants recover a typical voltage sensor but have a notable influx of 

cations and fail to open the selective pore, while G331K+R mutants are left shifted 

delayed rectifiers. The addition of both charge and increased side-chain length has been 

demonstrated to cause local rearrangements in the voltage sensor affecting helical 

packing and electroctrostatic interactions in jShakl (here as Chapter 2). Other double 

mutants exhibit a typical delayed rectifier phenotype in addition to allowing current to 

flow the potassium selective pore. The combination of G331K with all histidine 

mutations, with the exception of G331K+R, all show a small influx of current at 

hyperpolarized potentials and activation of the pore at depolarized potentials allowing an 

efflux of potassium. This duality in function is observed in both the Shaker and Navi.2 a 

gating pore mutants, where the Omega current ceases when the main pore is activated 

through membrane depolarisations. In the Navi-2a mutant the amount of current passing 

through the relative pathways differs substantially, with potassium influx through the 

gating pore being -9%  of the sodium influx through the selectivity filter (Sokolov et al. 

2005). This difference in current flow between pathways is observed in the G33 IK 

containing double mutants, providing further evidence of the two permeation pathways in 

N.at-Kv3.2, where the gating pore pathway has evolved to allow the channel to act as a 

potassium selective inward rectifier.

5.2.5 T he structure  of N.at-Kv3.2 is  shaped  to  use  the g a tin g  pore  path w ay

N.at-Kv3.2 has the conserved 6 TM structure found in Kv channels, including the 

highly conserved potassium selectivity filter, and characteristic S4 voltage sensor. 

However, the histidine residue in position R l and the glycine residue in position R3 in 

the voltage sensor, instead of the basic arginine residues found in those positions in other
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Kv channels, create an alternative permeation path through the gating pore that is 

preferentially used by this channel. In N.at-Kv3.2 this pathway is shaped to allow cation 

influx at hyperpolarized and depolarized potentials, even as the voltage sensor 

translocates through the pore. At rest, H325 allows extracellular ions to access the 

aqueous gating pore canal, while the flexibility and reduced side-chain o f G331 residue 

permits Omega current to pass in the activated voltage sensor (Figure 5-11). Here we 

have demonstrated that amino acid substitutions at H325 and G331 can yield a typical 

Shaw-type delayed rectifier, presumably through the stabilization o f the channel protein 

by structural rearrangements and electrostatic interactions that are not utilized by the 

wild-type N.at-Kv3.2 channel.

The use of this naturally occurring alternative pathway has evolved in N.at-Kv3.2, 

such that acidic residues in the S2 and S3 domains that contribute to channel stabilization 

during conformation transitions, have been modified to stabilize the alternative pathway 

in this channel instead. Specifically, in Shaker the substitution o f E283 with aspartic acid, 

doubled the size of the Omega current by reducing the S2 contribution to proteinaceous 

septum blocking the gating pore (Tombola et al. 2005). In N.at-Kv3.2 both residues in S2 

(D260 and D270) have the shorter side-chain, allowing greater current flow through the 

gating pore bounded by S2 and S4. To date, the only Kv channel with an aspartic acid at 

the second position in S2 is N.at-Kv3.2; this position is occupied by a highly conserved 

glutamate in all other channels. The longer side-chain of the glutamic acid forms salt- 

bridges with basic residues in the voltage sensor in both the open (K374 in Shaker) and 

closed conformation (R377 in Shaker) (Tiwari-Woodruff et al. 2000; Tiwari-Woodruff et 

al. 1997). Because this stabilizing interaction is limited in N.at-Kv3.2 by the shorter side- 

chain of D260 in S2, the stabilizing acidic residue in S3, which is an aspartic acid in all 

other Kv channels (D316 in Shaker), is a glutamic acid in this channel. Thus, the N.at- 

Kv3.2 channel protein, maintains the stabilizing interactions within the voltage-sensing 

domain, but maximizes the cation flow through the gating pore even during voltage 

sensor movements.
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5.2.6 C o n c l u s io n s

The inwardly rectifying 6 TM voltage-gated potassium channel, N.at-Kv3.2, has 

evolved to utilize an alternative permeation pathway along the length o f the S4 voltage 

sensor, rather than the canonical pore. This unique mechanism evolved through changes 

in the electrostatic interactions between the voltage sensor and the surrounding domains, 

as well as having a glycine residue rather than a basic residue at a central position in S4. 

The proteinaceous septum between the S2 and S4 domains, at the interface o f the 

extracellular and intracellular aqueous crevasse of the gating pore, is not present in N.at- 

Kv3.2, due H325 in position R l. Our model suggests that at rest, the path is accessible 

because o f the shortened side-chain of the aspartic acid D260 in S2 and the planar ring of 

H325 in S4, while voltage sensor movement in response to changes in transmembrane 

voltage, moves the small G331 residue into a comparable position, allowing continued 

ionic flux, and prevents the opening of the canonical pore. Mutations o f H325 can 

prevent Omega current influx and create a delayed rectifier (H325A/C/S/R), but can also 

change the permeability of the pathway to other cations (H325V/E). Substitution of 

stabilizing residues at a central position (G33 IP/A) simply alter the permeability and 

conduction properties of the gating pore pathway, while reconstruction of the 

hypothetical ancestral basic residue content (G331R/K) that is normally found in the 

voltage sensor produced delayed rectifiers with different biophysical properties. Finally, 

by creating double mutants (R1/R3) we demonstrated that the accessibility, shape and 

function of the gating pore could be modified. The selectivity of the gating pore pathway 

is related to ionic size and chemical properties as well as localized protein packing and 

side-chain interactions. It is possible that the Omega current flows in a hydrated, or 

partially hydrated fashion, and that the chemical properties of the ions may stabilize the 

structure of the gating pore as the ions pass through.
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Table 5-1: Summary table of the observed phenotypes and conductance properties of
the N.at-Kv3.2 single and double S4 mutants expressed inX. laevis oocytes.

Channel n Phenotvpe Conductance Properties
Wild-type * Inward rectifier Wild-type

H325A 5 Delayed rectifier V50=51.9+/-3.4 b= 21.8+/-1.6
H325C 5 Delayed rectifier Vs0=62.5 +/- 5.7 b= 22.9+/-2.1
H325S 4 Delayed rectifier Vso=60.6 +/- 4.5 b= 19.2+/-1.9
H325R 7 Delayed rectifier Vs0=69.9 +/- 8.8 b= 27.3+/-2.7
H325E 18 Inward rectifier Group 2
H325V 12 Inward rectifier Group 1
G331P 6 Inward rectifier Group 2
G331A 14 Inward rectifier Group 3
G331R 7 Delayed rectifier V50=73.8 +/- 9.7 b= 23.8+/-2.8
G331K 12 Delayed rectifier V50=36.0 +/- 1.0 b= 15.2+/-0.8

H325A + G331P 8 Inward rectifier Group 3
H325C + G331P 6 Inward rectifier Group 3
H325S + G331P 6 Inward rectifier Group 3
H325R + G331P 11 Inward rectifier Group 1
H325E + G331P 6 Inward rectifier Group 3
H325V + G331P 8 Inward rectifier Group 3
H325A + G331A 9 Inward rectifier Group 2
H325C + G331A 7 Inward rectifier Group 2
H325S + G331A 7 Biphasic inward rectifier Group 4
H325R+ G331A 8 Biphasic inward rectifier Group 1
H325E + G331A 8 Inward rectifier Group 2
H325V + G331A 9 Inward rectifier Group 1
H325A + G331R 8 Biphasic inward rectifier Group 4
H325C + G331R 7 Leak Channel Group 1
H325S + G331R n/a No detectable current n/a
H325R+ G331R 7 Biphasic inward rectifier Group 4
H325E + G331R 10 Inward rectifier Group 1
H325V + G331R 10 Biphasic inward rectifier Group 4
H325A + G331K 12 Combined Inward/Delayed Group 5 V50= 22.5 +/- 1.8 b= 15.7+/-1.5
H325C + G331K 7 Combined Inward/Delayed Group 5 V5o= 15.6 +/- 3.4 b= 23.7 +/- 2.8
H325S + G331K 6 Combined Inward/Delayed Group 5 V50= 7.6 +/- 0.4 b= 15.0+/-0.4
H325R+ G331K 6 Delayed rectifier V5o= 25.6 +/- 1.2 b= 16.5+/- 1.0
H325E + G331K 7 Combined Inward/Delayed Group 5 V50= -27.5+/-2.1 b= 23.3+/-2.1
H325V + G331K 7 Combined Inward/Delayed Group 5 VM= 12.1 +/- 1.2 b= 10.2+/-1.1

* data from Klassen et al. 2006 except for pharmacology data
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Figure 5-1: Mutation of H325 modifies accessibility to the gating pore pathway.
Inward rectification persists in H325E and H325V single S4 mutants. These channels 
exhibit different current/voltage relationships (column 2 ), with changing slopes 
throughout the voltage range. The conductance/voltage relationships for H325V and 
H325E clearly demonstrate this difference where H325E has a linear decrease in 
conductance from -140mV to +60mV where it enters a minimally conducting state. 
H325V mutants have a constant conductance through to the reversal potential, and then 
show a decrease in conductance through depolarized potentials. The H325C/S/R/A 
mutants modified protein structure sufficiently to block the gating pore and open the 
canonical potassium poret. These channels are all right shifted delayed rectifiers with V 50 

values greater than +50 mV.
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Figure 5-2: Mutations of G331 create typical delayed rectifiers with different 
voltage-sensitivities.
While inward rectification persists in G331P and G331A single S4 mutants, the impact of 
the longer guanidine group of lysine over that of arginine indicates the finite structural 
tolerances in the N.at-Kv3.2 gating pore. B331R and G331 mutant channels are closed at 
hyperpolarizations and open in response to membrane depolarisation. G331K with the 
longer side chain appears to form stabilizing electrostatic interactions with the 
surrounding protein, such that the open conformation is favored.

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



G331P+A

•15C -10Ql -50

G331P+S

•iso -too * -so

G331P+R

&  Vottage (mV)

^  Voltage (mV)

0 30
©
o  0.25
S % 0.20 
X)
a 0.15 o

0 |
o  0.05

0.00
-1:

C.35

§ 0.20 
a
TS 0.2S3|cio
“ 0,5

0 2  0.10 o
0.05

S ow
_  Voltage (mV)

G331P+V

•ISC -100 *  -50

ill* Jii*

G331P+C

G331P+E

^  Vottage (mV)

025

S  0 30

Z 025
2  0.20 -> o 

IX O  0  15
r>
2 010 
0  0 05

OGO

*
a  0 03a
32
3 0 0 2 '

0‘S  50 1
.9 Voltage (mV)

lilll

|  0 .04

**2
■3 c .02

130 2
3 Voltage (m V) o  G 01
«
E
5  r> no

ill

i H
•50 0 50 100
Voltage (mV)

•Hami H

•50 0 50 100
Voltage (mV)

-50 0 50 1 X
Voltage (mV)

-50 0 50 100
Vo!tag6 (mV)

•Hill

•50 0 50 100
Voltage (mV)

- i i i inUr 1

"•Him

-50 0 50 10C
Voltage (mV)

Figure 5-3: Double mutants in the proline backbone are all inward rectifiers.
The large kink in the alpha helical structure created by the G331P mutation disrupts the 
favorable action of the H325 single mutants that create typical delayed rectifiers. The 
conductance/voltage relationships indicate there are changing conductance states within 
the double mutant channel, suggestive of shape changes within the gating pore pathway.
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Figure 5-4 Double mutants in the alanine backbone are pass Omega current.
By straightening the S4 alpha helix, it appears that the permeation pathway comes more 
restrictive to ion flow when it is combined with different residues at the R l entrance to 
the gating pore. The appearance of a W-shaped conductance profile in the G331 A+R and 
G331A+S channels indicates the path way becomes more conductive at intermediate 
voltages (-50mV to OmV).
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Figure 5-5: The addition o f arginine at a central position is not sufficient to m aintain  
a delayed rectifier phenotype w hen paired w ith sm all residues in R l.
The addition of a single basic residue at position G331 was sufficient to recover a 
delayed rectifier phenotype. However, when paired with residue changes at the N- 
terminal end of the S4, a new phenotype of channel behaviour is observed, a biphasic 
inward rectifier. These channels, G331R+V, G331R+R, G331R+A all have the W-shaped 
conductance profile that suggests that at hyperpolarized potentials there is less 
conductance than the peak conductance that occurs at a more moderate voltage.
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Figure 5-6: The combination of G331K with small H325 mutations created a 
channel that uses the gating pore at hyperpolarized potentials and the canonical 
pore at depolarized potentials.
The only double mutant channel that created a solely delayed rectifier was G331K+R 

that had left-shifted voltage sensitivity compared to the G331K single mutant alone. The 
proportion of the Omega current to the efflux of current through the pore was very small.
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Figure 5-7: Mutations at R1 or R3 change the permeation profile of N.at-Ky3.2
A single permeability experiment showing only the inward currents using the protocol 
described in Chapter 2. A perfusion experiment was performed changing the single 
cation (x= monovalent cations; K+, Li+, Cs+, Gu+ (guandinium), Na+, or Ba2+) present in 
the bath (in mM, xCl 100; HEPES 10, EDTA 1). A noticeable inward current was 
observed for all cations tested, including the known K-channel blockers Cs+ and Ba2+. 
The inset graph shows the percent cation current passing at -140mV compared to the 
large influx of potassium at the same voltage step (Ix/Ik * 100).
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Figure 5-8 Mutations at R1 and R3 in N.at-Kv3.2 change both accessibility to the 
permeation path and the shape of the gating pore pathway.
A single permeability experiment showing only the inward currents using the protocol 
described in Chapter 2. A perfusion experiment was performed changing the single 
cation (x= monovalent cations; K+, Li+, Cs+, Gu+ (guandinium), Na+, or Ba2+) present in 
the bath (in mM, xCl 100; HEPES 10, EDTA 1). A noticeable inward current was 
observed for all cations tested, including the known K-channel blockers Cs+ and Ba2+. 
The inset graph shows the percent cation current passing at -140mV compared to the 
large influx of potassium at the same voltage step (Ix/Ik * 100).
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Figure 5-9: 4-aminopyridine blocks the alternative permeation pathway in N.at- 
Kv3.2.
This graph represents the average of 5 individual dose-response perfusion experiments 
where 4-AP was perfused into the extracellular solution, and the channel was acclimated 
for 2 minutes before the standard protocol was run. Blockage of the permeation pathway 
by 4-AP was reversible. The inset is the average of 5 individual experiments where 
lOmM TEA was perfused into the extracellular bath. The channel was acclimated for 2 
minutes prior to voltage protocols being performed. There was no observable change in 
current flow at hyperpolarized potentials in the presence or absence of TEA.
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Figure 5-10: Cartoon depicting our current hypothesis of how the Omega current 
flowing through the gating pore in both the open and closed conformations.
A. The combination of two mutations in the S4 helix allow permeation o f cations in both 
the voltage-dependent “open” and “closed” states of N.at-Kv3.2.
B. Mutations at G331 (G331P and G331A) change the shape and conductance o f ions 
through the gating pore channel, or block the pore and create typical delayed rectifiers 
(G331R and G331K)
C. Mutations of H325 can create delayed rectifiers (H325R/A/S/C) or change the 
accessibility and permeation properties o f the gating pore (H325E and V).
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Figure 5-11: Location of residues in RatKv1.2 that form the gating pore in N.at- 
Kv3.2.
A. Structural location o f the gating pore (red) in the closed state homology model of 
RatKvl .2 (Yarov-Yarovy et al. 2006). The individual panels show the tetrameric channel 
as observed from the front and back of a single subunit, with contributing residues from 
S2 (E226 green) and S4 (R1 yellow; R3 orange) highlighted.
B. The structural contributions o f the S2 and S4 helices to the gating pore are shown to 
emphasize absence of interactions that block the gating pore in N.at-Ky3.2. Ribbon 
diagrams modeling the block o f the gating pore in wild-type RatKv1.2 and modeled 
residues in RatKv1.2 that form the gating pore in N.at-Kv3.2.
C. Surface accessibility o f the gating pore and contributions o f S2 (purple) and S4 (teal) 

helices to the gating pore in the tetrameric channel as shown in ribbon form in B.
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CHAPTER 6: DISCUSSION

6.1 T o w a r d s  a  G e n e r a l  M o d e l  o f  C h a n n e l  F u n c t io n

Members of the Shaker-superfamily of voltage-gated (Kv) ion channels are major 

determinants of the electrical phenotype of excitable cells such as neurons, myocytes, and 

some epithelial cells. These channels detect changes in transmembrane voltages and 

become activated through a conformational change that opens the activation gate, 

allowing ions to pass through a selective pore. The voltage sensitivities o f activation and 

inactivation are critical to the role that these channels play in shaping action potentials 

and modifying the firing properties of neurons and other excitable cells (Connor and 

Stevens 1971; Przysiezniak and Spencer 1994). This superfamily has its origins in the 

early metazoans (Jegla et al. 1995) and their consequent functional radiation was 

presumably in response to selection for a variety of electrical phenotypes, especially 

within neuronal lineages. These phenotypes include: slow repetitive firing (Connor and 

Stevens 1971), high frequency firing (Erisir et al. 1999), rhythmical firing (Wu et al.

2001), oscillating membrane potentials (Huguenard and McCormick 1992), and action 

potential duration and shape changes (Spencer et al. 1989).

The essential physiological role of Kv channels ensures that regions of the channel 

required for function, like the S4 voltage sensor and the highly selective pore, are 

conserved, and are readily identifiable in comparative sequence analysis. However, the 

range of function observed for Kv channels cannot be explained solely by changes within 

these highly conserved regions. Thus, structure-function analysis can provide valuable 

insight into the roles of specific domains and function of residues within the channel 

protein, identifying those structures responsible for the biophysical properties of a 

specific channel.

With the plerethora of structure-function data currently available, there is 

movement towards a unified model of the mechanism of Kv channel function. However, 

it is difficult to reconcile all structure-function data into a single cohesive model of 

channel function because of conflicting experimental data. It is important to recognize 

that regardless of a priori assumptions, any structure-function analysis performed is 

channel specific, and is only truly informative of the structural basis o f function within
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that channel. It is the integration of these multiple experimental datasets, obtained using a 

range of techniques, that provides more accurate models o f channel behavior. Thus, the 

accuracy of generalized models of channel behavior improves with increased 

structure/function studies, and the broad applicability o f these models can be improved 

by extending the range of channel upon which the model is based. In my work, I have 

performed an integrative comparative structure/function analysis and have determined the 

applicability of the current models of the mechanism of Kv channel function to 

invertebrate channels. By contributing a large experimental dataset focusing on the 

interactions, spatial orientation, and protein packing in the voltage-sensing domain, the 

current model of channel function can be further refined to encompass the larger range of 

channel function apparent in invertebrate channels.

Here I have explored the underlying structural interactions within voltage-sensing 

domains (S1-S4) of two invertebrate channels, jShakl andN.at-Kv3.2. Comparative 

analysis of these channels shows a similarity in structure to model organisms, and the 

extensively studied medically interesting channels. Thus the generalized models of 

channel behavior based on the structure/function studies in the previously characterized 

channels, like Shaker and RatKv1.2, should be applicable to the invertebrate channels. To 

test the ability of the current model of channel behavior to explain invertebrate channel 

function, I selected combined a number of structure/function tools; phylogenetic analysis, 

mutagenesis, Gibbs free energy analysis, permeability studies and homology modeling.

As demonstrated in Shaker, the relative stabilities of the open vs. closed 

conformation of the channel can be greatly modified with changes in the electrostatic 

interactions between the S2 and S4 helices. These interactions clearly described the 

structural basis of the right-shifted voltage sensitivity jShakl, where channel is more 

affected by the lack of an acidic residue within S2, than the lack of a triplet charged motif 

within S4. However, the current model of channel function failed to describe the 

modifications of jShakl voltage-sensitivity resulting from changes in the charge content 

and length of the S4 helix. I believe that disruption in the non-electrostatic interactions 

between the S4 voltage sensor and surrounding helices shifted the relative stability of the 

open state of the channel to a greater extent than new electrostatic salt-bridges between 

S2 and S4 stabilized it. In the absence of an additional charged motif in S4, the most
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stabilization arose from the addition of a longer glutamate side chain (N227E) in S2, 

while in channels with increased length and charge in S4, steric hindrances between 

helices favored the increased stability of the open state by the addition of the shorter 

aspartate residue (N227D). These favorable interactions are based on protein packing and 

are extremely channel specific because o f the co-evolution of the protein helices within 

the channel that co-varied to allow for gradations in channel function. These results 

support the current model of stabilizing electrostatic interaction between the S4 and 

surrounding protein which form, break and reform during voltage sensor movement and 

provide us with an indication of how close the packing tolerances are in the voltage- 

sensing domain.

While a conserved architecture of the pore domain is observed for 2TM, 6TM and 

24TM channels, and a conservation of function exists, specifically the regulation of 

cation flow through a selective pore, the diversity of phenotypes observed for 

invertebrate channels suggests that although the architecture o f the channel is a shared 

basic plan, variations on that plan can yield a spectrum of specialized functions. In our 

characterization of two novel invertebrate channels, N.at-Kv3.1 and N.at-Kv3.2, we found 

a slow-delayed rectifier and a weak inward rectifier. Neither channel phenotype was 

obvious from a simple comparison of aligned sequences, where both channels have 

similar charge content in S2 and S3 compared to other Kv channels, and the voltage 

sensor in N.at-Kv3. /contained identical charge content as Shaker. The structural basis for 

weak inward rectification in N.at-Kv3.2 is different from the only other inwardly 

rectifying Kv channel, Exp2, a Shab channel from C. elegans. The structure of the N.at- 

Kv3.2 channel protein allows for an alternative permeation pathway in N.at-Kv3.2 external 

to the highly conserved pore, which allows the non-selective Omega current to flow. This 

permeation pathway, is bounded by the S2 and S4 helices, where the non-basic residue in 

position R1 allows access to the aqueous gating pore when the voltage sensor is at rest, 

presumably through a lack of contribution to a proteinaceous septum dividing the 

intracellular and extracellular gating pore vestibules. However, the lack o f a voltage- 

gated channel crystallized in the closed conformation limits our understanding of the 

structural interactions and proximity of the helices in the closed state, and homology 

modeling of non-Kvl channels on RatKv1.2 present difficulties because of the substantial
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sequence differences between subfamilies. Moreover, the structural flexibility of the 

glycine residue at a central position in the voltage sensor, G331, allows flexibility and 

may affect close helical packing of the voltage sensor during conformational changes 

within the pathway, requiring molecular dynamics studies to identify the position and 

packing of residues within the voltage sensor, and the arrangement o f adjacent helices.

6.2 C o n s id e r a t io n s  f o r  In  v ivo  A p p l ic a t io n s

While generalized models of channel structure-function relationships can provide 

valuable insight into the interactions within the channel protein, the applicability of these 

studies to in vivo physiology are limited. Specifically, structure-function studies on Kv 

channels are performed on homomultimeric channels to minimize the confounding 

intersubunit interactions. In particular, the ability of channels to heteromultermize with 

differential stoichometry, and the interactions with beta-subunits in vivo creates a 

multitude of biophysical and pharmacological phenotypes (Abbott et al. 2001; Abbott et 

al. 2006; Christie et al. 1990; Ottschytsch et al. 2005). For example, homomeric 

RabbitKv1.5 channels expressed in HEK cells do not exhibit a voltage-sensitive shift in 

activation with the application of 4-AP, while RabbitKv1.2 do shift with drug treatment. 

However, heteromultimers of Kv1.5 with Kv1.2 have a shift in the voltage dependence of 

activation with application of 4-AP, which is similar to Kv1.2 alone (Kerr et al. 2001). 

Moreover, the endogenous potassium currents in the rabbit portal vein have identical 

sensitivity to the pharmacological blockers as the heterotetrameric channel protein (Kerr 

et al. 2001). Co-immunoprecipitation assays performed on native vascular muscle tissue 

from both Rattus norvegicus (Rat) and Oryctolagus cuniculus (Rabbit) show that Kv1.2 

and Kv1.5, and Kv1.2beta subunits co-express endogenously giving rise to the potassium 

current in vascular smooth muscle (Kerr et al. 2001; Plane et al. 2005; Thomeloe et al. 

2001).

In addition, the ability to reconcile in vivo potassium currents with those of 

homomeric channels in vitro can be further confounded by the expression system used 

for in vitro studies. It has been demonstrated that Xenopus oocytes have endogenously 

expressed mRNA for the modulatory beta subunits, MiRP2, MiRP4.1, MiRP4.2 and 

MinK. Expression of hERG and KCNQ currents in oocytes in the presence o f endogenous
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beta subunits or during siRNA inhibition of the subunits, results in large changes in the 

biophysical properties of the channel (Anantharam et al. 2003). More recently, 

endogenous MiRP2 has been demonstrated to affect the expression level dependent 

changes in channel gating (Gordon et al. 2006).

Because ion channels are integral membrane proteins, they interact with and are 

stabilized by the surrounding lipid bilayer. Prior to the crystallization o f KvAP, and the 

comparison of structural packing of prokaryotic and eukaryotic channels (Richardson et 

al. 2006), the lipid bilayer was believed to stabilize channel structure through 

hydrophobic-hydrophilic interactions with the channel protein (Williamson et al. 2003). 

However, a recent publication from the MacKinnon group (Schmidt et al. 2006), suggests 

that the composition of the phospholipid bilayer stabilizes the positively charge voltage 

sensor of KvAP through interactions with a counter ion in the membrane, specifically the 

negatively charged lipid phosphodiester group. These results indicate that in bacterial 

channels, the interactions between the charged basic repeats o f the voltage-sensor and the 

lipid environment are significant factors in setting the voltage response (Williamson et al. 

2003). Thus, the environment in which a channel is expressed and structural interactions 

external to the channel protein can have large effects on channel function in vivo.

6.3 F u t u r e  D ir e c t io n s

6 .3 . 1  S t r u c t u r a l  E le m e n t s  A f f e c t i n g  V o l t a g e - S e n s i t i v i t y

In our study o f the basis of voltage sensitivity in jShakl we identified the lack of 

an acidic S2 residue as the most important factor in shifting the voltage dependence of 

activation in the hyperpolarized direction. With the recent isolation and characterization 

of a similar KV1 channel in the Portuguese Man O’War, P. physalis, it appears that the 

loss of the first acidic residue in S2 in KV1 channels may be phylum-specific, where all 

cnidarian KV1 channels may exhibit this loss (Bouchard et al. 2006). Therefore, isolation 

and characterization of additional KV1 channels should elucidate an evolutionary trend in 

the subfamily, particularly since the Kv3 and Ky4 channels from P. penicillatus both 

contain two acidic residues in S2, and the conserved aspartate in S3. Furthermore, by 

performing similar energetic perturbation analysis in PpKvl,  which has the most 

similarity in secondary structure to jShakl, including the lack of a triplet charge motif in
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S4 and the extremely short S3-S4 linker, it may be possible to further elucidate the 

structural interactions between the S2 and S4 helices. It is expected that Double Mutant 

Cycle Analysis will show similar trends between the two channels, where the substitution 

of an acidic residue in S2 will shift the voltage-sensitivity of activation leftward, and that 

the longer glutamate side-chain will have favorable interactions with the unmodified S4. 

Likewise, the effects of the addition of charge and length will be confounded by the 

limitations to structural packing imposed byby the shortened S3-S4 linker.

6.3.2 A ssessing  the  C ha n g in g  Sh ape  o f  the  G a tin g  P ore

The underlying structure of the alternative permeation pathway through the gating 

pore is not well understood. In Shaker access to the gating pore is allowed by mutating 

the first arginine (R l) to residues with smaller side-chains, while in Nayl.2  current flow 

through the gating pore requires a double mutation at adjacent basic residues (R2 and R3 

or R3 and R4), suggesting that the proteinaceous septa between the extracellular and 

intracellular aqueous canals have a different shape in these channels. Here we 

demonstrated that N.at-Kv3.2 has evolved a natural permeation pathway through the 

gating pore, where both residues at R l and R3 contribute to the pathway. The size and 

changing shape of this pathway is difficult to elucidate because the S4 voltage sensor 

moves in response to changes in transmembrane voltage. Thus, the permeation pathway 

may reduce from a high conducting state at hyperpolarized potentials to a low conducting 

state at depolarized potentials, or because this pathway is permeable to a number of 

cations, the permeation and thus the charge carrying ion may also change with voltage. 

Thus, performing inside-out patch clamp perfusion experiments in bi-ionic conditions is 

necessary to accurately determine the conductance profile of a single cation through the 

channel. Comparisons of these conductance profiles for the different ions at different 

voltages should further elucidate the shape changes within the gating pore pathway, 

where changing conductance of a singular ion of a known size can be used as a molecular 

caliper to determine the size of the pathway. With the large number of structural mutants, 

both single and double mutants, within the S4, these experiments would provide a large 

experimental dataset that can form the basis for molecular dynamics studies, and protein
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models can be formulated with specific attention to side chain distances as indicated by 

the changing permeabilities.

6.3.3 F u t u r e  S t u d ie s  w it h in  t h e  V o l t a g e -S e n s in g  D o m a in

The structure-function studies performed here have demonstrated that a number of 

interactions within the voltage-sensing domain shape channel function. Our examination 

of invertebrate channels has demonstrated the structural flexibility within the Kv channel 

family that allows a large variation of function from a conserved general architecture. 

Specifically, we have identified that structural constraint within the channel, as in jS h a k l; 

with the short S3-S4 linker limits large structural changes in channel packing. We have 

shown that this structural constraint shifts the closed to open equilibrium with the 

addition of length and charge to the S4. However, it is also possible that the short S3-S4 

linker may also stabilize the channel protein because the short linker requires S3 and S4 

helices to be in close proximity such that the loss of a stabilizing electrostatic interaction 

between the domains (K294Q) does not prevent proper protein packing and export from 

the ER, as observed for the equivalent mutation in Shaker (K374Q). Modifications to the 

length of the extracellular S3-S4 linker in naturally constrained channels, may allow for 

the elucidation of the role of the linkers in channel function, specifically, it may be 

possible to assess the amount of movement of the voltage sensor, by limiting the 

flexibility o f the linker through the reduction in length, or the introduction of a secondary 

structure like that observed in Shaker.

Comparative analysis can identify non-conserved residues between channels, but 

with current models of channel behavior, it is not obvious how these residues affect 

channel function. Protein packing that changes both the electrostatic and non-electrostatic 

interactions within Kv channels has large effects on channel function but cannot be 

inferred from sequence alone. This is most obvious in N.at-Kv3.2 where the structural 

prediction based on sequence similarity would suggest a delayed rectifier with high 

potassium selectivity, where the reality is much more complex. Here we have 

demonstrated that channel function can be affected directly through side chain 

interactions with other helices, which modify protein packing both directly through steric 

hindrances. Thus, future studies should focus on sites opposite to the charged residue in
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the helix and on non-basic residues adjacent to a charged motif. Exhaustive mutagenesis 

on these sites would be expected to shift the voltage sensitivity o f the channel, indicating 

the extent to which these protein interactions affect channel function. By utilizing the 

three dimensional homology model it would then be possible to identify residues in the 

surrounding channel protein that may interact with these residues in S4 that would not 

have been identified by comparative sequence analysis alone. These residues in close 

proximity in the channel protein, could then be mutated and their contribution to or 

disruption of channel function can be assessed. Finally, by performing Double Mutant 

Cycle Analysis on pairwise mutations, it would be possible to determine if  the effects of 

these mutations on channel function are additive, or it they have a combinatorial effect on 

channel function.

6.4 G e n e r a l  C o n c lu s io n s

Comparative analysis of the single and double S4 N.at-Kv3.2 mutants with the 

structures of the Omega current mutants in Shaker and Navi. 2 and proton current mutants 

in Shaker demonstrates that conserved protein interactions between the voltage sensor 

and surrounding helices can be disrupted without destroying the function o f the ion 

selective pore. This corroborates the results of the energetic perturbation analysis in 

jShakl. Effects of major modifications to the channel protein, via the introduction of 

additional length at a central helical position, were explainable by effects on packing, and 

modification of the conformational equilibrium. The flexibility within the channel protein 

suggests that the core function can be quantitatively modified to a minor or major extent 

by changes in protein packing and structural interactions within the functional domains, 

and between subunits. The work I have presented here shows that the current general 

models of the mechanism of voltage-gated channel function have limited applicability to 

invertebrate channels. The under-representation of non-chordate phyla in the general 

model and unequal sampling of Shaker channel subfamilies in structure/function studies, 

fails to accurately represent the range of functional phenotypes possible through 

modifications to the channel protein. Thus, models based on this dataset are not broadly 

applicable to other ion channels. The large structure/function dataset I have presented in 

this study provides necessary information on the packing tolerances within the voltage-
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sensing domain, and provides further information about the environment around the S4 

voltage sensor, that when reconciled with the current model of channel behavior should 

advance our understanding of the structural basis of voltage-sensitivity in voltage-gated 

potassium channels.
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