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1

CHAPTER 1 GENERAL INTRODUCTION

1.1 General aspects of voltage-gated potassium (Kv) channels 

Introduction

Potassium (K+) currents have a role in maintaining the resting potential and re- 

polarizing the membrane potential after a depolarization, such as an action potential 

(Hille, 1992). Potassium (K+) currents can be broadly categorized by their inactivation

kinetics. “Delayed rectifier” currents inactivate very slowly, if  at all (Hodgkin and 

Huxley, 1952), while “A-type” currents inactivate relatively rapidly, in the order of 

milliseconds at a held activating voltage (Connor and Stevens, 1971; Neher, 1971). Kv 

channels are the molecular effectors of these currents, as demonstrated by expression of 

the Shaker locus in Xenopus oocytes (Christie et al., 1989; Timpe et al., 1988) and in a 

mammalian cell line (Leonard et al., 1989). The first gene encoding a Kv channel, 

Drosophila Shaker, was cloned by Kamb et al. (1987) by chromosome walking of the 

Shaker locus. Subsequently, three other channel genes that belong to the same family 

(Shab, Shaw and Shal) were cloned by screening a Drosophila cDNA library at low 

stringency with Shaker probes (Butler et ah, 1989). In Drosophila, each of these gene 

subfamilies is represented by a single gene. However, alternative splicing is a
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mechanism used by arthropods to increase the diversity of Kv channels (Schwarz et al., 

1988; Baro et al., 2001).

Diversification of the Kv channel family appears to have occurred early in 

evolution, before the triploblast lineage split from the diploblasts, as evidenced by a 

study by Jegla et al. (1995). These authors used a PCR-based method that used 

degenerate primers designed to amplify the region that is most conserved between the 

four Shaker related subfamilies {Shaker or K vl, Shab or Kv2, Shaw or Kv3 and Shal or 

Kv4) and found that a hydrozoan jellyfish has Kv channels that can be ascribed to one 

of the four major Kv channel subfamilies, which suggests that these channels had 

already diversified in the common ancestor to diploblasts and triploblasts. Based on 

their nucleic acid and protein parsimony analyses, Strong et al. (1993) suggested that 

duplication of an ancestral Kv gene gave rise to two clades, the Shaker/Shal clade and 

the Shaw/Shab clade, and a successive duplication of each clade generated the Kv 

complement found in Drosophila.

Structural aspects of Kv channels

A functional Kv channel is formed by four a  subunits, which co-assemble (Jan 

and Jan, 1990; MacKinnon, 1991) to define a central pore, the conduction pathway 

(Doyle et al., 1998). K va subunits encoded by different genes within the same Kva 

channel subfamily (Kvl, Kv2, Kv3 or Kv4) can co-assemble to form functional 

heteromultimeric channels (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg 

et al., 1990). However, K va subunits from different subfamilies do not co-assemble
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(Covarrubias et al., 1991). Members of the Kv5 to Kv9 subfamilies cannot form 

functional tetramers by themselves but they heteromultimerize with Kv2a subunits to 

form functional channels whose properties differ from homotetramers formed 

exclusively by Kv2a subunits (Kramer et al., 1998; Salinas et al., 1997a, 1997b). Kv 

channel pore-forming (Kva) subunits contain six hydrophobic membrane-spanning 

segments (S1-S6) of about 20 amino acids each in an a-helix conformation that are 

connected by intracellular or extracellular loops. Both termini (NH2 and COOH") of the 

a  subunits are intracellular (Papazian et al., 1987; Tempel et al., 1987). Every third 

residue of the S4 segment is positively charged, which identifies this segment as the 

voltage sensor (Papazian et al., 1991). The T1 domain (also known as the NAB 

domain), an N-terminal cytoplasmic domain consisting of -100 amino acids, is a 

recognition domain that prevents association of a  subunits from different Kv 

subfamilies (Li et al., 1992). In addition, the T1 domain appears to play an important 

role in conduction (Kreusch et al., 1998) and mutations in T1 altered the midpoint 

voltage of activation and closing kinetics in an Aplysia Shaker channel (Cushman et al.,

2000). Selectivity for K+ ions in Kv channels is provided by the K+ selectivity filter 

signature sequence (TVGYG), which is in the pore domain (P-domain), within the loop 

between S5 and S6 (Yellen et al., 1991; Yool and Schwartz, 1991). Figure 1-1 shows a 

diagram of the secondary structure of a K va subunit, indicating the positions of the pore 

region, the S4 domain and the T1 domain.

The last two trans-membrane segments (S5 and S6) and the pore region of the 

six trans-membrane segment-containing Kv channels (6TM channels), whose structure
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has been just described, are true homologues to the two trans-membrane domains and 

pore loop of the channel subunits that form inward rectifier channels, which are the 

structurally simplest voltage-gated channels. Thus, each subunit of these channels has 

only two trans-membrane domains (2TM channels) flanking a pore loop (Ho et al., 

1993). However, it is not clear whether 2TM channels preceded the appearance of 6TM 

channels, because a protist, Paramecium tetraurelia, has six genes for 6TM potassium 

channels (Jegla and Salkoff, 1996) and several prokaryotes also have both 2TM and 

6TM channels (e.g. Jiang et al., 2004).

Functional aspects of Kv channels

Kv channels are activated by a change in electric field across the plasma 

membrane, a process that is coupled to the displacement of electrical charges in K va 

subunits (Schoppa et al., 1992). This movement of gating charges is brought about by 

conformational changes of the channel molecule (Cha and Bezanilla, 1997), but there is 

no consensus yet regarding the precise structural modifications of the channel protein 

that occur in response to this voltage change across the membrane. Using fluorescence 

resonance energy transfer (FRET), Glauner et al. (1999) and Cha et al. (1999) were able 

to measure relative distances between S4 segments in a Shaker channel in resting and 

activated channels. Their data suggested that the S4 segment rotates 180° during 

activation. However, the crystallized structure of a bacterial Kv channel (KvAP)
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EXTRACELLULAR SIDE

T1 dom ain

N -term inus

C -te rm inus

Figure 1-1. Proposed transmembrane topology of a K v a  subunit in two dimensions. 
Each transmembrane segment (S1-S6) is an a  helix. Positive symbols in S4 denote 
positively charged amino acids that determine the function of this segment as a 
voltage-sensing domain. The first 20-30 amino acids of the N-terminus is a 
structural element for fast inactivation in some voltage-gated potassium channels. 
The T1 domain has a role in subunit-subunit recognition during assembly in the 
plasma membrane, and forms part of the ionic conduction pathway, as explained 
in section 1.1.
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revealed that in these channels, the S4 segment lies intracellularly and forms part of a 

structure that was termed the “voltage-paddle” (Jiang et al., 2003). Each voltage-paddle 

is formed by an S4 segment attached to the rest of the channel subunit by an S3 loop 

and the S4-S5 linker (Jiang et al., 2003). Recently, these authors have elucidated the 

crystal structure of the KvAP channel in the open conformation (Jiang et al., 2004), in 

which the voltage-paddles appear at the outer perimeter of the channel, close to the 

extra-cellular solution, with the S4 segment exposed to the plasma membrane. These 

results led Jiang et al. (2003, 2004) to propose that upon a change in the membrane 

potential, these voltage-paddles, located at the periphery of the channel, move from 

their resting location on the cytoplasmic side towards the extracellular side by crossing 

the plasma membrane. However, as Laine et al. (2004) have noted in a recent review, 

most other functional data obtained with very different methods converge on a 

parsimonious model of the structure of Shaker in which S4 is a trans-membrane 

segment that is surrounded by other trans-membrane segments. Furthermore, it has 

been argued that although protein crystallography is usually a reliable method to assess 

the native conformation of proteins, the antibody used to immobilize KvAP was large 

and rigid, which may have induced an artificial conformation (Laine et al., 2004).

The mechanisms that lead to occlusion of the pore and inactivation of Kv 

channels are best studied for Shaker channels and are termed N-type inactivation and C- 

type inactivation (Choi et al., 1991). N-type inactivation is a rapid process by which the 

first ~20 amino acids of the N-terminus act as an inactivation particle that occludes the 

inner mouth of the pore, in the open state (Hoshi et al., 1990). The specific region of
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the inner mouth that interacts with the inactivation particle is the cytoplasmic S4-S5 

linker (Isacoff et al., 1991). This inactivation mechanism is best explained with the 

“ball and chain” model, in which the “ball” refers to the first ~20 amino acids of the N- 

terminus, or the inactivation particle, and the “chain” represents a stretch of amino acids 

after the ball domain (Hoshi et al., 1990). C-type inactivation of Shaker is a slower 

process than N-type inactivation, and depends on residues of the pore region (between 

S5 and S6) and external residues of the S6 domain (Hoshi et al., 1991; Lopez-Bameo et 

al., 1993). C-type inactivation of Shaker occurs from the open state (Baukrowitz and 

Yellen, 1995) and is brought about by conformational changes that close the outer pore 

of the channel (Ogielska et al., 1995).

Modulation of Kv channels by |3 subunits, post-translational processing and 

phosphorylation

K va subunits often associate with small cytoplasmic subunits, termed Kv(3 

subunits that modulate their activity. Kv(l subunits were initially co-purified from brain 

tissue with dendrotoxin, a toxin used to purify K va subunits (Rehm and Lazdunski, 

1988; Parcej and Dolly, 1989) and are cytoplasmic proteins of ~300 amino acids, 

lacking transmembrane segments, that bind to the T1 domain of K va subunits (Gulbis 

et al., 2000; Sewing et al., 1996; Yu et al., 1996). The Kv|31 and Kv(32 isoforms 

associate with K va subunits of the Kvl subfamily (Kv(31: Sewing et al., 1996; Kv(32: 

Shi et al., 1996), and Kv(33 associate with K va subunits of the Kv2 subfamily (Fink et 

al., 1996). Kv(32 subunits bind to K va subunits while the latter are embedded in the
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membrane of the endoplasmic reticulum (ER) and may act as chaperones (Shi et al., 

1996), even aiding in the anchoring of Kva/p subunit complexes to the cytoskeleton 

(Nakahira et a., 1996). KvP subunits also modulate the electrophysiological properties 

of Kv channels. For example, the N-terminal domain of Kvp3 subunits behaves as an 

inactivation ball, conferring rapid inactivation properties to K vl.5 channels that 

normally produce non-inactivating currents (Leicher et al., 1998). Kvp2 subunits also 

modulate the biophysical parameters of the same channels (K vl.5), by altering the 

voltage-dependence of activation and inactivation, and moderately accelerating their 

inactivation kinetics (Uebele et al., 1996).

Kv channels also have sites for glycosylation. For example, Shaker channels are 

glycosylated at two amino acid residues of the extracellular loop that connects 

transmembrane segments SI and S2. Blocking glycosylation of the channel did not 

change folding or assembly of the four subunits, nor any biophysical properties 

(Santacruz-Toloza et al., 1994). Nevertheless, glycosylation stabilizes the conformation 

of the channel protein (Khanna et al., 2001), perhaps by allowing its interaction with the 

chaperone protein calnexin (Spiro, 2000).

The function of Kv channels can also be regulated by protein phosphorylation. 

For instance, Kv4.3 channels, which typically conduct transient A-type currents, 

produced non-inactivating currents when their N-terminus was phosphorylated by 

protein kinase C (PKC) (Covarrubias et al., 1994). In another example, phosphorylation 

of K vl. 1 channels by PKC decreased the conductance of these channels, leading to a 

significant reduction in the amplitude of their currents (Peretz et al., 1996).

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



9

1.2 Kv4 channels 

Introduction

Kv4 channels mediate A-type currents in neurons (Sheng et al., 1992; Tsaur et 

al., 1992). These currents shape the post-synaptic response to excitatory inputs (Sheng 

et al., 1992), regulate firing frequency (Tierney and Harris-Warrick, 1992) and 

modulate excitability in response to signaling by second messengers (Hoffman and 

Johnston, 1998). Dendritic Kv4 channels appear to have a role in reducing the 

amplitude of action potentials that originate in the neuronal soma and back-propagate to 

the dendrites (Hoffman et al., 1997). Kv4 channels are targeted to the soma and 

dendrites but not to the axon (Sheng et al., 1992). This targeting is mediated, at least in 

part, by a highly conserved domain that contains two leucines, the di-leucine motif, 

which is located in the C-terminus of Kv4 channels (Rivera et al., 2003). Kv4 channels 

whose di-leucine motif had been deleted showed a different distribution pattern from 

the wild type, as they inserted in the axon and in the proximal region of the dendrites.

Kv4 channels mediate an A-type current in cardiac muscle, often referred to as 

the IT0 current (Dixon et al., 1996). In ventricular myocytes, Kv4.2 channels are more 

abundant in the T-tubules (Takeuchi et al., 2000), although the mechanism responsible 

for the spatial distribution of Kv4 channels in myocytes is not known. The main 

function of Kv4 channels in cardiac muscle is to shape the re-polarization phase of the 

action potential. Thus, the IT0 current produces most of the re-polarization phase of the 

cardiac action potential of small mammals (e.g. mouse) and the initial, rapid phase of
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the complex re-polarization of the cardiac action potential of larger mammals (e.g. 

human) (Sanguinetti, 2002). Kv4 channels carry the A-type currents in smooth muscle 

(Amberg et al., 2002b) although the role of these currents in the physiology of smooth 

muscle contraction is not well understood. The A-type current of colonic myocytes has 

a midpoint of inactivation of -65 mV, and the membrane potential between slow waves 

in this tissue is about -60 mV, which suggest that these channels have a role in re- 

polarizing the membrane between slow waves (Amberg et al., 2002a). Furthermore, the 

steady-state inactivation curve for these smooth muscle Kv4 channels is very steep, 

which supports their role in the maintenance of the membrane potential, because this 

type of inactivation curve implies that small changes in membrane voltage result in 

large changes in the proportion of the Kv4 channels that are available for activation 

(Amberg et al., 2002a).

Relationship between structure and function in Kv4 channels

The Kv4 gene subfamily in mammals comprises three genes, which are: Kv4.1 

(Pak et al., 1991), Kv4.2 (Roberds and Tamkun, 1991), and Kv4.3 (Serodio et al.,

1996). A comparison between the predicted amino acid sequences of the three 

mammalian Kv4 channel isoforms revealed that the sequences of the six trans

membrane segments (S1-S6) and the N-terminal domain are highly conserved. In 

contrast, the C-terminal domain of these channels is highly variable (Pak et al., 1991). 

The diversity of mammalian Kv4 channels is further increased by alternative splicing. 

For example, alternative splicing of the Kv4.3 gene isoform generates at least three
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different Kv4.3 channels (Kong et al., 1998; Takimoto et al., 1997). In addition, it has 

been shown that heteromeric channels formed by Kv4.2 and Kv4.3 subunits are 

functional and occur in vivo (Guo et al., 2002). Interestingly, these authors 

demonstrated that myocytes expressing a dominant negative Kv4.2 channel but 

functional Kv4.3 channels do not produce A-type currents, suggesting that the IT0 

current is produced by heteromeric Kv4.2/Kv4.3 channels.

Activation of Kv4 channels is relatively rapid and voltage-dependent, as for all 

Kv channels (previous section). Currents produced by Kv4 channels are transient, A- 

type currents that inactivate significantly within ~ 100 ms, although the mechanism(s) 

responsible for rapid inactivation kinetics is not fully understood. The decay of Kv4.1 

channel currents can be fitted by the sum of three exponentials, where the first (fast) 

exponential process contributes relatively little to inactivation (less than 20 %), whereas 

the second (intermediate) and third (slow) components of inactivation each contribute 

approximately 40% to the total decay (Jemg and Covarrubias, 1997). However, 

inactivation of Kv4.2 channels can be satisfactorily fitted with a bi-exponential 

function, where the first component contributes most to current decay (~73%) and a 

second component contributes a further ~23% to inactivation. Fitting the decay phase 

of currents produced by Kv4.2 channels to a three exponent function revealed the 

presence of a third component of inactivation, but its contribution to current decay is 

minimal, approximately 4% (Bahring et al., 2001a).

In contrast with Kvl (Shaker) channels, where deletion of the N-terminus (first 

20 amino acids) completely abolished fast inactivation (Hoshi et al., 1990), deletion of
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the N-terminus (first 30 or 40 amino acids) of Kv4 channels slows inactivation, but does 

not prevent a relatively fast current decay, and therefore does not eliminate the transient 

nature of Kv4 currents. Moreover, deleting the N-terminus has different effects on the 

inactivation of currents produced by the three Kv4 isoforms. For instance, while this 

deletion abolishes the fast component of inactivation of Kv4.1 channels (Pak et al.,

1991; Jerng and Covarrubias, 1997), it only slows the same component of Kv4.2 

channels, without eliminating it (Bahring et al., 2001a). A C-terminal region (between 

amino acids 420-550) that is positively charged appears to have a role in fast 

inactivation of Kv4.1 channels, since deletion of this region abolished the fast 

component of inactivation. Jerng and Covarrubias (1997) proposed that the C-terminus 

of Kv4 channels has a role in stabilizing the N-terminus of these channels near the 

cytoplasmic side of the pore. This suggestion was based on the fact that the N-terminus 

of Kv4 channels is hydrophobic, unlike the N-terminus of Shaker, which is positively 

charged, a property that facilitates its attraction to the inner mouth of the pore.

It is not known whether Kv4 channels exhibit C-type inactivation. C-type 

inactivation of Shaker is prevented by tetraethylamonium (Choi et al., 1991), and is 

slowed by a high external potassium concentration (Baukrowitz and Yellen, 1995), 

whereas these two factors do not appear to affect inactivation of Kv4.1 (Jerng and 

Covarrubias, 1997) or Kv4.2 channels (Bahring et al., 2001c). Occlusion of the inner 

mouth of the channel, in the open state, by the inactivation particle causes inactivation 

of Shaker (Hoshi et al., 1990), and therefore it is said that Shaker inactivates from the 

open state. However, it appears that inactivation of Kv4 channels from the open state is
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transient, and most of the inactivation of these channels occurs from the closed state 

(Bahring et al., 2001a; Gebauer et al., 2004).

Another characteristic of Kv4 channels is their relatively rapid recovery from 

inactivation. Heterologously expressed Kv4 channels recover from inactivation with 

time constants of a few hundreds of milliseconds {e.g. Serodio et al., 1994), whereas Kv 

channels from other subfamilies that also produce A-type currents recover from 

inactivation with slower time constants (~ 0.5-5 s for Kvl.4: Roeper et al., 1997).

Modulation of Kv4 channels

Like other Kv channels, Kv4 channels can be, in theory, directly phosphorylated 

since they contain sites for phosphorylation by protein kinase A (PKA), protein kinase 

C (PKC) and mitogen-activated protein kinase ERK (Adams et al., 2000; Anderson et 

al., 2000; Baldwin et al., 1991). However, the effect of protein kinases on the activity 

of Kv4 channels is dependent on the expression system. For example, phosphorylation 

of Kv4.2 channels in their native environment by PKA and PKC shifted their midpoint 

of activation in the depolarizing direction, and thus, more depolarization was required to 

activate the same number of phosphorylated than unphosphorylated channels (Hoffman 

and Johnston, 1998). However, PKC phosphorylation of Kv4.2 channels that were 

heterologously expressed in Xenopus ooctyes reduced current amplitude, an effect 

mediated by a decrease in single channel conductance (Nakamura et al., 1997).
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Data from Yuan et al. (2002) provide clues as to the causes of this discrepancy. These 

authors demonstrated that PKC and PKA may not directly phosphorylate the channel 

protein in its native environment, even though these channels have phosphorylation 

sites for PKA and PKC. Instead, they may phosphorylate other substrates that converge 

onto mitogen-activated protein kinases (MAPKs) and it is this kinase that 

phosphorylates the channel.

Kv4 channels do not appear to be directly modulated by palmitoylation or 

glycosylation, as noted in Bimbaum et al. (2004). Although removal of sialic acid with 

neuraminidase has been shown to decrease the cardiac IT0 current (Ufret-Vincenty et al.,

2001). This must be an indirect effect, as a Prosite scan (http://ca.expasy.org/prosite) 

revealed that Kv4 channels do not have glycosylation sites in their regions that are 

exposed to the extracellular medium.

Modulation by K+ channel interacting proteins /KChlPsl

Kv4 channels have different properties when expressed heterologously than 

when recorded in situ, and these native properties were restored by co-expressing these 

channels with total mRNA, which was a good first indication that these channels are 

modulated by other proteins (Serodio et al., 1994). A hallmark property of Kv4 

channels that was restored upon co-expression with total mRNA was a fast recovery 

from inactivation (Serodio et al., 1994). Further investigations revealed the identities of 

these accessory modulatory proteins of mammalian Kv4 channels (see Chapter 3, 

Introduction), an aspect that is extensively covered in a recent review on Kv4 channels
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(Birnbaum et al., 2004). Of all the proteins that associate with Kv4 channels and 

modulate their expression levels and/or biophysical parameters, the KChlPs are the best 

studied. KChlPs are EF-hand containing proteins that belong to the recoverin/neuronal 

calcium sensor super-family of Ca2+ binding proteins (Burgoyne and Weiss, 2001). 

Mammalian tissues express four KChIP isoforms (KChIPl-3: An et al., 2000; KChIP4: 

Morohashi et al., 2002). KChIP isoforms 1 to 3 increase the amplitude of the Kv4 

currents (An et al., 2000). This effect is mediated through binding to the N-terminus of 

Kv4 channels, since the N-termini of Kv4 channels contain a large proportion of 

hydrophobic residues that. Thus, by hiding these hydrophobic residues KChlPs 

facilitate the trafficking of the vesicles from the ER to the Golgi apparatus, and to the 

plasma membrane, since the channels embedded in the membrane of these vesicles have 

their N-terminus in contact with the aqueous cytoplasm (Shibata et al., 2003). This 

proposed mechanism of augmentation of A-type current is supported by the finding that 

increases in the amplitude of the Kv4 currents by KChlPs are not the result of an 

increase in single channel conductance (Beck et al., 2002). The physical association 

between Kv4 and KChIP occurs in the endoplasmic reticulum and depends, in some 

cases, on palmitoylation of KChlPs, since mutation of the palmitoylation sites of 

KChIP2 correlated with a decrease in the expression of Kv4 channels in the plasma 

membrane (Takimoto et al., 2002). Unlike the KChIP isoforms 1-3, KChIP4 does not 

increase the amplitude of the Kv4 currents and does not appear to have a function as a 

chaperone (Holmqvist et al., 2002; Shibata et al., 2003).
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The N-termini of Kv4 channels have at least two domains that bind to KChlPs; 

one comprises amino acids 7-11 and another comprises amino acids 71-90. Most 

residues of the first region are hydrophobic and are thought to bind to a similarly 

hydrophobic region of KChIP, whereas the residues of the second domain are mostly 

hydrophilic and are thought to form a dock for KChIP; in addition, this second domain 

is sufficient for binding to KChIP (Scannevin et al., 2004).

Besides increasing Kv4 current density by facilitating the transport of the Kv4- 

containing vesicles to the plasma membrane (Shibata et al., 2003), KChlPs modulate 

many different biophysical parameters of all three Kv4 channel isoforms. For example, 

KChlPs 1 to 3 shift the midpoint of activation of Kv4.2 currents in a hyperpolarizing 

direction (An et al., 2000; Van Hoorick et al., 2003), which implies that the extent of 

depolarization required to activate a certain number of Kv4.2 channels is less when 

these channels are associated with KChlPs than when they are not. In contrast, KChIP4 

shifts the activation midpoint of Kv4 channels in a depolarizing direction (Holmqvist et 

al., 2002). KChlPl accelerates activation of Kv4.1 (Beck et al., 2002) and Kv4.2 

channels (Nakamura et al., 2001) but not of Kv4.3 channels (Beck et al., 2002). In 

contrast, KChIP4 slows activation of Kv4 channels (Holmqvist et al., 2002). KChlPl 

enhances inactivation of Kv4.1 and Kv4.3 channels by accelerating the process of 

inactivation from the closed state (Beck et al., 2002). The KChIP2 and KChIP3 

isoforms moderately slow inactivation of Kv4 channels (An et al., 2000), while the 

KChIP4a isoform is more effective in slowing inactivation of all Kv4 channels so that 

current passing through these channels resemble delayed rectifier currents (Holmqvist et
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al., 2002). Because KChIP binds to the N-terminus of Kv4 channels (An et al., 2000; 

Bahring et al., 2001b; Scannevin et al., 2004), and this domain is involved in 

inactivation of these channels, it seems likely that the slowing effect of most KChlPs on 

inactivation kinetics is exerted by physically hindering the mobility of the N-terminus.

KChIP subunits bind to Kv4 channels in the hearts of small and large mammals 

and thus modulate the parameters of the IT0 current (Guo et al., 2002). In the heart of 

large mammals (e.g. human, dog), there is a gradient of density of IT0 current across the 

ventricular wall, with the current density being greater in the epicardium than in the 

endocardium (Liu et al., 1993). This gradient is not correlated with differential spatial 

expression of Kv4 channel mRNA across the ventricular wall, but to increased levels of 

KChIP mRNA in the epicardium relative to the endocardium (Rosati et al., 2001).

1.3 Rationale and thesis organization

In this Introduction, I have described the biophysical properties and modulation 

of the three mammalian Kv4 channel isoforms. In some cases, the differences in the 

biophysical properties of these isoforms can be attributed to differential modulation in 

different cells where they are expressed, for example by different accessory subunits 

and phosphorylation events in their native environment. However, different Kv4 

channel isoforms heterologously expressed in the same system produce currents with 

distinct biophysical parameters. The three genes that form the mammalian Kv4 gene 

subfamily likely arose from a single original gene of an ancestral chordate; since many
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vertebrate multi-gene families are represented by single gene families in the genome of 

Ciona intestinalis, http://genome.jgi-f.org/ciona4/ciona4.home.html (Dehal et al., 2002), 

a species that belongs to the most primitively branching clade of the chordates, the 

Urochordata, or tunicates (Adoutte et al., 2000).

Several BLAST searches for Kv4 genes in the genome of Ciona intestinalis, 

using the deduced amino acid sequences of several Kv4 channels from GenBank, 

resulted in one robust hit, in scaffold1 168 (release version 1.0 of this genome), which 

indicated that this genome contains, not surprisingly, only one gene for Kv4 channels. 

The characterization of biophysical parameters of this Kv4 channel could help 

identifying the biophysical characteristics that might represent evolutionary 

innovations, if they are exclusive to some or all of the three mammalian isoforms. It 

seems likely that modifications to the biophysical parameters of the Kv4 channels that 

were acquired during the evolution of the vertebrates contributed to the development of 

new excitability features of nerve and muscle tissue. Recently, a Kv4 channel from the 

tunicate Halocynthia roretzi was characterized (Nakajo et al., 2003), but data were 

insufficient to compare the biophysical properties of this tunicate Kv4 channel with the 

well-characterized biophysical properties of jellyfish (Jegla and Salkoff, 1997), 

arthropod (Baro et al., 1996) and mammalian Kv4 channels.

Because Kv4 channels play a crucial role in determining the properties of 

excitable tissues, it seemed plausible that the myocardium of Ciona intestinalis (Fig. 1-

1 To sequence the genome o f  Ciona intestinalis, the genomic DNA from the sperm o f  a specimen was 
sheared into fragments o f  about 3 kb in size, which were cloned into plasmids and then sequenced. The 
sequences that overlapped were assembled into scaffolds (Dehal et al., 2000).
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2), which has long been regarded as a primitive model of the vertebrate heart (Morad 

and Cleeman, 1980), would express this Kv4 channel gene. A major reason for this 

supposition is that re-polarization of the action potential of vertebrate cardiac myocytes 

is complex and mediated by Kv4-dependent A-type currents. The tunicate heart also 

generates action potentials with several re-polarization phases (Kriebel, 1967).

An interesting feature of Kv4 channels is their modulation by several accessory 

subunits. In particular, modulation of Kv4 channels by KChlPs is well described. 

BLAST searches in the genome of Ciona intestinalis identified only one gene for 

KChIP subunits. Because modulation by KChlPs appears to be a general feature of 

Kv4 channels, it is likely an ancient mechanism for increasing the diversity of 

biophysical phenotypes of Kv4 channels. However, no KChlPs have been isolated from 

invertebrates, making the cloning and co-expression of a KChIP with a Kv4 channel 

from a representative of an early chordate a valuable contribution.

Chapter 2 describes the genomic structure, the sequence and the characterization 

of the biophysical properties of a wild type Kv4 channel that is expressed in the 

myocardium of the basal chordate Ciona intestinalis (CionaKv4). Chapter 3 provides a 

description of the genomic structure, nucleotide and amino acid sequence of a KChlP- 

like subunit that is also expressed in the myocardium of Ciona intestinalis 

(CionaKChW), and a description of the effects of CionaKChIP on the biophysical 

activity of CionaKv4.

Since the N-termini of mammalian Kv4 channels have a dual role as an 

inactivation particle (as explained in section in section 1.1) and as a binding site for
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KChlPs (as explained in section 1.2), I created an N-truncation mutant of CionaKv4 

that lacked the first 2-32 amino acids (ntC/o«aKv4), since a similar deletion has been 

used to study the role of the N-terminus in mammalian Kv4 channels (e.g. Pak et al., 

1991). The biophysical properties of CionaKv4 and ntCionaKv4 are compared in 

Chapter 2. To evaluate the role of the N-terminus of CionaKv4 in binding to and 

modulation by C/onaKChIP, ntCionaK.v4 was co-expressed with C/onaKChlP. The 

results of these experiments are included in Chapter 3, and compared with the results of 

co-expressing wild-type CionaKv4 channels with C/onaKChIP subunits.

The data provided by this thesis is central for discussing the possible conserved 

and adaptive features of Kv4 channels in Chapter 4. In this Chapter, I also discuss the 

possible evolution of Kv4 channels and KChIP subunits within the vertebrate lineage. 

Finally, I discuss the possible implications of the data presented in this thesis for the 

function of the tunicate heart.
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Figure 1-2. Structure of the V-shaped heart of Ciona intestinalis. A, Photograph 
of the whole heart structure, indicating the major features. B, diagram of a transverse 
section of one of the arms of this heart. The myocardium is a tubular structure whose 
walls are a monolayer of musculoendothelial cells. The pericardium is a tubular 
structure external to the myocardium, and attached to the latter along its length by 
connective tissue, the raphe (Oliphant and Cloney, 1972). Contractions are initiated 
at each end of the heart, by the distal pacemakers; occassionally, contractions are 
initiated from the middle part of the heart, which suggests that another pacemaker is 
located in this region (Kriebel, 1968).
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CHAPTER 2 THE STRUCTURE AND FUNCTION OF A Kv4-

LIKE POTASSIUM CHANNEL EXPRESSED IN 

THE MYOCARDIUM OF THE TUNICATE, 

Ciona intestinalis

2.1 Introduction

Drosophila Shal related voltage-gated ion channels are encoded in mammals by 

the Kv4 gene subfamily (Kv4.1: Pak et al., 1991; Kv4.2: Roberds and Tamkun, 1991; 

and Kv4.3: Serodio et al., 1994). Kv4 channels mediate the transient outward current in 

cardiac myocytes (IT0\ Dixon et al., 1996), smooth muscle (Amberg et al., 2002), and 

neurons (ISA\ Serodio et al., 1994). Interestingly, the expression of Kv4 channel 

subtypes in the brain is non-uniform, with some areas expressing mostly Kv4.2 

channels (e.g. caudata putamen), and others expressing Kv4.3 channels predominantly 

(e.g. superior colliculus) (Serodio et al., 1996). The heart also appears to exhibit a non

overlapping distribution of these two Kv4 channels; in the rat, Kv4.2 channels are 

highly expressed in the ventricle but not in the atrium, and expression of Kv4.3 

channels is higher in the atrium than in the ventricle (Dixon and McKinnon, 1994; 

Roberds and Tamkun, 1991; Serodio et al., 1996). Kv4.1 channels are a less common
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subtype in brain and heart (Baldwin et al., 1991; Roberds and Tamkun, 1991; Serodio et 

al., 1994). To relate the relevant functional parameters of Kv4 channels to the function 

of the excitable tissues of mammals it should be helpful to compare the structure and 

function of these mammalian Kv4 isoforms with Kv4 channels from more basal taxa.

A few Kv4 (Shal) channels have been cloned from invertebrates, including a jellyfish 

Shal (Jegla and Salkoff, 1997), a fly Shal (Butler et al., 1989), a spiny lobster Shal 

(Baro et al., 1996) and a tunicate Shal (Nakajo et al., 2003). It is presumed that two 

large-scale genomic duplications occurred during vertebrate evolution, after divergence 

from the tunicate lineage (Sidow, 1996), which suggests that the gene complement of 

extant tunicates approximates that of the ancestral chordate. To understand the origin of 

the vertebrate Kv4 channel isoforms, we investigated, in detail, the biophysical 

properties of a Kv4 channel of Ciona intestinalis, a member of the Urochordata 

(Tunicates), which are the first branching clade within the chordates.

Because Kv4 channels are essential for producing the characteristic excitability 

patterns of mammalian cardiac myocytes we chose to isolate Kv4 channel 

orthologues(s) from the heart of Ciona intestinalis. The heart of Ciona intestinalis 

generates relatively complex action potentials (APs) that display three phases of 

repolarization, with an early partial repolarization immediately after the upstroke 

(Kriebel, 1967; Anderson, 1968). This first repolarization is reminiscent of phase I (or 

“notch”) of the vertebrate cardiac AP, which is mediated by the Ito current carried by 

Kv4 channels (Dixon et al., 1996). The tunicate heart is formed by a single layer of 

musculoendothelial cells arranged helically about the long axis (Schulze, 1964). This
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tubular structure is surrounded by a mono-layered pericardium to which it attaches, 

along its length, by connective tissue (Goddard, 1972; Kalk, 1970). Each myocyte has 

an electrically silent extra-luminal side that faces the pericardial fluid, and an 

electrically excitable surface that faces the lumen of the heart. Propagation along the 

luminal face is functionally coupled to contraction (Kriebel, 1973; Weiss and Morad, 

1974). Two pacemakers located at each end of the heart generate APs whose 

repolarization phase lasts ~2 s at 10°C, and propagate at a velocity of ~0.6 tol.2 cm s'1 

(Kriebel, 1967).

We used the genomic database for Ciona intestinalis (http://genome.jgi- 

psf.org/ciona4/ciona4.home.html') and the Rapid Amplification of cDNA Ends (RACE) 

technique to detect and amplify Kv4-type channels from heart cDNA. Our data 

demonstrate that the tunicate heart expresses a Kv4-type channel (CionaKv4). Currents 

mediated by CionaKv4 channels inactivated rapidly when heterologously expressed in 

Xenopus oocytes. Fast inactivation of Kv4 channels differs from fast inactivation of 

Shaker, which occurs by occlusion of the internal side of the pore, in the open state, by 

the first ~20 amino acids of the N-terminus (Hoshi et al., 1990). In Kv4 channels, fast 

inactivation is a multi-exponential process that still occurs in Kv4 channels lacking the 

first ~30 amino acids (Pak et al., 1991). Interestingly, the N-termini of Kv4.1 Kv4.2 

and Kv4.3 channels appear to have different roles in fast inactivation and other 

parameters, and these roles differ between the three subtypes. Whereas deletion of 

amino acids 2-32 of Kv4.1 channels eliminated the early fast component of inactivation 

and slowed activation kinetics (Pak et al., 1991; Jemg and Covarrubias, 1997), deletion
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of the first ~40 amino acids of Kv4.2 slowed, but did not eliminate the early component 

of inactivation, and did not alter activation kinetics (Bahring et al., 2001). To evaluate 

the role of the putative N-terminal inactivation ball of the tunicate Kv4 channel, an N- 

deletion mutant of CionaKv4 lacking amino acids 2-32 was constructed (ntCionaKv4) 

and its biophysical properties were evaluated and compared with those of wild type 

channels.

2.2 Materials and Methods

Tissue extraction.

Specimens of Ciona intestinalis were purchased from the Marine Biology 

Laboratory (MBL, Massachusetts, US) and kept in a seawater aquarium at 12°C until 

used. The heart, enclosed in the pericardium, was excised in DEPC-treated artificial 

seawater whose composition was (mM): NaCl (425), KC1 (9), CaCl2 (9.3), MgS04 

(25.5), MgCl2 (23), HEPES (10). This heart complex was pinned onto a base of Sylgard 

(Dow Coming) in a Petri dish and the pericardium and raphe (connective tissue that 

joins the pericardium to the myocardium) were cut away. The isolated myocardium 

was rinsed in filtered DEPC-treated artificial seawater several times in order to remove 

any remaining blood cells and cellular debris and then frozen at -80°C.
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RT-PCR for Kv4 homologues

Total RNA was extracted from heart tissue (4 to 6 hearts per experiment) using 

the “Totally RNA” kit (Ambion). Single-stranded cDNA was synthesized with AMV- 

RT (Invitrogen) at 42° C for 60 min.

Fragments of cDNA were obtained using a polymerase chain reaction (PCR) 

using primers 1719 and 1723 (Table 2-1) that were designed to bind to regions of a Kv4 

transcript encoded by different exons. Each 50 pi PCR reaction contained: 1 x Opti- 

Prime Buffer (Stratagene) (10 mM Tris*HCI, 1.5 mM MgCl2 25 mM KC1 at pH 8.3),

0.5 unit of Taq polymerase 0.25 mM of each dNTP, 1 pM forward and reverse primer, 

and 1 pL cDNA. PCR temperatures were: 30 s at 94° C, then 30 x (30 s at 94° C, 1 

min. at 55° C and 1 min. at 72° C) followed by 5 min. at 12° C.

Rapid Amplification of cDNA 3’ End (3’-RACE)

The GeneRacer Kit (Invitrogen) was used to perform a 3’-RACE assay.

Briefly, total RNA was extracted from Ciona intestinalis heart tissue and cDNA was 

synthesized using an oligo-dT primer with unique sequence at the 3’ end provided with 

the kit. Each 50 pi 3’-RACE assay contained: 1 x Opti-Prime Buffer (Stratagene) (10 

mM Tris»HCl, 1.5 mM MgCl2 25 mM KC1 at pH 8.3), 0.5 unit of Taq polymerase, 0.25 

mM of each dNTP, 1 pM forward primer and reverse primer and 2 pL cDNA. The 

sense primer (1665, Table 1) bound to an internal sequence of the Kv channel; the anti

sense primer, supplied with the kit, bound to the specific sequence of the oligo-dT 

primer. The temperature conditions were: 30 s at 94° C, followed by 5x (30 s at 94° C,
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30 s at 65° C, 3 min. at 72° C), 25 x (30 s at 94° C, 30 s at 60° C, 3 min. at 72° C) 

followed by 5 min. at 72° C. The RACE products were sequenced with the forward 

primers used in this assay. Next, new forward primers were designed to bind 

downstream within these sequences in nested 3’-RACE assays. Successive nested 

RACE assays were done until the first 3’-RACE assay product was fully sequenced.

Alignment and phylogenetic tree

Amino acid sequences of a set of eighteen representative Kv4 channels from 

vertebrates and invertebrates were aligned with T-Coffee software (Notredame et al., 

2000). Regions that contained extensive gaps were edited out, leaving a data matrix 

that includes the T1 domain and the membrane-spanning core (trans-membrane 

domains SI to S6), giving a total of 405 characters. MrBayes (Huelsenbeck and 

Ronquist, 2001) was used to determine the phylogenetic relationships of the channel 

sequences. The default parameters for protein sequences were used. A total of 200,000 

cycles were run; the topology and branch length of every 100th tree was saved. The 

Bayesian maximum likelihood tree was obtained by taking a consensus of the collected 

trees after a 101 tree burn-in. The nodes on the tree are labeled with the posterior 

probability for each node; nodes with a probability of one were left unlabelled. The tree 

was visualized using Treeview (Page, 1996).

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



41

Cloning of full-length cDNA of CionaK\4

The full-length open reading frame for CionaKv4 was amplified with sense 

primers containing the start codon and a Kozak consensus site (a sequence that 

enhances transcription) for the 5’ end, and anti-sense primers designed to bind 

downstream of the translational termination codon (1729 and 1795, Table 1). Primers 

also contained restriction sites to allow directional insertion of the PCR products into 

pXT7 (Dominguez et al., 1995). Each 50 pL PCR reaction contained: 1 x Opti-Prime 

Buffer (Stratagene) (10 mM Tris»HCl, 1.5 mM MgCl2j25 mM KC1 at pH 8.3), 0.5 unit 

of Taq polymerase, 1 unit of Pfu, 0.2 mM of each dNTP, 1 pM forward primer (1719) 

and reverse primer (1795, Table 1) and 2 pL cDNA, The temperatures were: 30 s at 94° 

C, 25 x (30 s at 94° C, 30 s at 60° C, 3 min. at 12° C) followed by 5 min. at 72° C. The 

resulting PCR products were then digested with appropriate restriction enzymes, ligated 

with appropriately digested pXT7 plasmid and transformed into E. coli. Clones were 

sequenced to verify that no mutation had been introduced by PCR. This construct was 

linearized with Sail and cRNA was synthesized using the T7 mMessage mMachine kit 

(Ambion).

Construction of an N-truncation mutant (ntCionaK\4) of CionaK\4

To generate a mutant channel lacking amino acids 2-32 of the N-terminus 

domain, a diluted aliquot of the CionaKv4 clone was amplified by PCR. The 

composition of the PCR reactions and the temperature conditions were as described in 

the previous section. The forward primer (1809, Table 1) was designed to bind to the
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CionaKv4 clone starting from nucleotide 97. A start codon, Kozak consensus sequence 

and an Xhol site were added to this primer. The reverse primer (1795, Table 1) was the 

same as used for the full-length clone. These PCR products were inserted into pXT7 

and transformed into E. coli. Clones were sequenced to verify the deletion and to check 

that the undeleted sequence had no mutations introduced by PCR.

Oocyte preparation

Oocytes from Xenopus laevis were surgically removed and dissociated using 2 

mg/ml collagenase 1A (Sigma) in a solution containing (mM): NaCl (96), KC1 (4), 

MgCl2 (20) and HEPES (5), pH 7.4. Oocytes were incubated at 18 C in culture 

medium containing (mM): NaCl (96), KC1 (2), MgCl2 (1), CaCl2 (1.8), HEPES (5), Na- 

pyruvate (2.5), pH 7.4 with 100 mg/1 gentamycin and 3% horse serum (Gibco BRL). 24 

or 48 hours following oocyte isolation, ~16 ng of CionaKv4 or ~8 ng of ntCionaKv4 

cRNA were injected into each Xenopus oocyte. Immediately prior to each experiment 

the vitelline membrane was manually removed after treatment in a hyperosmotic 

solution containing (mM): NaCl (96), KC1 (2), MgCl2 (20), HEPES (5) and mannitol 

(400), at pH 7.4.

Voltage-clamp recordings

All recordings were made from cell-attached macro-patches (Hamill et al.,

1981). The pipettes contained ND96 solution, with the following composition (mM): 

NaCl (96), KC1 (2), MgCl2 (1), CaCl2 (1.8) and HEPES (5), at pH 7.4. During the

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



43

recordings, oocytes were bathed in a grounded, isopotential solution thereby ensuring 

that the potential applied by the recording pipette would be the true membrane potential 

for the macro-patch. This bath solution contained (mM): NaCl (9.6), KC1 (88), EGTA 

(11), HEPES (5), pH 7.4. Patch pipettes were pulled from aluminosilicate glass, and 

were coated with dental wax, and fire-polished before each experiment. Only pipettes 

that had resistances between 0.7 and 1.4 MQ were used. Membrane seals were obtained 

by applying negative pressure. Voltage-clamp and data acquisition were carried out 

with an EPC-9 patch-clamp amplifier (HEKA, Lambrecht, Germany) controlled with 

PULSE software (HEKA) running on a Power Macintosh G4 computer. Data were 

acquired at sampling intervals of 50 [xs and low-pass filtered at 5 kHz during 

acquisition. Bath temperature was maintained at 12 ± 0.2° C with a Peltier device 

controlled by an HCC-100A temperature controller (Dagan, Minneapolis, MN, USA). 

The holding potential was set at -100 mV and leak subtraction was performed with a 

P/4 protocol. PulseFit (HEKA), Igor Pro (Wavemetrics, Lake Oswego, OR, USA) and 

Instat (GraphPad Software, San Diego, CA, USA) software were used for analyses and 

graphing. Conductances were calculated using the equation gK= Ipeak /  (V -E K), where 

gK is the potassium conductance, Ipeak is the peak amplitude of the K+ current to a test

pulse, V is the voltage at which the current was measured, and EK is the measured 

potassium equilibrium potential. Conductance-voltage relationships and steady-state 

inactivation curves were fitted in Igor Pro by a sigmoid (Boltzmann) distribution of the 

form:
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f  (V ) =  G max/{ 1  +  e x p [ (V 0 5 - V )  /  k ] } n, where G max is the maximal conductance,

V is the voltage of the depolarizing pulse (for activation) or the prepulse voltage (for 

inactivation), and k is the slope factor. For a first order Boltzmann (n = 1), used to fit 

conductance-voltage relationships and steady-state inactivation curves, V 0 5 is the 

voltage at which activation or inactivation is half maximal. For a fourth order 

Boltzmann (n=4), used to fit conductance-voltage relationships only, V 0 5 gives an 

estimate for the midpoint voltage of activation for each subunit. Time constants of 

activation were obtained from a fit of the rising phase of the currents to the Hodgkin- 

Huxley model of the form: I(t) =  Imax { 1 -  e x p [- t /x ]} n where Imax is the maximum

current obtained in the absence of inactivation, X is the activation time constant and n =

4. An exponential function was used to fit the relationship between time constant of 

activation and voltage, in order to estimate the voltage necessary to increase the current 

amplitude by a factor of e. To study the decay of the current as a function of time, 

decaying phases of the outward currents evoked by test pulses between +30 mV and 

+80 mV were fitted to the equation: I (t) =  I0 +  Ij e x p  ( - t /t j )  + I2 exp (-t/x2), w h ere  

Xj and  x 2 represent the fast and the slow time constants of inactivation, respectively, h

and I2 represent the relative contribution of each component to inactivation, and I0 is the 

offset. The voltage dependence of steady-state inactivation was determined by 

measuring the peak current evoked with a depolarizing pulse to +50 mV as a function of 

the voltage of a preceding 10 s prepulse test (between -130 and -30 mV). To
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investigate the kinetics of channel closing, tail currents were evoked at several 

membrane potentials, from -160 to -40 mV, applied after a brief (10-15 ms) 

depolarizing pulse to +50 mV. Tail currents obtained with pulses from -160 to -100 

mV were used for analyses.

Statistical analyses

Statistical comparisons were carried out using the Student t test, or the 

alternative Welch t test when there were significant differences between the standard 

deviations of the two groups. Data are represented as the mean ± SEM, and n is the 

number of macro-patches. One macro-patch per oocyte was used in the analyses, in 

order to account for experimental variability.

2.3 Results

Cloning of a Kv4 channel from the heart of Ciona intestinalis

A search of the C. intestinalis genomic database (release version 1.0) at 

http://genome.jgi-psf.org/ciona4/ciona4.home.html for Kv4 channel genes using the 

sequences of several vertebrate homologues suggested that there is only one Kv4 

channel gene, which was located in scaffold 168. An alignment of this Ciona channel 

with mammalian Kv4 channels suggested the positions of the exon/intron boundaries 

for the first 1400 bp (Fig. 2-1A). To detect expression of this Kv4-like channel, the 

sequences of the predicted first and second exons were used to design primers (1719
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and 1723, Table 2-1) to amplify part of the transcript from heart cDNA. Figure 2-IB 

shows the products of this PCR run on an agarose gel. Their sequence was identical to 

the predicted section of scaffold 168. Prior to cloning the open reading frame (ORF) it 

was necessary to amplify the 3’ end of the Kv4 transcript using a 3’-RACE assay (Fig. 

2-2) because the alignment between the 3’-end of vertebrate Kv4 channels and scaffold 

168 (Fig. 2-1 A) did not reveal the location of the stop codon. Since the first methionine 

codon in the predicted ORF agreed with the start codon of all other Kv4 channels, a 5 ’- 

RACE assay was unnecessary and the predicted exon regions within the first 1400 bp 

were used to design primers to amplify the 5 ’ end. The DNA fragments amplified by 

PCR (5’-end) or RACE (3’-end) were sequenced on both strands and assembled. 

Primers containing the start and stop codon were designed and used to amplify the ORF 

of CionaKwA (1729 and 1795, Table 2-1), which was inserted and maintained in pXT7.
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A
(C. intestinalis genom e) 

n t #  190472 n t #204626
. i ... i.- .  — i - -  ! '.1 i  : I-------- L 1-------- j

a a # l  (ra t Kv4.2) “ #489

I Kb heart
ladder cD NA  control

Figure 2-1. The heart of the tunicate Ciona intestinalis expresses a Kv4-like channel. 
A, Alignment of the deduced amino acid sequence of rat Kv4.2 (accession number 
Q9Z0V2) and scaffold 168 of the Ciona intestinalis genome database (release version 
1.0). B, RT-PCR products amplified from a transcript for a Kv4-like channel using 
cDNA from the heart of C. intestinalis, and forward and reverse primers designed to 
bind to the sequences predicted as the first and second exons in A. Expected 
size of this fragment was ~1100 bp. No cDNA was added to the control reaction.
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I Kb heart
ladder cD N A  control

1.5 Kb

Figure 2-2. Amplification of the 3’ end of a Kv4 transcript from the heart of Ciona 
intestinalis. Products of a 3 ’-RACE assay corresponding to the 3’ end of the transcript 
of a Kv4-like channel, using cDNA from the heart of C. intestinalis. The size of this 3’ 
transcript was ~1500 bp. No cDNA was added to the control reaction.
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Table 2-1. Sequences of the primers used to amplify part or the full transcript for 
CionaKv4 from cDNA of the heart of C. intestinalis. F is the forward primer and 
R the reverse primer in a pair.

P rim er # P rim er se q u e n c e

1665 (F) 5 ' - G A C G G A T C T A C A G C C A A A A T C A A A G A C A - 3 '

1719(F) 5 ' - A T G G C A A C A G C A G T A G C A G C T T G G - 3 '

1723 (R) 5 ' - G C T G C C G G T A T G C T C G T G A A T G T A G T -  3 '

1729 (F) 5 ' - G G C T C G A G G C C G C C A C C A T G G C A A C A G C A G T A G C - 3 '

1795 (R) 5 ' - G G C C T A G G C A A A G T C C C G C C G C T A C A G T G A G - 3 '

1809 (F) 5 ' - G G C T C G A G G C C G C C A C C A T G A A C C G A C G T A A A A C A A A A G A C - 3 '
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Genomic structure and amino acid sequence analyses of CionaK\4

The nucleotide sequence of CionaKv4 (ORF and 3’-untranslated region) is 

deposited in GenBank (accession number AY5144872). An alignment between the 

sequences of the transcript of CionaKv4 and its gene in the genomic database (scaffold 

168) showed ~96% identity between their nucleotide sequences. This alignment was 

used to deduce the exon/intron boundaries of the gene for CionaKv4 (Fig. 2-3).

CionaKw4 is encoded in ~17.8 Kb, of which 2.4 Kb encode the ORF. The first 

exon encodes the first amino acids of the N-terminus. The second exon, 1070 bp in 

length, codes for most of the channel protein, including the T1 domain, transmembrane 

domains S1-S5, and the first part of the pore domain. The second intron interrupts the 

sequence of the K+ selectivity filter motif (GYG), since the last bp of the second exon 

and the first two bp of the third exon encode the first G of this motif. The second part 

of the pore region and the S6  transmembrane domain are encoded by exon 3. The last 

exon, which codes for most of the C-terminus of CionaKv4, contains the stop codon 

(TAG) and most of the 3’-UTR sequence.

Figure 2-4 shows an alignment between the predicted amino acid sequences of 

CionaKv4 and selected mammalian and invertebrate Kv4 channels. The six trans

membrane domains (S1-S6), the pore region, and the first ~23 amino acids of the N- 

terminus of all Kv4 channels show high sequence similarity. The C-terminal motif 

PTPP located ~30 amino acids upstream the C-termini of mammalian Kv4 channels

2
The published GenBank script for CionaKyA is shown in Appendix A.
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Figure 2-3. Exon/intron structure of the CionaKv4 gene. Diagram showing the organization of the CionaK\4 
gene based on an alignment between the transcript sequence for CionaKy4 and scaffold 168 of the genomic 
database for C. intestinalis (Release Version 1.0). Exons are shown as boxes and numbered in Arabic numerals 
(from 0 to 6 ). Introns are shown as solid lines and numbered in Roman numerals (from I to VI). Approximate 
intron sizes (in bp) are indicated above the introns. Exon sizes (in bp) are indicated below the boxes. Sizes are 
drawn approximately to scale. The 3 ’-UTR region is represented by a box shaded in grey. The box representing 
the 5’-UTR region is delimited with a discontinuous line to indicate that the sequence of this region was not 
determined in this study.
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(Petrecca et al., 2000), was not found in CionaKvA, although CionaKv4 shares the first 

residue of this motif (P) and the preceding residue (I) with all mammalian Kv4 channels 

(residues 651-652 in CionaKv4, Fig. 2-4). The conserved di-leucine motif, which 

consists of sixteen amino acids that spans positions 474-489 and is involved in the 

targeting of membrane proteins (Rivera et al., 2003) was also found in CionaKv4 (Fig. 

2-4).

The C-terminal domain of CionaKv4 and the N-terminus contained, 

respectively, two and one putative sites for phosphorylation by cAMP-dependent 

protein kinase A (PKA). Additionally, the N-terminus of CionaK\4 contained four 

sites for phosphorylation by protein kinase C (PKC); another four putative sites for 

PKC phosphorylation were found in the C-terminus; and another such site was found in 

the intracellular loop between membrane-spanning domains S4 and S5 (Fig. 2-4).

In the phylogenetic tree shown in Figure 2-5, rooting with the cnidarian Kv4 

sequences resolves the arthropod and chordate Kv4 channels into sister groups. 

CionaKvA and TuKv4, a Kv4 channel cloned from the tunicate Halocynthia roretzi 

(Nakajo et al., 2003), form a single clade, as would be expected. This tunicate clade in 

turn is the sister group to the clade containing the Kv4.1, Kv4.2 and Kv4.3 paralogs 

from vertebrates, indicating that the duplication and divergence that gave rise to the 

three vertebrate Kv4 channels occurred after the divergence of the vertebrate lineage 

from the tunicate lineage.
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Figure 2-4. Alignment and sequence comparison of Kv4 channels from diverse 

metazoans. Alignment of the deduced amino acid sequence of the three mammalian Kv4 

isoforms (Kv4.1, Kv4.2 and Kv4.3), their tunicate homologues (CionaKvA and TuKv4), 

lobster Shal (lShal) and jellyfish Shal (jShal). T-Coffee software (Notredame et al., 2000) 

was used to align these sequences, with the following accession numbers: CionaKv4, 

AAS00646; TuKv4 (from Halocynthia roretzi), BAC53863; Kv4.1, 27436981; Kv4.2, 

9790093; Kv4.3, 6653655; lShal, AAA81592; jShal, AAB39750. Residues that are 

identical for at least four of the seven channels are shown in reverse lettering (white on 

black). Membrane spanning domains S1-S6, the pore region and the N-terminus are 

underlined. Arrowheads indicate exon/intron boundaries for CionaKvA only. Putative 

phosphorylation sites for cAMP-dependent protein kinase (PKA) and protein kinase C 

(PKC) are indicated with filled circles and open circles, respectively.
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Figure 2-5. Phylogenetic relationships of Kv4 channels from different species. Two 

cnidarian Kv4 channels were used as an out-group to polarize the relationships of the 

other channels. The two arthropod channels group together as a sister group to the 

chordate channels. The two tunicate channels, from Halocynthia roretzi and Ciona 

intestinalis, group together and are basal to the clade containing all three paralogs of the 

vertebrates. All of the vertebrate channels group within one of three paralog clades, 

indicating that the three vertebrate Kv4 paralogs were present in the common ancestor 

of all vertebrates, but not in the common ancestor of vertebrates and tunicates. The scale 

bar represents a divergence equivalent to an average of a 1 0 % change in amino acids. 

Numbers above or below the lines indicate Bayesian posterior probability calculated by 

the MrBayes program; unlabelled nodes have a posterior probability of 1. Accession 

numbers of the protein sequences are indicated in parentheses.
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Activation parameters of the currents produced by CionaK\4  and an N-deletion 

mutant (ntCionaKv4)

CionaKv4 and an N-terminus deletion mutant (ntCionaK\4) that lacked amino 

acids 2-32 were heterologously expressed in Xenopus oocytes. Macroscopic currents 

were recorded using the macro-patch technique 2 to 5 days after mRNA injection. 

Biophysical parameters of the expressed channels are summarized in Table 2-2.

To activate macroscopic currents, test pulses of 500 ms ranging from -100 to 

+80 mV were delivered in 10 mV increments from a holding potential o f -100 mV. 

Currents from oocytes expressing CionaKv4 channels yielded A-type currents that 

showed relatively fast activation and inactivation (Fig 2-6A). Currents produced by 

oocytes expressing the N-deletion mutant (ntCionaKv4) inactivated significantly more 

slowly than currents produced by oocytes expressing wild type channels (Fig. 2-6B). 

Peak amplitudes of ntCionaKv4 currents were ~ 50 % greater than those produced by 

wild type channels (Fig. 2-7A). For instance, average peak currents produced by 

CionaKv4 and ntCionaKv4 during a pulse to +50 mV were 207 ± 27 pA and 307 ± 33 

pA respectively (n = 16, p < 0.05, Welch t test). The sigmoid rising phase of the 

macroscopic currents were fitted with a Hodgkin-Huxley related equation. The time 

constants of activation (Tact) during a test pulse to +50 mV were 3.4 ± 0.2 ms (n = 11)

for CionaKv4 and 3.2 + 0.3 ms (n = 12) for ntCionaK\4 (Fig. 2-7B).
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0.1 nA

C/onoKv4

+80 mV

-100 mV

0.5 nA

Figure 2-6. Currents produced by CionaKwA and an N-terminal deletion mutant 
(ntCze>naKv4). A, Representative family of outward currents recorded from Xenopus 
oocytes expressing CionaKv4 channels. B, Representative family of outward currents 
recorded from Xenopus oocytes expressing ntCzonaKv4 channels. Recordings were 
made using the macro-patch technique. Currents were evoked by depolarizing the 
macro-patches for 0.5 s. from a holding potential of -100 mV from -lOOmV to +80mV 
in 10 mV steps. The baseline 5 ms immediately before and immediately after the 
depolarization pulses was saved, and tail currents are therefore not shown.
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The kinetics of activation was unaltered by N-terminal deletion (p > 0.05 

Student t test). Solid lines in Figure 2-7B represent single exponential fits to the 

relationships between Tact and voltage. The voltage-dependence of activation kinetics

was similar for CionaKv4 and ntCionaKv4 channels, increasing by a factor of e for 

every 26 or 29 mV of voltage change, respectively. Conductance-voltage relationships 

for wild type and mutant channels are shown in Figure 2-7C. The subunit V0.5 (p. 44) 

from the fourth order Boltzmann fits to relationships between normalized peak 

conductance and test voltage gives an estimate of the voltage at which channels begin to 

activate. These voltages were -27 ± 2 mV (n = 16) for CionaKv4 and —36 ± 1 mV (n = 

16) for ntC/o«aKv4 (p < 0.0001, Student t test). Conductance at these voltages 

represented approx. 7% of the maximal conductance. The slope of activation for each 

subunit were 31 ± 2 mV/e-fold (n = 16) for CionaKv4, and 28 ± 1 mV/e-fold (n = 16) 

for ntCionaKv4 (p = 0.05, Welch t test).

For easy comparison with other studies, I also performed first order Boltzmann 

fits to these relationships (normalized peak conductance versus voltage). These had 

significantly different midpoints of activation ( V 0 . 5 )  of 20 ± 2 mV (n = 16) for 

CionaKv4 and 8 ± 2 mV (n = 16) for ntC/o«aKv4 channels (p < 0.0001, Student t test). 

The slopes for these curves were 22 ± 1 mV/e-fold and 20 + 1 mV/e-fold, respectively 

(p > 0.05, Welch t test). Solid curves in Figure 2-7C correspond to first order 

Boltzmann fits.
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Figure 2-7. Activation properties of currents mediated by CionaKv4 and an N-terminal 

deletion mutant (ntCz'o«aKv4). A, Averaged peak current-voltage relationships for 

CionaKvA and ntC7o«aKv4. B, Relationships between time constant of macroscopic 

activation (T activation) and voltage for CionaKv4 (filled circles) and ntCz'o«aKv4

(open circles). Time constant of activation values were derived from Hodgkin-Huxley 

fits to the rising phase of macroscopic outward currents during test pulses between -20 

mV and +80 mV from a holding potential o f -100 mV. Solid curves represent single 

exponential fits to these relationships. C, Normalized peak conductance-voltage 

relationships for CionaKv4 (filled circles) and ntCionaK.v4 (open circles). Solid curves 

represent first order Boltzmann fits of the averaged data. Data represent mean ± SEM 

(n = 16 in all cases)
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Inactivation parameters of CionaKwA and an N-deletion mutant (ntC«waKv4) 

currents

The decay phase of the outward currents obtained with test pulses between +20 

mV and +80 mV was well fitted by a double exponential function with fast (X i) and 

slow (T2) time constants of inactivation. Macroscopic currents produced by CionaKv4

and ntC7o«aKv4 channels in response to a depolarizing pulse to +50 mV from a holding 

potential o f -100 mV are superimposed in Figure 2-8A to highlight the differences in 

their inactivation kinetics. Double exponential fits are shown as solid lines. The time 

constants and relative contribution of fast and slow inactivation components differed 

significantly between the two channels. For instance, during a pulse to +50 mV from a 

holding potential o f -100 mV, the fast component of inactivation was significantly 

more rapid in wild type (~26 ms) than in mutated channels (-56 ms) (p < 0.001, Welch t 

test). Moreover, fast inactivation contributed more to current decay in the wild type 

channel than in the N-deletion mutant (-82% vs -49%  respectively). The slow 

inactivation time constant in wild type channels was around 147 ms and accounted for 

-18%  of the current decay, whereas in ntCionaKv4 the time constant of the slow 

inactivation component was -380 ms and contributed to -51%  of the total decay. The 

differences between CionaK\4 and ntCionaKv4 regarding the slow component of 

inactivation were also statistically significant (p < 0.01, Welch t test). Figure 2-8B 

compares Tj and T2 values for CionaKv4 and ntCionaKv4 currents evoked by

depolarizing pulses between +20 and +80 mV, showing that truncation of the N-
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terminus of CionaKvA significantly increased time constants for the fast and slow 

components of inactivation at each voltage. Fast and slow time constants of 

inactivation were voltage independent (for voltages between +20 mV and +80 mV) for 

both channels. To analyze steady-state inactivation, oocyte macro-patches were held 

for 10 s at voltages ranging from -150 to +30 mV and then depolarized to a test pulse of 

+50 mV for 500 ms. Figure 2-9A shows the mean normalized peak currents plotted as a 

function of prepulse potentials. These relationships were well fitted by a first order 

Boltzmann distribution, with midpoints of inactivation (V0.5) o f -72 ± 2 mV (n = 7) for 

CionaKvA and -73 ± 2 mV (n = 7) for atCionaKvA. The difference between the 

midpoints of inactivation was not statistically significant (p > 0.05, Student t test), 

suggesting that the N-terminus of CionaJLvA does not contribute to steady-state 

inactivation properties. Similarly the slopes of these curves were not significantly 

different (p > 0.05, Student t test): 3.6 ± 0.2 mV/e-fold (n = 7) for CionaKvA and 3.7 ± 

0.2 mV/e-fold (n = 7) for ntCionaKvA.

A double-pulse protocol was used to assess the rate of recovery from 

inactivation at -100 mV. Briefly, a first test pulse to +50 mV lasting for 1 s. was 

separated by a recovery pulse to -100 mV of increasing duration (50-2000 ms) from a 

second pulse to +50 mV. The currents evoked by the second pulse of a double-pulse 

protocol were normalized to the currents produced by the first pulse and plotted against 

the duration of the interpulse interval. The kinetics of recovery from inactivation were 

plotted as the amplitude of the current evoked by the second pulse relative to the current
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Figure 2-8. Inactivation kinetics of currents mediated by CionaKv4 and an 
N-terminal deletion mutant (ntC/onaKv4). A, Comparison of macroscopic currents 
produced by CionaKv4 and ntCionaKv4 channels in response to a pulse to +50 mV 
from a holding potential of -100 mV. Currents are normalized to peak for comparsion. 
B, Relationships between time constants of inactivation (x inactivation) and voltage. 
Fast ( ij)  and slow (X2) inactivation time constants were obtained from double 
exponential fits to currents during test pulses between +20 mV and +80 mV from a 
holding potential of -100 mV. Data represent mean ± SEM.
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Figure 2-9. Inactivation properties of currents mediated by CionaKv4 and an 
N-terminal deletion mutant (ntCionaKv4). A, Voltage-dependence of steady-state 
inactivation for CionaKv4 (filled circles) or ntCionaKv4 (open circles), plotted as 
the relationship between normalized peak current during a pulse to +50 mV and the 
voltages of the conditioning prepulses (from -130 mV to -30 mV). Solid curves 
represent Boltzmann fits of the averaged data. B, Inactivation recovery kinetics at 
-100 mV for CionaKv4 (filled circles) or ntCionaKv4 (open circles). Solid curves 
represent fits of the averaged data to a single exponential function. Data represent 
mean ± SEM.
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evoked by the first pulse as a function of the duration of the recovery interval. This 

relationship was well fitted by a single exponential function with recovery time 

constants from inactivation (Trec) of 387 ± 47 ms (n = 7) for CionaKv4 and 331 ± 50 ms

(n = 8) for ntCio«aKv4 (p > 0.05, Student t test, Fig. 2-9B).

Deactivation parameters of CionaK\4  and an N-deletion mutant (ntCionaKv4) 

currents

To investigate the kinetics of channel closing of both CionaKv4 and 

ntCionaKv4, tail currents were evoked at membrane potentials ranging from -160 to 

—40 mV, after a brief (10-15 ms) depolarizing pulse to +50 mV (Fig. 2-10A,B). The 

decay of tail currents during pulses ranging from -160 to -100 mV were well fitted by 

single exponential functions from which deactivation time constants were obtained 

(Tdeact)- For example, during a pulse to -130 mV, currents produced by CionaKv4 and

ntCionaKv4 deactivated with time constants of 4.8 ± 0.3 ms (n = 10) and 7.2 ± 0.8 ms 

(n=12) respectively, which were significantly different (p < 0.05, Welch t test, Fig. 2- 

10C). These data suggest that the N-terminus of CionaKv4 has a role in accelerating 

deactivation in CionaKv4.
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Figure 2-10. Comparison between open-state deactivation properties of CionaKv4 and 

an N-terminal deletion mutant (ntCionaKv4). A, Representative set of tail currents from 

CionaKv4. B, Representative set of tail currents from ntCionaKv4. Tail currents were 

evoked by repolarizing pulses to potentials between -160 mV and -40 mV following a 

pulse to +50 mV. The length of the depolarizing pulse (between 10 and 15 ms) was 

adjusted each time to activate a maximum number of channels just prior to reaching 

peak amplitude. C, Relationships between time constant of deactivation (T

deactivation) and voltage for CionaKv4 (filled circles) and ntCionaKv4 (open circles). 

Time constants of deactivation were obtained from single exponential fits to the inward 

tail currents during test potentials between -160 and -100 mV. Data represent mean ± 

SEM.
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T able 2-2. Biophysical parameters of currents produced by CionaKv4 
and an N-terminus deletion mutant (ntCionaKv4) expressed in Xenopus 
oocytes. Number of replicates is indicated in parentheses.

Channel

Biophysical parameter C/onoKv4 ntCionoKv4

Ipeak in pA at +50 mV 207 ±27 (16) 307 ± 33 (I6)b

Tact in ms at +50 mV 3.4 ±0.2 (II) 3.2 ±0.3 (12)

Inactivation in ms a t + 5 0  mV

T l 26 ± 2
a

56 ± 6

Ai 82% 49%

T2 147± 26 381 ± 5 0 °

A2 18% 51%

Tree in ms at -100 mV 387 ± 47 (7) 331 ±50 (8)

Tdeact in ms at -130 mV 4.8 ±0.3 (10) 7.2 ± 0.8 (12)fa

Steady-state activation*

Vo.5 (mV) +20 ± 2  (16) +8 ± 2  (16)°

k (mV / e-fold) 22 ± 1 (16) 20 ± 1 (16)

Steady-state inactivation

Vo.5 (mV) -72 ± 2 (7) -73 ± 2 (7)

k (mV / e-fold) 3.6 ± 0.2 (7) 3.7 ± 0.2 (7)
a

significantly different from C/onaKv4 with p < 0.01 

k significantly different from C/onoKv4 with 0 .0 1 < p < 0.05 

*  calculated from first o rd e r Boltzmann fits
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2.4 Discussion

In this study, we used a molecular approach to detect and characterize a Kv4- 

type channel expressed in the heart of the tunicate Ciona intestinalis. Using PCR and 

the 3’-RACE assay, we obtained the sequence of the ORF and the 3 ’-UTR of the 

transcript for CionaKv4. We determined the structure of the CionaKvA gene by 

aligning the sequence of its transcript with the genomic database for this species. We 

cloned CionaK.\A and an N-deletion mutant (ntC/o«aKv4) that lacked amino acids 2-32 

and analyzed the functional properties of their expressed channels in Xenopus oocytes.

Comparing the genomic structure of CionaKvA with mammalian Kv4 channels

The genomic structure of CionaKvA (Fig. 2-3) was similar to the genomic 

structures of the three mammalian Kv4 channel genes, which have been previously 

characterized (Isbrandt et al., 2000). Interestingly, the CionaKvA gene contains an 

additional intron that partitions the codons for the first seventeen amino acids onto an 

additional exon. For comparison, exons 2-7 of CionaKvA were numbered 1-6 because 

the relative sizes of exons 2-7 correspond to exons 1-6 of mammalian Kv4 channels. 

The exon that encodes the first seventeen amino acids o f CionaKvA is referred to as 

“exon 0” and is located ~8 Kb upstream of exon 1 (Fig. 2-3). As in mammalian Kv4 

channel genes, exon 1 of CionaKvA encodes the transmembrane domains S1-S5 and the 

first part of the pore domain of CionaKvA, exon 2 encodes the second part of the pore 

and transmembrane domain S6, and exons 3-6 encode the C-terminus. The intron
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between exons 1 and 2 in CionaKvA interrupts the coding sequence of the K+ selectivity 

sequence GYG at exactly the same position as the equivalent intron of mammalian Kv4 

genes. The sixth exon of CionaKvA is larger in this gene than in its mammalian 

counterparts, encoding a comparatively longer C-terminus.

Comparing CionaKvA currents with other Kv4 currents

CionaKvA produced A-type currents that activated and inactivated with 

relatively rapid kinetics. The decay phase of these currents was best fitted with a 

double exponential function (Fig. 2-7A). The relative contribution of the fast 

inactivation component (~82%) was comparable to that of lobster Shal (Baro et al., 

1996), Kv4.2 (Bahring et al., 2001) and Kv4.3 (Wang et al., 2002), but was significantly 

greater than the <20% for Kv4.1 channels (Jemg and Covarrubias, 1997). The midpoint 

of activation of CionaKvA, ~ +20 mV (Fig. 2-7C), is considerably depolarized with 

respect to other Kv4 channels (Table 2-3). The midpoint of activation of the Kv4 

channel cloned from another tunicate (Halocynthia) was significantly left-shifted with 

respect to CionaKvA, as measured from Figure 2 of Nakajo et al. (2003) (Table 2-3). 

Perhaps the basis for this relatively depolarized midpoint of activation lies in 

differences in domains other than the positively charged S4 membrane-spanning 

segment, such as S1-S3 (Papazian et al., 1995) or T1 (Minor et al., 2000), because the 

S4 domain of CionaKvA, a major domain involved in activation gating (Papazian et al., 

1991), is identical to that of other Kv4 channels (Fig. 2-4). Alternatively, perhaps the 

unique phosphorylation sites of CionaKvA (e.g. PKA site at position 37, Fig. 2-4) are
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responsible for the rightward shift of its activation midpoint, because phosphorylation 

of Kv4 channels is known to alter their gating properties (e.g. Martel et al., 1998).

Although most Kv4 channels share two arginine residues located after the S6 

domain (R429 and R432 in CionaKvA, Fig. 2-4) that are crucial in determining the 

midpoint of inactivation in vertebrate Kv4 channels (Hatano et al., 2004), their 

midpoints of inactivation are different. The midpoint of inactivation of CionaKvA (~ - 

72 mV), which differed slightly from that of the Halocynthia Kv4 channel (~ -80 mV, 

Nakajo et al., 2003), was similar to that of two arthropod Shal channels and Kv4.1 

channels, and more hyperpolarized than the inactivation midpoint of Kv4.2 and Kv4.3 

channels (Table 2-3). Interestingly, the jellyfish Shal, whose midpoint of inactivation is 

around -106 mV (Jegla and Salkoff, 1997) contains only one of these two arginines 

(Fig. 2-4).

Activation time constants of CionaKvA currents were ~ 3.4 ms at +50 mV with 

the temperature held at 12° C. Lower values, between -0.7-1.7 ms at room temperature, 

have been reported for mammalian Kv4 channels (Bahring et al., 2001; Franqueza et al., 

1999). However, the fast inactivation time constant of CionaKvA at 12° C was about 26 

ms, similar to lobster Shal (-31 ms at 16° C, Baro et al., 1996) and mammalian Shal 

(-23 ms at 22-23° C; Pak et al., 1991), which suggests that inactivation kinetics of Kv4 

channels are less constrained by temperature than activation kinetics.
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Table 2-3. Comparison between the midpoints of steady-state activation 
and inactivation of invertebrate, tunicate and mammalian Kv4 channels.

Kv4 subtype
Activation 

Vo.5 (mV)

Inactivation 

Vo.5 (mV) Source

Jellyfish Shal -39 -106 Jegla and Salkoff (1997)

Lobster Shal -40 -71 Baro e t al. (1996)

Fly Shal -36 -66 Baro et al. (1996)

TuKv4 ~ -20 -80 Nakajo e t al. (2003)

C/onaKv4 +20 -72 This paper

Mouse Kv4.1 -8 -69 Pak e t al. (1991)

Rat Kv4.2 -1 -55 Blair e t al. (1991)

Human Kv4.3 -13 -50 Dilks e t al. (1999)
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CionaKvA channels required ~ Is to fully recover from inactivation at -100 mV, 

with a recovery time constant o f -387 ms (Fig. 2-9B). Similar values have been 

reported for jellyfish and fly Shal (Jegla and Salkoff, 1997) and Kv4.2 (Serodio et al., 

1994) for the same membrane potential. Kv4.1 channels recover fully from inactivation 

within 300-400 ms at -lOOmV (Serodio et al., 1994), while Kv4.3 channels recover 

from inactivation relatively rapidly, with recovery time constants of less than 200 ms, 

also at -100 mV (Dixon et al., 1996). In conclusion, invertebrate Kv4 channels, 

including CionaKvA, exhibit lower rates of recovery from inactivation than the 

mammalian Kv4.1 and Kv4.3 channel subtypes, suggesting that relatively slow kinetics 

of recovery is a primitive feature o f Kv4 channels.

Role of the N-terminus of CionaKvA

The first N-terminal amino acids of CionaKvA are likely involved in regulating 

membrane expression, since deletion of these residues resulted in increased current 

amplitude relative to wild type channels when expressed in Xenopus oocytes (Fig. 2- 

7A). This result mimicked the effect of deleting a similar fragment from mammalian 

Kv4 channels (Bahring et al., 2001; Shibata et al., 2003). It has been shown that the 

hydrophobicity of most of the first -30  amino acids of Kv4 channels impedes the 

trafficking of these channels to the membrane (Shibata et al., 2003).

Deletion of amino acids 2-32 of CionaKvA slowed the fast component of 

inactivation by ~2-fold (Fig 2-8A,B), slowed deactivation kinetics (Fig. 2-10) and did 

not affect activation kinetics (Fig. 2-7). This suggests that the role of the N-terminus of

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



75

CionaKv4 in inactivation is comparable to the role of the N-terminus of Kv4.2 channels 

because deleting the first 40 amino acids of Kv4.2 channels had similar effects (Bahring 

et al., 2001). In addition, the N-terminus of CionaKv4 also contributes to the voltage- 

dependence of activation, since deletion of this domain resulted in a significant shift of 

the activation midpoint by about 12 mV in the hyperpolarizing direction relative to wild 

type channels (Fig. 2-7C).

In summary, the N-terminus of CionaK.v4 contributes to several biophysical 

parameters in a similar fashion as the N-terminus of Kv4.2 channels (Bahring et al., 

2001) but differs from the role of the N-terminus of Kv4.1 channels, since in the latter, 

deletion of this domain results in currents that activate with slower kinetics with respect 

with wild type channels and in a complete removal of the earlier fast component of 

inactivation (Pak et al., 1991; Jemg and Covarrubias, 1997).

Implications for the evolution of Kv4 channels

CionaKv4 is the only gene for Kv4 channels in the genome of C. intestinalis. 

Together with the basal position of the tunicate Kv4 clade relative to the three 

vertebrate Kv4 channel subtypes (Fig. 2-5), this establishes that the common ancestor of 

the chordates had a single Kv4 type channel and that early in the evolution of the 

vertebrates there was a duplication that led to two clades (the Kv4.1 clade and the 

Kv4.2/Kv4.3 clade) followed by a second duplication that gave rise to the final 

vertebrate complement of these channels. Comparing the biophysical properties of the 

mammalian Kv4 channels with those of their tunicate sister group and other cloned
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invertebrate Kv4 channels is a first step to identifying common, conserved features of 

Kv4 channels, as well as properties that have evolved uniquely in the mammalian 

isoforms. Common biophysical features of CionaKvA and two arthropod Shal channels 

are: (1) A predominant contribution of the fast component of inactivation over the 

slower component to overall macroscopic inactivation; this is also a characteristic of 

Kv4.2 and Kv4.3, but not of Kv4.1 channels, where the slower component 

predominates over the faster component; (2) a midpoint of inactivation around -70  mV, 

which is also characteristic of Kv4.1 but not of Kv4.2 or Kv4.3 channels, which have 

more depolarized values of midpoint of inactivation, and (3) a rate of recovery from 

inactivation that is relatively slow, with a time constant ~ 390 ms, similar to Kv4.2 but 

not to Kv4.1 nor Kv4.3 channels, which have faster recovery kinetics. This suggests 

that the mechanism of inactivation of Kv4.1 channels, the more depolarized inactivation 

midpoint of Kv4.2 and Kv4.3 channels, and the relatively fast recovery kinetics of 

Kv4.1 and Kv4.3 channels could represent more recent evolutionary innovations.

Possible role of CionaKvA in the tunicate heart

In the mammalian heart, Kv4.2 or Kv4.3 channels are the molecular effectors of 

the Ito current that contributes to re-polarization phase I of the AP (Dixon et al., 1996).

Since APs produced by the tunicate heart show an initial repolarization phase 

immediately after the upstroke (Kriebel, 1967) that is reminiscent of phase I of the 

mammalian cardiac AP, it is tempting to speculate that CionaKvA is the molecular 

effector o f the “notch” of the tunicate cardiac AP.
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The peristaltic beat of the tunicate heart is initiated by pacemakers at each end of 

the heart tube (Anderson, 1968), although the identity of the ion channels responsible 

for this pacemaking activity is not known. Analyses of the possible regional 

distribution of CionaKvA in the tunicate heart could help to clarify whether this channel 

is involved in pacemaking activity of this tissue.

Summary and Conclusions

We have cloned a Kv4-like channel expressed in the heart of the tunicate Ciona 

intestinalis, CionaKvA. The structure of the CionaKvA gene was almost identical to the 

structure of mammalian Kv4 channel genes. The clade formed by the two tunicate Kv4 

channels branched basal to the three vertebrate Kv4 channels in a phylogenetic tree. 

Because CionaKvA occupies a critical position between invertebrate Kv4 channels and 

the three vertebrate Kv4 channel isoforms, we compared the biophysical parameters of 

CionaKvA with those of these other Kv4 channels in order to identify conserved and 

non-conserved properties. However, for a better comparative analysis it would be 

desirable to examine a larger population of invertebrate cloned Kv4 channels. Like 

arthropod Shal channels, CionaKvA had a fast component of inactivation that 

contributed to most of the overall inactivation, a relatively hyperpolarized midpoint of 

inactivation (~ -72  mV), and a time constant of recovery from inactivation that is 

relatively slow (~ 400 ms). The mammalian Kv4 isoforms each have at least one 

functional characteristic that is not shared by CionaKvA or arthropod Shal channels.

For instance, in Kv4.1 channels a slow mechanism of inactivation predominates over a
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fast mechanism, and these channels recover ~2 -fold faster from inactivation than other 

Kv4 channels; Kv4.2 and Kv4.3 channels have a relatively depolarized midpoint of 

inactivation (~ -50 mV).

The diversification of the Kv4 channel gene in the vertebrate lineage resulted in 

three Kv4 channel subtypes with modified biophysical properties relative to Shal 

channels from more basal taxa. It seems likely that these modifications contributed to 

the development of new functions of nerve and muscle tissues in vertebrates.
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CHAPTER 3 CHARACTERIZATION OF A KChlP-

LIKE SUBUNIT EXPRESSED IN THE 

MYOCARDIUM OF THE TUNICATE 

Ciona intestinalis. A FUNCTIONAL 

STUDY ON A PRIMITIVE Kv4/KChIP 

COMPLEX3

3.1 Introduction

Kv4 channels form supra-molecular complexes with several accessory subunits, 

including Kv(3 subunits (Nakahira et al., 1996; Yang et al., 2001), K+ channel 

interacting proteins (KChlPs, An et al., 2000), CD26-related dipeptidyl amino 

peptidase-like protein (DPPX, Nadal et al., 2003), frequenin (Nakamura et al., 2001), 

Minimal K subunits (MinK, Deschenes and Tomaselli, 2002), MinK-related peptide 1 

(MiRPl, Deschenes and Tomaselli, 2002), neuronal calcium sensor-1 (Guo et al., 2002) 

and filamin (Petrecca et al., 2000). Kv4 channels expressed in stomatogastric neurons

3
Data presented in Chapter 2, which descnbes the biophysical properties o f C ionaK \4  and an N-terminal 

deletion mutant (ntCionaKv4) are presented again in this chapter as control data in order to evaluate the 
effects o f the accessory subunit CionaKChIP on both these channels (wild-type and N-deletion mutant).
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of an invertebrate, the spiny lobster (Palinurus interruptus), are modulated by frequenin 

subunits that are also expressed in these neurons (Zhang et al., 2003). It seems likely 

that lobster Shal is additionally modulated by endogenous KChIP subunits, because co

expression with human KChIP 1 increased current amplitude, slowed inactivation 

kinetics, accelerated recovery from inactivation and shifted the midpoints of activation 

and inactivation of this Kv4 channel (Zhang et al., 2003). KChlPs, a family of Ca2+ 

binding proteins (Burgoyne and Weiss, 2001), are integral components of Kv4 channel 

supra-molecular complexes (An et al., 2000). KChIP isoforms 1 to 3, but not KChIP4, 

increase the density of Kv4 currents (An et al., 2000; Shibata et al., 2003), and all four 

KChIP isoforms modify the kinetics and gating properties of Kv4 channels (An et al., 

2000; Holmqvist et al., 2004). The modulation of expression levels and biophysical 

activity of Kv4 channels by KChlPs (An et al., 2000) has important implications in the 

excitability properties of the tissues where they are expressed. For example, epicardial 

and endocardial myocytes express the same amount of Kv4 mRNA, the channel that 

conducts the IT0 current (Dixon et al., 1996), the amplitude of which determines the 

shape and duration of the cardiac action potential (Mitchell et al., 1984). However, 

epicardial cells produce larger IT0 currents than endocardial cells (Litovsky and 

Antzelevitch, 1988). Since KChlPs increase the density of Kv4 currents (An et al., 

2000), Rosati et al. (2003) hypothesized that the greater amplitude of the Iro current in 

the epicardium may be correlated with greater levels of KChIP2 mRNA in this region 

and found this to be the case. Therefore, to gain further clues on how these accessory
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subunits have contributed to the evolution of electrical excitability, it is important to 

study the modulation of potassium channels by endogenous accessory subunits from 

selected taxa that represent critical branching points in evolution. We proposed that a 

Kv4 channel previously cloned from the myocardium of the basal chordate Ciona 

intestinalis {CionaKv4, Salvador-Recatala et al., submitted) might be modulated by 

tunicate KChlP(s). After confirming that a KChIP subunit (CionaKChlP) is 

expressed in the myocardium of Ciona intestinalis, we cloned it and co-expressed it 

with CionaKv4 channels in Xenopus oocytes in order to study whether CionaKCMP 

would modulate its expression and/or biophysical parameters.

Since the N-terminus of Kv4 channels appears to be required for modulation by 

KChlPs (Bahring et al., 2001), we investigated the contribution of the N-terminus of 

CionaKv4 to modulation by C/onaKChIP, by analyzing currents produced by an N- 

terminal deleted mutant channel lacking amino acids 2-32 (ntCionaKvA) in the presence 

and absence of CionaKChlV.

3.2 Materials and Methods

Tissue and RNA extraction

Specimens of Ciona intestinalis were purchased from the Marine Biology 

Laboratory (MBL, Massachusetts, US) and kept in a seawater aquarium at 12°C until 

used. Dissection of the myocardium was performed as described previously (Salvador- 

Recatala et al., submitted) and used immediately or frozen at -80°C until used. Total
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RNA was extracted from heart tissue (4 to 6  hearts per experiment) using the “Totally 

RNA” kit (Ambion).

Rapid Amplification of cDNA 3’ End (3’-RACE) for KChIP

The GeneRacer Kit (Invitrogen) was used to perform a 3’-RACE assay.

Briefly, cDNA was synthesized from RNA previously extracted from heart tissue using 

an oligo-dT primer with a unique sequence at the 3’ end provided with the kit. Each 50 

pi 3’-RACE assay contained: 1 x Opti-Prime Buffer (Stratagene) (10 mM Tris»HCl, 1.5 

mM MgCI2 25 mM KC1 at pH 8.3), 0.5 unit of Taq polymerase, 0.25 mM of each 

dNTP, 1 pM each of forward primer and reverse primer and 2 pL of cDNA. A sense 

primer ( 5 ‘-CAGTTGTTGGGATCGCATGT-3’) that hybridized to an internal region, and an 

anti-sense primer supplied by the kit that hybridized to the specific sequence of the 

oligo-dT primer. The temperature conditions were: 30 s at 94° C, followed by 5x (30 s 

at 94° C, 30 s at 65° C, 1 min. at 72° C), 25 x (30 s at 94° C, 30 s at 60° C, 1 min. at 72° 

C) followed by 5 min. at 12° C. The first ~300 bp of these RACE products were 

sequenced with the forward primer used in this assay. This sequence was used to 

design a new forward primer to hybridize downstream of the initial site in a nested 3’- 

RACE assay. Successive nested RACE assays were performed in the same fashion 

until the first 3’-RACE assay product was fully sequenced.
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PCR for the 5 ’ end of the KChIP transcript

The 5 ’ end of the KChIP transcript was amplified by PCR, with a forward 

primer designed to bind from the start of the coding region (5 ’- 

ATGTCTCTCTCGCTATCTTAACCATGGTGAC-3’), as annotated in the genomic database of 

Ciona intestinalis, and a reverse primer (5 ’ -GACGCTGTACAGAAACTTCAA A A ACG AG-3 ’) 

designed so that the fragment amplified would overlap with the fragment amplified 

previously by 3 ’-RACE.

Cloning of full-length ORF of CionaKChW

The full-length transcript of CionaKCMP was amplified with a sense primer 

containing an Xhol site, a Kozak consensus sequence, the start codon and 26 futher 

bases encoding the 5 ’ end of the KChIP ORF (5‘-

GGCTCGAGGCCGCCACCATGTCTCTCGCTATCTTAACCATGGTGAC-3’) and an anti-sense 

primer containing a Spel site, designed to hybridize downstream of the translational 

termination codon (5 ‘ -GGACTAGTAACGCCAGAAACGCCGCCTTGATGGAGCTATAACGC- 

3 ’). These restriction sites were added to allow directional insertion of the PCR 

products into pXT7 (Dominguez et al., 1995). Each 50 pL PCR reaction contained: 1 x 

Opti-Prime Buffer (Stratagene) (10 mM Tris»HCl, 1.5 mM MgCl2,25 mM KC1 at pH 

8.3), 0.5 unit of Taq polymerase, 1 unit of Pfu, 0.2 mM of each dNTP, 1 pM each of 

forward and reverse primer, and 2 pL of cDNA. The temperature conditions were: 30 s 

at 94° C, 25 x (30 s at 94° C, 30 s at 60° C, 2 min. at 72° C) followed by 5 min. at 72°C. 

The resulting PCR products were then digested with Xhol and Spel and ligated to pXT7
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plasmid previously digested with Xhol and Spel. These constructs were transfected 

into E. coli. Clones were sequenced to verify that no mutation had been introduced by 

PCR. A wild type clone was linearized with Sail and cRNA was synthesized using the 

T7 mMessage mMachine kit (Ambion). Cloning of full-length ORF of CionaKvA and 

construction of an N-truncation mutant of CionaKv4 (ntCionaKv4) has been described 

previously (Salvador-Recatala et al., submitted).

Alignment and phylogenetic tree

Amino acid sequences of a set of seventeen representative KChIP sequences 

from vertebrates and invertebrates were aligned with T-Coffee software (Notredame et 

al., 2000). The sequences of two invertebrate KChlPs were found in BLAST searches 

of their respective genomes using the sequence of mammalian KChlPs. MrBayes 

(Huelsenbeck and Ronquist, 2001) was used to determine the phylogenetic relationships 

of the KChIP sequences. The default parameters for protein sequences were used. A 

total of 2 0 0 ,0 0 0  cycles were run; the topology and branch length of every 1 0 0 th tree was 

saved. The Bayesian maximum likelihood tree was obtained by taking a consensus of 

the collected trees after a 101 tree burn-in. The nodes on the tree are labeled with the 

posterior probability for each node; nodes with a probability of one were left unlabelled. 

The tree was visualized using Treeview (Page, 1996).
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Oocyte preparation

Oocytes from Xenopus laevis were surgically removed, dissociated and 

incubated as previously described (Salvador-Recatala et al., submitted). 24 or 48 hours 

following oocyte isolation, 40 nL of CionaKv4 cRNA (~16 ng) or ntCionaKv4 (~ 8  ng) 

were injected into each Xenopus oocyte. For co-expression experiments, 20 nL (~ 8  ng) 

of CionaKv4 or 20 nL (~4 ng) of ntCionaKv4 cRNA solution was mixed with 20 nL 

(~7 ng) of CionaKChW  cRNA solution, to give a final volume of 40 nL that was 

injected into each oocyte. The approximate molar ratio was [1 CionaKv4 : 3 

CionaKChY?] or [1 ntC/onaKv4 : 6  CzonaKChIP]. Immediately prior to each 

experiment the vitelline membrane was manually removed after treatment in a 

hyperosmotic solution containing (mM): NaCl (96), KC1 (2), MgCl2 (20), HEPES (5) 

and mannitol (400), at pH 7.4.

Voltage-clamp recordings

All recordings were made from cell-attached macro-patches. The pipettes 

contained ND96 solution, with the following composition (mM): NaCl (96), KC1 (2), 

MgCl2 (1), CaCl2 (1.8) and HEPES (5), at pH 7.4. During the recordings, oocytes were 

bathed in a grounded isopotential solution thereby ensuring that the potential applied by 

the recording pipette would be the actual membrane potential for the macro-patch. This 

bath solution contained (mM): NaCl (9.6), KC1 (8 8 ), EGTA (11), HEPES (5), pH 7.4. 

Patch pipettes were pulled from aluminosilicate glass, and were coated with dental wax, 

and fire-polished before each experiment. Only pipettes that had resistances between
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0.7 and 1.4 MQ were used. Membrane seals were obtained by applying negative 

pressure. Voltage-clamp and data acquisition were carried out with an EPC-9 patch- 

clamp amplifier (HEKA, Lambrecht, Germany) controlled with PULSE software 

(HEKA) running on a Power Macintosh G4 computer. Data were acquired at sampling 

intervals of 50 ps and low-pass filtered at 5 kHz during acquisition. Bath temperature 

was maintained at 12 ± 0.2° C with a Peltier device controlled by an HCC-100A 

temperature controller (Dagan, Minneapolis, MN, USA). The holding potential was set 

at -100 mV and leak subtraction was performed with a P/4 protocol. PulseFit (HEKA), 

Igor Pro (Wavemetrics, Lake Oswego, OR, USA) and Instat (GraphPad Software, San 

Diego, CA, USA) software were used for analyses and graphing. Conductances were 

calculated using the equation gK= Ipeak /  (V -Ek), where gK is the potassium 

conductance, Ipeak is the peak amplitude of the K+ current to a test pulse, V is the 

voltage at which the current was measured, and EK is the measured potassium 

equilibrium potential. Conductance-voltage relationships and steady-state inactivation 

curves were fitted in Igor Pro by a sigmoid (Boltzmann) distribution of the form: 

f  (V ) =  G max /{ 1  +  e x p [(V 0 5 - V )  /  k ]} n, where G max is the maximal conductance,

V is the voltage of the depolarizing pulse (for activation) or the prepulse voltage (for 

inactivation), and k is the slope factor. For a first order Boltzmann (n = 1), used to fit 

conductance-voltage relationships and steady-state inactivation curves, V 0.5 is the 

voltage at which activation or inactivation is half maximal. For a fourth order 

Boltzmann (n=4), used to fit conductance-voltage relationships only, V 0.5 is the voltage
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at which each subunit is activated half of the time. Time constants of activation were 

obtained from fitting the rising phase of the currents to the Hodgkin-Huxley model of 

the form: I(t) = Imax {1- exp[-t/x]}n where Imax is the maximum current obtained in

the absence of inactivation, X is the activation time constant and n = 4. The rate of

decay (slope) of an exponential function that fitted the relationship between activation 

time constants and voltage was used to estimate the voltage necessary to increase the 

current amplitude by a factor of e. To study the decay of the current as a function of 

time, decaying phases of the outward currents evoked by test pulses between +30 mV 

and +80 mV were fitted to the equation: I (t) = Io + Ii exp (-t/Xi) + I2 exp (-t/X2),

where X\ and X2 represent the fast and the slow time constants of inactivation, 

respectively, I| and I2 represent the relative contribution of each component to 

inactivation, and Io is the offset. The voltage dependence of steady-state inactivation 

was determined by measuring the peak current evoked with a depolarizing pulse to +50 

mV as a function of the voltage of a preceding 10 s prepulse test (between -130 and -30 

mV). To investigate the kinetics of channel closing, tail currents were evoked at several 

membrane potentials, from -160 to -40 mV, from a brief (10-15 ms) depolarizing pulse 

to +50 mV. Tail currents obtained with pulses from -160 to -100 mV were used for 

analyses.
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Statistical analyses

Statistical comparisons were carried out using the Student t test, or the 

alternative Welch t test when there were significant differences between the standard 

deviations of the two groups. Data are represented as the mean ± SEM, and n is the 

number of macro-patches or oocytes, because recordings from one macro-patch per 

oocyte were included in the analyses.

3.3 Results

Cloning of a transcript for a KChlP-like subunit from the heart of C. intestinalis

BLAST searches in the release version 1.0 of the C. intestinalis genomic 

database (http://genome.jgi-psf.org/ciona4/ciona4.home.html') for KChlP-like genes 

using the amino acid sequences of mammalian KChIP subunits and subsequent detailed 

evaluation of the results resulted in one robust hit. The alignment between a 

mammalian KChIP and scaffold 457 (Fig. 3-1A) was used to predict the exon/intron 

organization of the tunicate KChIP gene. Using this information, we designed an 

internal forward primer that was used in a 3’-RACE assay (Fig. 3-1B). The annotated 

sequence for KChIP in the genomic database was also used to design forward and 

reverse primers to amplify the 5 ’-end of the transcript, as explained in Materials and 

Methods. The DNA fragments corresponding to the 5’ end and the 3’-end of the KChIP 

transcript were sequenced on both strands. The nucleotide sequence of the KChIP

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

http://genome.jgi-psf.org/ciona4/ciona4.home.html'


94

nt 53979

I .  .

C. intestinalis genom e 
(scaffold 457)

S i  . «-Am
f

aa 26

nt 50096

aa 211
KChIP I

heart 0.1 Kb
cD N A  control ladder

Figure 3-1. The myocardium of Ciona intestinalis expresses a KChlP-like subunit. 
A, Alignment of the deduced amino acid sequence of a mammalian KChIP subunit 
(accession number AAH50375) and scaffold 457 of the C. intestinalis genomic 
database (release version 1.0). B, Amplification of the 3’end of a KChIP transcript 
by 3’-RACE using cDNA from the heart of C. intestinalis. The size of these 
fragments was ~600 bp. No cDNA was added to the control reaction.
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transcript (ORF and the 3’-UTR region) was deposited in GenBank {CionaKCMP, 

accession number AY5144874). The open reading frame (ORF) for CionaKChW was 

inserted into and maintained in pXT7.

Genomic structure and deduced amino acid sequence of CionaKChW

The exon/intron organization of the gene encoding CionaKChW was deduced by 

comparing the cDNA sequence for CzonaKChIP with the genomic sequence of scaffold 

457 (Ciona intestinalis genomic database, release version 1.0), which contained the 

CionaKChl? gene. The exon sequences and the corresponding regions of the transcript 

were at least 94% identical. CzonaKChIP is encoded in ~7 Kb of genomic DNA, of 

which the ORF occupies ~ 0.7 Kb distributed in seven exons with sizes between 69 and 

162 bp (Fig. 3-2). Figure 3-3 shows an alignment between the deduced amino acid 

sequences of CionaKCblP and representatives of the four major isoforms of 

mammalian KChlPs (KChlPl to 4). As with other KChlPs, the sequence of the N- 

terminus of CzonaKChIP was the most variable region of the protein (An et al., 2000) 

whereas the sequence corresponding to the C- terminus was conserved, containing four 

EF-hand Ca2+-binding motifs (Kretsinger, 1987). The N-terminus of CzonaKChIP is 

encoded by exons 1 and 2. The coding region for the first EF-hand was partitioned 

between exons 2 and 3. Similarly, the codons for the second and the third EF-hands 

were partitioned between exons 4 and 5 (second EF-hand), and between exons 5 and 6

4 The published GenBank script for CionaKCblP  is shown in Appendix B
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Figure 3-2. Exon/intron structure of the CionaKChlV gene. Diagram showing the organization of the CionaKCMV 
gene, elucidated from an alignment between the sequence of the CfonaKChIP transcript and scaffold 457 of the 
genomic database for C. intestinalis (release version 1.0). Exons are shown as black boxes and numbered in Arabic 
numerals (from 1 to 7). Introns are shown as white boxes and numbered in Roman numerals (from I to VI). Intron 
and exon sizes (in bp) are indicated, respectively, above or below the diagram. Sizes are drawn approximately to 
scale. The 3’-UTR region is represented by a grey box. The 5’-UTR region is delimited with a discontinuous line to 
indicate that its sequence was not determined in this study.
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Figure 3-3. Alignment and sequence comparison between CionaKChIP and representatives of the four vertebrate KChIP 
isoforms. T-Coffee software (Notredame et al., 2000) was used to align these sequences, with the following accession 
numbers: CionaKChIP, AAS00647; KChlPla, AAL12489; KChIP2a, AAF81755; KChIP3, Q9Y2W7; KChIP4b, 
NP_079497. Residues that are identical for at least three of the five KChlPs are shown in reverse lettering (white on 
black). The position of the four EF-hands is underlined and labeled below the alignment. X, Y, Z, -Y, -X and -Z  are the 
residues that coordinate Ca2+ (Bairoch and Cox, 1990). Arrows indicate exon/intron boundaries for CionaKChIP only.
A Prosite scan predicted several phosphorylation sites for protein kinase C (PKC), which are indicated with filled circles.
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(third EF-hand). The fourth EF-hand is encoded by exon 6. The last section of the C- 

terminus is coded by exon 7. A Prosite scan of CionaKChW  suggested the location of 

six putative sites for PKC phosphorylation but no sites for PKA phosphorylation (Fig. 

3-3).

In the phylogenetic tree shown in Figure 3-4, the single CionaKChIP branches 

basal to the four mammalian KChIP isoforms. Furthermore, this tree indicates that 

there is 99% likelihood that the KChlPl isoform is the sister group of the other three 

isoforms. However, the phylogenetic relationships between the KChIP isoforms 2, 3 

and 4 are unclear, with posterior probabilities of approximately 50-60%. However, 

there is strong support for the presence of all four isoforms in the common ancestor of 

modern fish (represented by zebrafish) and the tetrapods (represented by human, mouse, 

rat and chicken). Although not all four paralogues are found in all of the vertebrates, all 

of the vertebrate KChIP sequences partition robustly into one of the four paralogue 

families, indicating that the paralogues all originated prior to the origins of the 

vertebrates.
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Figure 3-4. Phylogenetic relationships of KChlPs from different species. Two 
arthropod KChlPs that were found in BLAST searches of the genomes of Drosophila 
(fly) and Anopheles gambiae (mosquito) were used as an out-group to polarize the 
relationships of the other KChlPs. Numbers above or below the lines indicate Bayesian 
posterior probability, calculated with the MrBayes program. Unlabelled nodes have a 
posterior probability of 1. Accession numbers of the protein sequences are indicated 
in parentheses. The scale bar represents a divergence equivalent to an average of a 
10% change in amino acids.
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Activation properties of CionaKv4 and an N-deletion mutant of CionaK\4  

(ntC ionaK\4) in the presence/absence of CionaKChIP

CionaKv4 channels conducted transient A-type currents (Fig. 3-5A, see also 

Fig. 2-6A). In contrast, currents mediated by CionaK\4 channels co-expressed in 

oocytes with CionaKChIP subunits displayed minimal inactivation during depolarizing 

pulses lasting 0.5 s (Fig. 3-5B), indicating that CionaKv4 and CionaKChIP formed 

functional complexes when co-expressed in Xenopus oocytes. The amplitudes of the 

currents produced by CionaKv4 channels co-expressed with CionaKChIP subunits were 

larger than for CionaKv4 channels alone, even though half the amount of CionaKv4 

cRNA was injected for co-expression experiments. For example, the average peak 

amplitude of the currents produced by CionaK\4 and CionaKv4/KChIP for a test pulse 

to +50 mV from a holding potential of -100 mV was 207 ± 27 pA (n = 15) and 867 ±

62 pA (n = 17), respectively (p < 0.0001, Fig. 3-6A). However, CionaKChIP did not 

modulate activation kinetics of CionaKv4 channels, since the activation time constants 

obtained from a Hodgkin-Huxley fit to the rising phase of the currents during a pulse to 

+50 mV were not significantly different: 3.4 ± 0.2 ms (n = 11) for CionaKv4, and 3.3 ± 

0.2 ms (n = 10) for CionaKv4/KChIP (p > 0.05, Student t test). The voltage- 

dependence of activation time constants was similar for channels expressed alone or 

with CionaKChIP, increasing by e-fold every 29 or 33 mV, respectively (Fig. 3-6B). 

First order Boltzmann fits to the relationships between normalized peak conductance 

versus voltage had midpoints (V0 5) of +20 ± 2 mV (n = 16) for CionaKv4 and -5.7 ±

1.4 mV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 3-5. Currents produced by CionaKv4 and an N-terminal deletion mutant of 

CionaKv4 (ntCionaKv4) in the presence/absence of CionaKChIP. A, Representative 

currents from CionaKv4 channels expressed alone. B, Currents produced by CionaKv4 

co-expressed with CionaKChIP . C, Currents produced by ntCionaKv4 channels 

expressed alone. D, Currents produced by ntCionaKv4 co-expressed with 

CionaKChIP. All recordings were obtained using the macro-patch technique. Currents 

were evoked by depolarizing the macro-patches for 0.5 s. from a holding potential of 

-100 mV from -lOOmV to +80mV in 10 mV steps. These currents are representative 

examples of 15-17 experiments.
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Figure 3-6. Activation properties of CionaKwA in the presence/absence of 

CVowaKChlP. A, Averaged current-voltage relationships for CionaKv4 (filled circles) 

and Czo«aKv4/KChIP (open circles). B, Relationship between time constants of 

activation (T activation) and voltage for CionaKvA and Czo«aKv4/KChIP. Time

constants of activation were derived from Hodgkin-Huxley fits to the rising phase of 

macroscopic outward currents during test pulses between -20 mV and +80 mV from 

a holding potential o f -100 mV. Solid curves represent single exponential fits to these 

relationships. C, Normalized peak conductance-voltage relationships for CionaKvA 

and CzowaKv4/KChIP. Solid curves represent fits of these relationships to first order 

Boltzmann functions. Data represent mean ± SEM.
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(n = 17) for CzonaKv4/KChIP (p < 0.0001, Student t test, Fig. 3-6C). Therefore, 

CionaKChIP enhanced activation of CionaKv4 by shifting the midpoint of activation 

(the voltage necessary to activate half the channels) in the hyperpolarizing direction.

The slope values of these curves were 22 ± 1 mV/e-fold (CionaKv4) and 20 ± 1 mV/e- 

fold (CionaKv4/KChIP) (p = 0.06, Student t test, Figure 3-6C). The midpoint voltage 

of activation (V0 5) corresponding to fourth order Boltzmann fits to relationships 

between normalized peak conductance and test voltage were -27 ± 2 mV (n = 16) for 

CionaKv4 alone and -48 ± 1 mV (n = 17) for CzonaKv4/KChIP (p < 0.0001, Student t 

test). The conductance at these voltages represented approximately 1% of the maximal 

conductance. The slope factors of the fourth order Boltzmann fits were 31 ± 2 mV/e- 

fold (n = 16) for CionaKv4, and 26 ± 1 mV/e-fold (n = 17) for CionaK\4/KChlP (p < 

0.05), which confirms a role for CionaKChIP in enhancing activation of CionaKv4, as 

these values indicate that CionaKv4/KChIP complexes require less depolarization than 

CionaKv4 channels to produce the same increase in conductance.

To investigate the involvement of the N-terminus of CionaKv4 in modulation by 

CionaKChIP, a CionaKv4 mutant lacking amino acids 2-32 (ntCzo«aKv4) was 

expressed in Xenopus oocytes alone or with CionaKChIP. Before reporting the effects 

of CionaKChIP on ntCz'onaKv4, it is necessary to understand how the activation 

properties of these mutant channels that lack the N-terminal domain differ from the 

activation properties of wild type channels. A detailed comparison between activation 

properties of wild-type CionaK\4 and N-terminal deletion mutant CionaKv4 

(ntCionaKv4) channels was provided in Chapter 2 (Figures 2-6 and 2-7). Prior to
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describing the effect of CionaKChIP on each activation parameter of ntCionaKv4,1 

will briefly summarize how these two CionaKv4 channels (wild-type and N-terminal 

deletion mutant) differ for each activation parameter, and refer the reader to the parts of 

Chapter 2 where a detailed quantitative comparison was provided.

Figures 3-5C and 3-5D show families of currents produced by ntCionaKv4 

channels expressed alone or with CionaKChIP, respectively. Note that the currents 

produced by ntCionaKv4 channels were larger than the currents produced by wild type 

CionaKv4 channels (Fig. 3-5A, see also Fig. 2-7A). The amplitudes of currents 

produced by ntCionaKv4 channels alone were not altered by co-expression with 

CionaKChIP (p > 0.05, Figs. 3-7A). Activation kinetics of ntCionaKv4 channels, 

which did not differ from activation kinetics of wild-type channels (Figure 2-7B), were 

similarly unaffected by CionaKChIP. For example, during a test pulse to +50 mV, 

ntCionaKv4 channels activated with a time constant of 3.2 ± 0.3 ms (n = 12), which 

was not significantly different (p > 0.05) from the activation time constant of 

ntCionaKv4 co-expressed with CionaKChIP (3.5 ± 0.3 ms, n = 12, Fig. 3-7B). 

Interestingly, the voltage-dependence of activation kinetics was different for 

ntCionaKv4 channels alone (e-fold increase every 26 mV) than when co-expressed with 

CionaKChIP (e-fold increase every ~37 mV), which suggests that CionaKChIP 

decreased the voltage sensitivity of activation of ntCionaKv4 channels. The midpoint 

of activation of ntCionaKv4 channels, which was hyperpolarized with respect to wild- 

type CionaK\4 channels (Fig. 2-7C), was unaffected by CionaKChIP (Fig. 3-7C), the 

V0 5 of first order Boltzmann fits to the conductance-voltage relationships were
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Figure 3-7. Activation properties of an N-terminal deletion mutant of CionaKv4 

(ntCionaKv4) in the presence/absence of CionaKChIP. A, Averaged current-voltage 

relationships for CionaKv4 (filled triangles) and CionaKv4 co-expressed with 

CionaKChIP (open triangles). B, Relationship between time constants of activation (T 

activation) and voltage for ntCionaKv4 and ntCionaKv4 co-expressed with 

CionaKChIP. Time constants of activation were derived from Hodgkin-Huxley fits to 

the rising phase of macroscopic outward currents during test pulses between -20 mV 

and +80 mV from a holding potential of -100 mV. Solid curves represent single 

exponential fits to these relationships. C, Normalized peak conductance-voltage 

relationships for ntCionaKv4 and ntCionaKv4 co-expressed with CionaKChIP. Solid 

curves represent fits of these relationships to first order Boltzmann functions. Data 

represent mean ± SEM.
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+8.3 ± 1.6 mV (n = 16) for ntC7o«aKv4 alone, and +7.4 ± 1.5 mV (n = 14) for 

ntC7o«aKv4 co-expressed with CionaKChIP (p > 0.05, Student t test). The slope 

factors of these fits were: 20 ± 1 mV/e-fold (n = 16) for ntCionaKv4 channels expressed 

alone, and 21 ± 1 mV/e-fold (n = 14) for ntCion«Kv4 channels co-expressed with 

CionaKChIP subunits (p > 0.05, Student t test). The V0 5 of fourth order Boltzmann fits 

were -36  ± 1 mV for ntCionaKv4 alone (n = 16) and -37 ± 1 mV (n = 14) for 

ntCionaKv4/KChIP (p > 0.05, Student t test). The conductance obtained with these 

potentials represented ~8% of the maximal conductance. The slope values of these fits 

were identical for ntCionaKv4 and ntCionaKv4 co-expressed with CionaKChIP (28 ± 1 

mV/e-fold).

These biophysical parameters are summarized in Table 3-1 (p. 122).

Inactivation parameters of CionaK\4  and an N-deletion mutant of CionaK\4  

(ntCionaK\4) in the presence/absence of CionaKChIP

Currents produced by CionaKv4/KChIP complexes inactivated clearly more 

slowly than currents produced by CionaKv4 channels (Fig. 3-8A). Whereas the 

inactivating phases of the currents produced by CionaKw4 channels were best fit with 

double exponential functions, the decaying phases of the currents produced by 

CionaKv4/KChIP complexes were well fit with single exponential functions (the two 

time constants of double exponential fits to currents produced by CionaKv4/KChIP 

complexes were close to identical in all cases). The single inactivation time constants 

of Cio«aKv4/KChIP currents were larger than the slow inactivation time constants of
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Figure 3-8. Inactivation kinetics of CionaKv4 in the presence/absence of CionaKChlP.
A, Comparison of inactivation of macroscopic currents produced by CionoKv4 channels 
or C/onaKv4/KChIP complexes in response to a pulse to +50 mV from a holding 
potential of -100 mV. Currents were scaled to peak current for comparison.
B, Relationships between time constants of inactivation (x inactivation) and voltage.
Ti and T2 are, respectively the time constants of the fast and slow components
of inactivation of CionaKv4 currents, x is the time constant of the one component of 
inactivation of C/onaKv4/KChIP. The time constants were obtained from double 
exponential fits (CionaKv4) or single exponential fits (C/o«aKv4/KChIP) to the decay 
phase of currents evoked by test pulses between +20 mV and +80 mV from a holding 
potential of -100 mV. Circles and squares represent Xj and X2 respectively. Data 
represent mean ± SEM.
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currents produced by CionaKv4 channels (Fig. 3-8B). For instance, the double 

exponential fit to the decay of currents produced by CionaKv4 in response to a pulse to 

+50 mV had a fast time constant of 26 ± 2 ms, which contributed to ~82 % of total 

current decay, and a slow time constant of 147 ± 26 ms, which contributed to ~18% of 

the current decay. A single exponential fit to the decay of currents conducted by 

C:o«aKv4/KChIP complexes at the same potential had a time constant of 291 ± 42 ms.

CionaKv4 channels lacking amino acids 2-32 from the N-terminus produced 

currents whose two inactivating phases had slower kinetics than those for the 

inactivating phases of wild-type CionaKv4 channels (Fig. 2-8B). Co-expression of 

ntCionaKv4 channels with C/onaKChIP subunits slowed inactivation kinetics relative 

to those for ntCmnaKv4 channels alone (Fig. 3-9A). The decaying phases of currents 

produced by ntCionaKv4 channels were best fitted with a double exponential function 

(as explained in chapter 2), but the decaying phases for currents produced by 

ntCionaKv4 co-expressed with CiowaKChIP subunits were well fitted with single 

exponential functions. For instance, the decay phase of ntCionaKv4 currents during a 

test pulse to +50 mV is best described by a double exponential function with a fast time 

constant of 56 ± 6 ms (n = 15) and a slow time constant of 381 ± 50 ms (n = 15). These 

two inactivation components of ntCionaKv4 channels contributed equally to 

inactivation, as explained in Chapter 2. However, inactivation of ntC/onaKv4/KChIP 

currents during a pulse to +50 mV was best described by a single exponential function 

with a time constant of 240 ± 29 ms (n = 8, Fig. 3-9B). These results suggest that 

CionaKChlP still forms a complex with CionaKv4 channels that lack the N-terminus.
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Figure 3-9. Inactivation kinetics of an N-terminal deletion mutant of CionaKv4 
(ntCionaKv4), in the presence/absence of CionaKChW. A, Comparison of macroscopic 
currents produced by ntC/o«aKv4 channels or putative ntCionaKv4/KChIP complexes 
in response to a pulse to +50 mV from a holding potential of -100 mV. B, Relationships 
between time constants of inactivation (x inactivation) and voltage. Xj and X2  are, 
respectively, the time constants of the fast and slow components of inactivation of 
ntCionaKv4 currents, x is the inactivation time constant of the one component of 
inactivation of ntC/o«aKv4/KChIP complexes. The time constants were obtained from 
double exponential fits (ntCionaKv4) or single exponential fits (ntCionaKv4/KChIP) to 
the decay of currents evoked by test pulses between +20 mV and +80 mV from a holding 
potential of -100 mV. Circles and squares represent x  ̂ and X2  respectively.
Data represent mean ± SEM.
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Data represent mean ± SEM.
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The inactivation time constants of C/o«aKv4/KChIP currents were not different 

than for ntC/onaKv4/KChIP (Fig. 3-10).

The midpoints of single order Boltzmann fits to steady-state inactivation curves 

of CionaKvA and CionaKv4/KChIP were significantly different (Fig. 3-11 A): -72 ± 2 

mV (n = 7) for CionaKv4 and -88 ± 2 mV (n = 7) for CionaKv4/KChIP (p < 0.001, 

Student t test). The slope factors of these Boltzmann fits to steady-state inactivation 

were also significantly different: 3.6 ± 0.2 mV/e-fold (n = 7) for CionaKv4 and 4.3 ± 

0.2 mV/e-fold (n = 7) for C7onaKv4/KChIP (p < 0.001, Student t test). Rates of 

recovery from inactivation for CionaKv4 channels in the presence/absence of 

CionaKChIP subunits were assessed with a double pulse protocol, in which a first test 

pulse to +50 mV lasting for 1 s. was separated by a recovery pulse to -100 mV of 

increasing duration (50-1500 ms) from a second pulse to +50 mV. Inactivation 

recovery data were plotted as the amplitude of the current evoked by the second pulse 

relative to the current evoked by the first pulse as a function of the recovery interval 

duration. These relationships were well fitted by a single exponential function with 

time constants of recovery from inactivation (Trec) of 387 ± 47 ms (n = 7) for CionaKv4

and 927 ± 47 ms (n = 6) for Cio«aKv4/KChIP (Fig. 3-1 IB). These time constants were 

significantly different (p <0.01, Student t test), suggesting that C/o«aKChIP slowed 

recovery from inactivation in CionaKv4 channels.

The N-terminus of Cion.aK.v4 is not essential to determine steady-state 

inactivation properties of this channel, because deletion of amino acids 2-32 did not 

result in modified parameters of steady-state inactivation (midpoint or slope) with
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respect to wild type channels, as was shown in Chapter 2 (Fig. 2-9A). Midpoints and 

slopes of single order Boltzmann fits to steady-state inactivation curves of ntCionaKyA 

channels and ntCionaKv4/KChIP complexes were not significantly different (p > 0.05 

for both parameters, Student t test). Midpoints of inactivation were -73 ± 2 mV (n = 7) 

for niCionaKvA and -74 ± 2 mV (n = 8) for ntCionaKv4/KChIP. Slope factors were 

3.7 + 0.2 (n = 7) for ntC7o«aKv4 and 4.1 + 0.3 (n = 8) for ntCm«aKv4/KChIP (Fig. 3- 

12A). This demonstrates that the N-terminus of CionaKvA is essential to modulation of 

steady-state inactivation by C/onaKChlP.

Inactivation recovery kinetics in CionaKvA channels are not dependent on the 

N-terminus of this channel, because deletion of this domain did not increase or 

decrease the time constant of this parameter (Fig. 2-9B). The N-terminus of CionaKvA 

appears to have a partial involvement in modulation by CionaKCYilP on inactivation 

recovery kinetics. Recovery time constants were 331 ± 51 ms (n = 8) for niCionaKvA 

and 587 ± 76 ms (n = 8) for ntC/o«aKv4/KChIP (p < 0.05, Student t test). This strongly 

suggests that CionaKChU* can slow the kinetics of recovery of a CionaKvA channel that 

lacks the N-terminus, but not as much as when the N-terminus is intact (Fig. 3-12B).

These biophysical parameters are summarized in Table 3-1 (p. 122).
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Figure 3-11. Steady-state inactivation and inactivation recovery kinetics of CionaKv4 in 
the presence/absence of CionaKChlP. A, Voltage dependence of steady-state inactivation 
for CionaKv4 channels or C;onaKv4/KChIP complexes, plotted as the relationship between 
normalized peak current values during a pulse to +50 mV and the voltages of the conditioning 
prepulses (from -130 mV to -30 mV). Solid curves represent first order Boltzmann fits of the 
averaged data. B, Inactivation recovery kinetics of CionaKv4 channels or CionaKv4/KChIP 
complexes, measured with a double-pulse protocol, in which two test pulses to +50 mV were 
separated by a recovery pulse to -100 mV of increasing duration (50-2000 ms). Peak currents 
during the second pulse (I) were normalized to peak currents during the first pulse (Io)and 
plotted against the duration of the interpulse interval. Solid curves represent single 
exponential fits of the averaged data. Data represent mean ± SEM.

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



B

-120 -80 -40
P rep u lse  v o lta g e ▲ ntC/onoKv4

A  ntC/onaKv4/KChlP

0 . 8 -

O

0 . 6 -

0.4-

0.40.0 0.8 1.2 1.6
In terp u lse  in terval (s)

Figure 3-12. Steady-state inactivation and inactivation recovery kinetics of an N-terminal 
deletion mutant of CionaKv4 (ntCionaKvA) in the presence/absence of CionaKChlP. A, 
Voltage dependence of steady-state inactivation for CionaK\4 channels or CionaKv4/KChIP 
complexes, plotted as the relationship between normalized peak current values during a pulse 
to +50 mV and the voltages of the conditioning prepulses (from -130 mV to -30 mV). Solid 
curves represent first order Boltzmann fits of the averaged data. B, Inactivation recovery 
kinetics of CionaKv4 channels or C7onrzKv4/KChIP complexes, measured with a double-pulse 
protocol, in which two test pulses to +50 mV were separated by a recovery pulse to -100 mV 
of increasing duration (50-2000 ms). Peak currents during the second pulse (I) were 
normalized to peak currents during the first pulse (Iq) and plotted against the duration of the 
interpulse interval. Solid curves represent single exponential fits of the averaged data.
Data represent mean ± SEM.
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Deactivation kinetics of CionaKv4 and an N-deletion mutant of CionaK\4  

(ntC/onaKv4) in the presence/absence of CionaKCMP

We hypothesized that C/onaKChIP slowed inactivation kinetics of CionaKvA 

channels (Figs. 3-8) to some degree by interfering with channel closure. To address this 

question, we measured the kinetics of tail currents produced by CionaKvA channels and 

CionaKv4/KChIP complexes in response to re-polarizing pulses from -160 to -100 mV 

delivered after a brief (10-15 ms) depolarizing pulse to +50 mV, which would activate a 

maximum number of channels. Our results suggest that channel closing of CionaKvA 

channels is indeed inhibited by CionaKChIP subunits (Fig. 3-13). For example, during 

a re-polarizing pulse to -130 mV, CionaKvA tail currents deactivated with a time 

constant of 4.1 ± 0.3 ms (n = 10), whereas CionaKv4/KChIP tail currents deactivated 

with a time constant of 8.3 ± 0.4 ms (n = 16). These values were significantly different 

(p < 0.0001, Welch t test). Before describing the effects of CionaKChIP on closing 

kinetics of CionaKv4 that lack the N-terminus, it is important to note that the N- 

terminus of CionaKvA has a role in accelerating closure kinetics of this channel. 

CionaKvA channels whose N-terminus had been deleted produced tail currents with 

slower kinetics than wild-type channels (Figure 2-10). The N-terminus of CionaKvA 

seems to be required for modulation of closing kinetics by CionaKChIP because the 

deactivation kinetics of tail currents produced by ntCionaKvA channels and 

ntCionaKv4/KChIP complexes were not significantly different (p > 0.05, Student t test). 

For example, at the re-polarizing voltage of -130 mV, deactivation time constants for
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ntCionaKwA and ntO'onaKv4/KChIP were 5.7 ± 0.5 ms (n = 12) and 6.5 ± 0.6 ms (n = 

10) respectively (Fig. 3-14).
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Figure 3-13. Deactivation kinetics of CionaKvA in the presence/absence of 
CionaKChW. A, Representative set of tail currents from CionaKvA channels.
B, Representative set of tail currents from CionaKv4/KChIP complexes. C, 
Relationships between time constant of deactivation ( t deactivation) and voltage 
for CionaKvA channels (filled circles) and CionaKvAIKCMP complexes (open 
circles). Time constants of deactivation were obtained from single exponential 
fits to the inward tail currents during test potentials between -160 and -100 mV. 
Tail currents shown in A  and B were evoked by repolarizing pulses to potentials 
between -160 mV and -40 mV following a pulse to +50 mV. The length of the 
depolarizing pulse (between 10 and 15 ms) was adjusted each time to activate a 
maximum number of channels just prior to reaching peak amplitude. Data 
represent mean ± SEM.
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Figure 3-14. Deactivation kinetics of an N-terminal deletion mutant of CionaKv4 
(ntCionaKv4) in the presence/absence of CionaKChYP. A, Representative set of tail 
currents from ntCionaKv4 channels. B, Representative set of tail currents from 
ntCionaKv4/KChIP complexes. C, Relationships between time constant of 
deactivation (t deactivation) and voltage for ntC;o«aKv4 channels (filled triangles) 
and C/onaKv4/KChIP complexes (open triangles). Time constants of deactivation 
were obtained from single exponential fits to the inward tail currents during test 
potentials between -160 and -100 mV. Tail currents shown in A and B were 
evoked by repolarizing pulses to potentials between -160 mV and -40 mV 
following a pulse to +50 mV. The length of the depolarizing pulse (between 10 and 
15 ms) was adjusted each time to activate a maximum number of channels just prior 
to reaching peak amplitude. Data represent mean ± SEM.
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Table 3-1. Comparison between the gating parameters of CionaKvA channels, C/onaKv4/KChIP complexes, 
niCionaKwA channels and ntC/onaKv4/KChIP complexes. Number of replicates is indicated in parentheses.

Biophysical param eter

C/onoKv4 ntC/onoKv4

- C/onoKChIP + C/onoKChIP - C/onoKChIP + C/onoKChIP

Ipeak in pA at +50 mV 207 ± 2 7  (15) 867 ± 6 2 ( 1 7 ) ° 307 ± 33 (16) 432 ± 9 7  (15)

Tact in ms a t + 50 mV 3.4 ± 0 .2  ( I I ) 3.3 ± 0 .2  (10) 3.2 ± 0 .3  (12) 3.5 ± 0.3 (12)

Inactivation in m s a t  + 5 0  m V

Tl 26 ± 2  (15) 291 ± 4 2  (9) 56 ± 6  (15) 240 ± 29 (8)

Ai 82.% 100% 49% 100%

T2 I47± 26 (15) - 381 ± 5 0 (1 5 ) -

A2 18% - 51% -

Tree in ms at -100 mV 387 ± 47 (7) 927 ± 47 (6) ° 331 ± 51 (8) 587 ± 76 (8) b

Tdeact in ms a t -130 mV 4.1 ± 0 .3  (10) 8.3 ± 0 .4 (1 6 ) ° 5.7 ± 0 .6  (12) 6.5 ± 0 .6  (10)

*
Steady-state activation in mV

V 0.5 +20 ± 2  (16) -5.7 ± 1.4(17)° 8.3 ± 1.6 (16) 7.4 ± 1.5 (14)

k 22 ± 1 (16) 20 ±1 (17) 20 ± 1 (16) 21 ± 1 (14)

Steady-state inactivation in mV

V 0.5 -72 ± 2 (7) -88 ± 2 (7) ° -73 ± 2 (7) -74 ± 2 (8)

k 3.6 ± 0.2 (7) 4.3 ±  0.2 (7) ° 3.7 ± 0.2 (7) 4.1 ± 0 .3  (8)

°  significantly different from C/onoKv4 with p < 0.01 

^significantly different from ntC/'onoKv4 with 0 .0 1 < p < 0.05 

^calculated from first o rd e r Boltzmann fits t o
t o
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3.4 Discussion

We have described the sequence and the genomic organization of a tunicate K+ 

channel interacting protein (CzonaKChIP). Although BLAST searches in the genomes 

of Drosophila and Anopheles revealed the presence of KChIP genes in these arthropod 

genomes (Fig. 3-3), C/onaKChIP is the first KChIP subunit from an invertebrate that 

has been cloned and characterized. We investigated whether C/on<aKChIP modulated 

currents produced by a Kv4 channel that we had previously cloned from cDNA of the 

heart of Ciona intestinalis, and analyzed the role of the N-terminus on modulation by 

CionaKChlP.

Comparing the genomic structure of CionaKChlV  and mammalian KChlPs

The only gene for KChIP subunits in the genome of Ciona intestinalis branches 

basal to all vertebrate KChlPs in a phylogenetic tree (Fig. 3-4). Thus, it is likely that 

the common ancestor of tunicates and vertebrates had a single gene encoding a KChIP 

subunit, and that early in the evolution of the vertebrates this gene duplicated, leading to 

two clades (the KChIP 1 clade and the KChIP2/3/4 clade). However, our phylogenetic 

analyses did not resolve the relationships between KChIP2, KChIP3, and KChIP4.

Comparison between the genomic structures of CionaYJCMP (Fig. 3-2) and the 

KChlPs cloned from several mammalian species revealed that most exon/intron 

boundaries of KChlPs are highly conserved. For example, the last exon of 

CzowaKChIP, KChIP2 and KChIP3 are identical in length (Decher et al., 2004;
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Spreafico et al., 2001; this thesis). Each of the EF-hands 1 to 3 of CionaKChlV is 

encoded by two exons, as in KChIP3, and the partition of these three EF-hands into two 

exons occurs in the same positions in C/owaKChIP and KChIP3. The fourth EF-hand is 

similarly encoded in a single exon in CionaKQA?, KChIP2 and KChIP3 (Decher et al., 

2002; Spreafico et al., 2001; Figure 3-3). The number of exons that encode the different 

mammalian KChlPs is variable, since numerous splice variants from a single KChIP 

gene are possible; for example, the gene encoding KChIP2 subunits can be spliced 

differently to produce at least eight isoforms: KChIP2a (An et al., 2000), KChIP2b 

(Bahring et a., 2001), KChIP2c (Decher et al., 2001), KChIP2d (Patel et al., 2002), 

KChlPs 2e-g (Decher et al., 2004), and KChIP2t (Deschenes et al., 2002). The 

KChIP2a variant has the longest N-terminal domain, which is encoded by four exons. 

The N-terminus of the KChIP2b variant is the result of splicing out the third exon from 

KChIP2a (Decher et al., 2004); variants KChIP2c, KChIP2e, KChIP2f and KChIP2t do 

not contain the information encoded by exons 2 and 3, which is present in KChIP2a.

The sequence of the N-terminal domain of KChIP2g does not contain information from 

exons 2 and 3 either, and is encoded by an alternative exon 1 (Decher et al., 2004).

The fact that CionaYXMP is, similarly to the mammalian KChIP isoforms, 

encoded by several exons (Fig. 3-2) suggests that in theory several splice variants of 

C/owaKChIP are possible, although only one variant was detected in our experiments. 

Although most splice variants of KChlPs differ in their N-termini, variants that differ in 

their C-termini have been also cloned (Decher et al., 2004). Our results suggest that 

splice variants of CionaKCM? that differ in their C-termini are not expressed, or are
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expressed at very low levels in the heart of Ciona intestinalis, because theoretically 

these would have been detected with the 3’-RACE assay. Regarding expression of 

splice variants of CzowaKChIP with different N-termini in the heart of C. intestinalis, 

only partial conclusions can be derived from this study. Since we did not perform a 5’- 

RACE assay, we do not know the information that would have been provided, 

theoretically, by this assay. Therefore, it is still not known whether alternatively spliced 

variants of CionaKChlY with one or more alternative N-terminal exon, variants 

containing the information encoded by possible additional exons, or splice variants 

without an N-terminus, similarly to the minimal isoform KChIP2d (Patel et al., 2002), 

are expressed in the heart of C. intestinalis. However, we can suggest that splice 

variants that do not contain the information of one or more of exons 2 to 5 are not 

expressed, or expressed at relatively low levels, otherwise it is likely that these would 

have been detected when amplifying the ORF of CionaKChlV.

Comparing modulation by CionaKChIP and mammalian KChlPs

Modulation of current amplitude and activation parameters

CionaKChW clearly increased the amplitude of CionaKvA currents, as can be 

seen in Figures 3-5 and 3-6A, similarly as do mammalian KChIP isoforms 1 to 3 (An et 

al., 2000). It has been shown that the mammalian KChIP isoforms do not increase the 

Kv4 current amplitude by a direct effect on single channel conductance (Beck et al., 

2002), but by facilitating the insertion of Kv4 channels into the plasma membrane 

(Shibata et al., 2003). Whether CionaKChW increases the amplitude of the currents
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produced by CionaKv4 by facilitating insertion of these channels in the plasma 

membrane, like the mammalian KChIP 1 to 3 isoforms or, differently from these 

mammalian isoforms, by increasing the conductance of CionaKv4 channels, was not 

determined in this study.

The effect of mammalian KChlPs on the activation rate of Kv4 currents is 

highly variable. For instance, KChlPl accelerates the rate of activation of Kv4.1 and 

Kv4.2 channels (Nakamura et al., 2001), but not of Kv4.3 channels (Beck et al., 2002). 

KChIP2 does not have an effect on the rate of activation of any of the three mammalian 

Kv4 channel isoforms (Bahring et al., 2001; Wang et al., 2002). KChIP4, on the other 

hand, slows the rate of activation of Kv4 channels (Holmqvist et al., 2002). 

CionaKChIP did not appear to modulate the rate of activation of CionaKv4 currents 

(Fig. 3-6B). However, CionaKChlP shifted the midpoint of activation of CionaKv4 

in the hyperpolarizing direction (Fig. 3-6C), consistently with the effect of most 

mammalian KChlPs (An et al., 2000; Van Hoorick et al., 2003), with some exceptions 

such as KChIP2b and 2d, which do not shift the midpoint of activation (Patel et al., 

2004), or KChIP4, which appears to shift the midpoint of activation of Kv4 channels in 

the depolarizing direction (Holmqvist et al., 2002).

Modulation of macroscopic inactivation

KChIP2 and KChIP3 moderately slow the rate of inactivation of Kv4 currents 

(Decher et al., 2004). In contrast, KChlPl accelerates the rate of decay of Kv4.1 

currents (Beck et al., 2002; Nakamura et al., 2002), but moderately slows the decay of

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



127

Kv4.2 currents (Nakamura et al., 2001). The slowing effect of these three KChIP 

isoforms on inactivation kinetics of Kv4 currents is not dramatic, as it does not 

eliminate the transient nature of these Kv4 currents. In contrast, CionaKChIP converted 

the transient currents produced by CionaKv4 into currents that barely inactivated over a 

period of 0.5s, which was reminiscent of the effects of the mammalian isoform 

KChIP4a on mammalian Kv4 channels (Holmqvist et al., 2002). A K inactivation 

suppressor (KIS) domain within the first ~34 amino acids of the N-terminus of 

KChIP4a is a requirement for the dramatic action of this mammalian subunit on 

inactivation kinetics, because deletion of these amino acids suppressed these effects 

(Holmqvist et al., 2002). In order to find out whether the N-terminus of CionaKChIP 

bears resemblances with the N-terminus (the KIS domain) of KChIP4a, we aligned the 

first 40 amino acids of CionaKChIP with the first 40 amino acids of KChIP4a using T- 

Coffee software (Notredame et al., 2000). The results of this alignment are shown in 

Figure 3-15A. For comparison, we also aligned the first 40 amino acids of CionaKChIP 

with the first 40 amino acids of representatives of the other vertebrate KChIP 

subfamilies (KChlPl to 3), as shown in Figure 3-15B-D. The N-terminus of 

CionaKChIP was more similar to the N-terminus of the KChIP4a isoform than of the 

other KChIP isoforms. The alignment between CionaKChIP and KChIP4a revealed 

that two leucines, at positions 3 and 6 in both subunits, and a methionine, at position 8 

also in both subunits, are conserved between KChIP4a and CionaKChlP (Fig. 3-15A). 

Other residues that could be conserved between the N-terminus of KChIP4a and 

CionaKChlP are a glutamic acid residue and a glycine residue at positions 19 and 22,
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respectively, in CionaKChlP (and positions 23 and 26 in KChIP4a), an alanine-glycine 

motif located at position 28 in CionaKChlP (position 30 in KChIP4a), and a valine 

residue at position 34 in CionaKChlP, corresponding to position 32 of KChIP4a (Fig. 3- 

15A). It seems likely that at least some of these conserved amino acids are crucial to 

the dramatic effect of these two KChIP subunits on inactivation kinetics of Kv4 

channels, although it is also possible that KChIP4a and CionaKChlP exert their effects 

on inactivation kinetics by independent mechanisms. The alignments between 

CionaKChlP and KChIP2a or KChIP3a had extensive gaps (Figure 3-15C,D). The 

alignment between CionaKChlP and KChlPl a has fewer and smaller gaps than in the 

previous cases, and therefore it might reveal some genuine similarities between the N- 

termini of these two subunits (Fig. 3-15B).

Modulation of voltage-dependence of steady-state inactivation and inactivation 

recovery kinetics

Most KChIP isoforms either do not affect the midpoint of inactivation (e.g. 

KChlPla: Nakamura et al., 2001; Van Hoorick et al., 2003) or shift the midpoint of 

inactivation in the depolarizing direction (e.g. KChIP2b: Bahring et al., 2001).

However, the splice variant KChIP2g, which has an alternative exon 1 (Decher et al., 

2004) and KChIP lb, which contains the information of an additional exon in its N- 

terminus (Van Hoorick et al., 2003) shift the midpoint of inactivation in the 

hyperpolarizing direction, similarly as CionaKChlP (Fig. 2-11A).
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Figure 3-15. Comparisons between the N-terminus of CionaKChlP and 
the N-terminus of representatives of each vertebrate KChIP subfamily. A, Aligment 
between CionaKChlP and KChIP4a (accession number AAL86766). B, Alignment 
between CionaKChlP and KChlPla (accession number AAL12489). C, Alignment 
between CionaKChlP and KChIP2a (accession number AAF81755). D, Alignment 
between CionaKChlP and KChIP3a (accession number Q9Y2W7), which contains 
the K inactivation suppressor domain (KIS). T-Coffee software (Notredame et al., 
2000) was used to align these sequences. Residues that identical for each pair of 
sequences are boxed.
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However, the N-terminus of these mammalian KChIP splice variants and CionaKChlP 

did not bear any similarity (not shown). Perhaps a similar effect on the voltage- 

dependence of inactivation can be achieved by different mechanisms, but it appears 

clearly that the effects of KChlPs on steady-steady inactivation depends upon their N- 

terminal sequences.

Most KChIP isoforms accelerate the rate of recovery of Kv4 channels (An et al., 

2000), in spite of having largely divergent N-termini. Even a minimal KChIP2 isoform, 

which has only the highly conserved last 70 amino acids of longer KChIP isoforms, can 

accelerate the rate of recovery from inactivation of Kv4 channels (Patel et al., 2002). 

These data strongly suggest that the C-terminus of KChlPs is sufficient to accelerate the 

rate of recovery kinetics of Kv4 channels, and that this effect is independent of the 

sequence of the N-terminus of KChlPs. Surprisingly, our data suggests that 

CzowaKChlP slowed the rate of recovery from inactivation of CionaKvA channels. 

Because, as stated before, all evidence so far indicates that the C-terminus of KChlPs is 

the domain involved in its effects on inactivation recovery kinetics, we inspected the 

last 17 amino acids of the C-terminus of CionaKCMP, after EF-hand 4, and compared 

these with the last 17 amino acids of the mammalian KChlPs. This corroborated that 

the C-terminus of KChlPs is well conserved amongst mammalian KChlPs. For 

example, the C-terminus of KChIP3 and KChIP4 are identical, and the percentage 

conservation of amino acids between the C-termini of KChIP 2, 3 and 4 is -88%. The 

C-terminus of KChlPl is -70%  identical to the C-termini of the other mammalian 

isoforms (Table 3-2). However, these comparisons also revealed that the C-terminus of
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CionaKChlP is clearly different from that of mammalian KChlPs. The C-terminus of 

CionaKChlP is more similar to the C-terminus of KChIP4 (percentage conservation of 

amino acids is -47%) than to the C-termini of the other KChIP isoforms. Thus, the 

percentage conservation of amino acids between the C-termini of CionaKChlP and 

KChlPl and KChIP2 is of only -30%; the C-termini of CionaKChlP and KChIP3 are 

-40%  similar. Perhaps it is worth noting that the last amino acids of CionaKChlP (- 

DHAL) are clearly different from the other KChlPs (Table 3-2).

Modulation of deactivation

We found that CionaKChlP increased the values of deactivation time constants 

of tail currents produced by CionaKvA channels (Fig. 3-13). Since Kv4 channels 

mostly inactivate from the closed state (Bahring et al., 2001; Gebauer et al., 2004), and 

CionaKChlP prevented inactivation of CionaKvA, our results are consistent with what 

is known about inactivation of Kv4 channels. Therefore, it is plausible that the dramatic 

slowing effects CionaKChlP on inactivation of CionaKvA were partly mediated by an 

slowing effect on closure kinetics. This is consistent with the effects of KChlPl on 

Kv4.1 channels, since this accessory subunit accelerates inactivation of Kv4.1 channels, 

and furthermore it accelerates closing kinetics of this channel (Beck et al., 2002).
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Table 3-2. Percentage conservation of amino acids between the 
C-termini (last seventeen amino acids) of KChIP subunits

CionaKC  hIP KChlPla KChIP2a2 KChIP33 KChIP4b4

CionaKC hIP 1 — — — —

KChlPla1 29% 1 — — —

KChIP2a2 29% 71% 1 — —

KChIP33 41% 65% 88% 1 —

KChIP4b4 47% 71% 88% 100% 1

* accession number AAL124B9 
2

accession number AAF81755
3 accession number Q9Y2W7
4 accession number NP_079497
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The N-terminus of CionaK\4  is essential to modulation by CionaKChlP

Like the N-terminus of mammalian Kv4 channels (Bahring et al., 2001), the N- 

terminus of CionaKv4 is essential to modulation by KChIP subunits, since in the 

absence of this domain, CionaKChlP did not increase current amplitude, shift midpoint 

values of activation or inactivation or affect the kinetics of deactivation of CionaKv4 

channels which lack the N-terminal amino acids 2-32. However, the macroscopic decay 

of ntCionaKv4/KChIP currents was slower than the decay of ntCionaKv4 channels 

alone. It is likely that CionaKChlPs, in addition to interacting with the proximal amino 

acids of the N-terminus of CionaKv4, also binds to a second domain of the N-terminus, 

that was not affected by the deletion performed on CionaKv4 channels, since 

mammalian KChlPs interact with at least two domains of the N-terminus of Kv4 

channels, one within residues 7 to 11 and another comprising residues 71 to 90 

(Scannevin et al., 2004), and this second binding site is sufficient for binding to 

KChlPs. Our findings are therefore not inconsistent with what is known about the Kv4 

channel/ KChIP subunit association.

Summary and Conclusions

We have cloned a KChIP homologue expressed in the heart of the tunicate 

Ciona intestinalis, CionaKChlP, the first KChIP subunit cloned from an invertebrate. 

CionaKChlP branches basal to the four vertebrate KChIP isoforms in a phylogenetic 

tree. When heterologously co-expressed in Xenopus oocytes with CionaKv4, 

CionaKChlP dramatically slowed inactivation of CionaKv4 currents, which was
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reminiscent of the effects of the mammalian isoform KChIP4a. By comparing the first 

34 amino acids of KChIP4a (containing the KIS domain) with the first amino acids of 

CionaKChlP, we have identified possible residues that may underlie the modulating 

effects of this subunit on macroscopic inactivation.

It is likely that the CionaKv4/KChIP complex is an element of the full 

CionaKvA supra-macromolecular complex. It is known that Kv4 channels are 

modulated by a variety of accessory subunits, as recently reviewed by Bimbaum et al. 

(2004). Because Ciona intestinalis has a less diverse gene complement than vertebrates 

(Leveugle et al., 2004), the CionaK:v4 supra-molecular complex likely represents a 

simplified version of the mammalian Kv4 supra-molecular complex, and thus may serve 

as a relatively simple model for the vertebrate case.
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Chapter 4 General Discussion

4.1 Thesis summary

In this thesis I describe the cloning of a voltage-gated potassium (Kv) channel of 

the Kv4 subfamily that is expressed in the myocardium of a basal chordate, the tunicate 

Ciona intestinalis (CionaKv4). This work was greatly facilitated by the genomic 

database for this species http://genome.jgi-psf.org/ciona4/eiona4.home.html. since a 

scan of this genomic database using vertebrate Kv4 channel sequences identified a 

single gene for Kv4 channels (CionaKvA), providing an initial prediction of the position 

of the initiation codon (ATG), as well as the codons for the trans-membrane segments 

of this channel. However, since the C-termini of Kv4 channels are highly divergent 

(see Fig. 2-4), it was not possible to predict the sequence of the C-terminus of 

CionaKv4 by similarity with the C-terminus of any other Kv4 channel in BLAST 

searches. Therefore, to determine the position of the stop codon for CionaKvA, I used 

an experimental assay, 3’-RACE. This made it possible to amplify and clone the full 

ORF for CionaKvA from heart cDNA of Ciona intestinalis.

The exon/intron organization of the gene that encodes CzonaKv4, determined by 

aligning the sequences of the transcript and the gene for CionaKvA, was similar to the 

genomic structure of vertebrate Kv4 channels (Isbrandt et al., 2000), except for the fact
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that the codons for exon 1 of vertebrate Kv4 channels are partitioned into two exons in 

CionaKvA (Fig. 2-3).

An alignment between CionaKvA with vertebrate and invertebrate Kv4 channels 

revealed strong sequence similarity between CionaKvA and other Kv4 channels, 

especially with a Kv4 channel cloned from the tunicate Halocynthia roretzi (TuKv4, 

Nakajo et al., 2003). When heterologously expressed in Xenopus oocytes, CionaKvA 

produced outward transient currents (Fig. 2-6A) that were almost indistinguishable from 

currents produced by this tunicate Kv4 channel (Nakajo et al., 2003).

The N-terminus of Kv4 channels is highly conserved, perhaps because its two 

major roles as a structural element of inactivation and as a binding site for KChIP 

accessory subunits are essential to the function of these channels. The N-terminus of 

CionaKv4 does not differ from the N-terminus of the other Kv4 channels, except for 

amino acids at positions 3 and 4, which are conserved amongst the three mammalian 

Kv4 isoforms (corresponding to an alanine and an arginine, respectively), but are highly 

variable in invertebrate Kv4 channels (Fig. 2-4). To elucidate whether the N-terminus 

of CionaKv4 has the same functions as the N-terminus of the mammalian Kv4 

channels, I created a mutant that lacked amino acids 2-32 and compared the biophysical 

parameters of this channel with those of wild-type CionaKvA channels (Chapter 2). 

Deletion of the N-terminus significantly increased the amplitude of the CionaKvA 

currents, shifted the midpoint voltage of activation leftwards (Fig. 2-7), slowed closing 

kinetics (Fig. 2-10), and dramatically slowed the decay of these currents (Fig. 2-6B) by 

increasing the time constants of the fast and the slow inactivating components (Fig. 2-
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8B) and by increasing the relative contribution of the slower component of inactivation 

to total current decay. However, the N-terminus of CionaK\4 is not a structural 

determinant of activation kinetics, voltage-dependence of inactivation or inactivation 

recovery kinetics because deletion of this domain did not significantly change these 

parameters (Figs. 2-7B and 2-9).

The phenotype of the potassium current conducted by Kv4 channels depends on 

the tuning of the intrinsic biophysical properties of these Kv4 channels by accessory 

KChIP subunits (An et al., 2000). Therefore, for a comprehensive understanding of the 

role of Kv4 channels in the physiology of vertebrate and invertebrate tissues where they 

are expressed, it is important to characterize the modulation of their biophysical 

properties by KChlPs [and other] accessory subunits. For this purpose, I cloned a 

tunicate KChIP homologue (C/onaKChIP) from heart cDNA of this species using a 

similar approach as for CionaKvA (chapter 3). As with mammalian KChlPs, the N- 

terminus of CionaKChlP was the most variable part of this protein (Fig. 3-3). 

Interestingly, the portion of the C-terminus after the fourth EF-hand of CionaKChlP 

showed a percentage similarity of ~47% with the same region of KChIP4 and of only 

30-40% with the same region of the other mammalian KChIP isoforms, whereas this 

region is highly conserved between mammalian KChlPs (90-100% homology between 

KChIP isoforms 2 to 4, and ~70% between KChlPl and KChlPs 2 to 4, see Table 3-2).

Co-expression experiments revealed that, like the mammalian KChIP isoforms, 

CionaKChIP increased the current amplitude (Fig. 3-5A,B and Fig. 3-8) and shifted the 

midpoint of activation in the hyperpolarizing direction (Fig. 3-6). Like KChIP4a,
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CionaKChlP slowed the decay of CionaKvA currents (Fig. 3-5B). However, 

CionaKChlP shifted the midpoint of inactivation in the hyperpolarizing direction (Fig. 

3-11 A), whereas most KChIP isoforms shift the midpoint of inactivation in the 

depolarizing direction. Furthermore, whereas mammalian KChlPs consistently 

accelerate inactivation recovery kinetics, CionaKChlP had an opposite effect on this 

parameter.

Since the N-terminus of CionaKvA does not differ from that of mammalian Kv4 

channels, I hypothesized that the N-terminus of CionaKvA played a major role in 

interaction with CionaKChlP. Co-expression of an N-terminal deletion mutant of 

CionaKvA (niCionaKvA, characterized in chapter 2) with CionaKChlP confirmed that 

this is the case, since CionaKChlP did not shift activation or inactivation midpoints 

(Figs. 3-7C and 3-11C) and did not affect deactivation kinetics of CionaKvA (Fig. 3- 

13). However, CionaKChlP further slowed inactivation of the currents produced by the 

N-terminal deletion mutant of CionaKv4, indicating an interaction between 

CionaKChlP and ntCionaKvA. This is not surprising, since it is known that Kv4 

channels have two binding sites for KChIP in their N-terminus. The deletion of amino 

acids 2-32 performed on CionaKvA eliminated the first, but not the second binding site 

for KChIP, as this second site is within amino acids ~71-90. These results were 

described in Chapter 3.

In conclusion, this thesis has provided the sequence and a detailed 

characterization of the biophysical activity of a tunicate Kv4 channel {CionaKvA), a 

characterization of the functional role of the N-terminus of CionaKvA, and the sequence
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and the modulatory action of a KChIP subunit (CionaKChlP) on CionaKvA channels. 

This is the first invertebrate KChIP subunit to be isolated. During the course of these 

investigations, Zhang et al. (2001) cloned a lobster frequenin subunit and characterized 

its effects on the activity of lobster Kv4 channels. Their results and the results 

presented in this thesis are the first indications that the activity of invertebrate Kv4 

channels is tuned by endogenous accessory subunits. The elucidation of the structure 

and function of the mammalian Kv4 supra-molecular complex could benefit from the 

characterization of invertebrate orthologues.

4.2 Discussion

Conserved and adaptive features of Kv4 channels

A comparison between the biophysical properties of CionaKvA, provided in this 

thesis, and the published biophysical properties of each mammalian Kv4 isoform, has 

provided clues to identify the adaptive features of the mammalian Kv4 channel 

isoforms. Thus, the particular mechanism of inactivation of Kv4.1 channels, the 

relatively depolarized midpoint of inactivation of Kv4.2 and Kv4.3 channels, the fast 

inactivation recovery kinetics of Kv4.3 and Kv4.1 channels are exclusive features of 

these mammalian isoforms, and are therefore likely to be adaptive features.

The functional parameters of a cnidarian (jellyfish) Kv4 channel (Jegla and 

Salkoff, 1997) are clearly different from those of triploblast Kv4 channels. The 

alignment shown in Figure 2-4 indicates some interesting differences between the
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jellyfish Kv4 channel (jShal), and Kv4 channels from invertebrate triploblasts and 

vertebrates. For example, the S4 domain (a voltage-sensing domain) is strictly identical 

in all the triploblast Kv4 channels, however the S4 domain of jShal differs by two 

amino acids (T293S and Q31 IK; positions refer to CionaKvA in Fig. 2-4). Although 

the first substitution (a serine in jShal for a threonine) is unlikely to induce functional 

changes, as both are neutral amino acids, the second substitution (a positively charged 

lysine in j Shal for a non-charged glutamine) is likely relevant to the voltage-sensing 

function of this domain, which is largely dependent on the charge of its amino acids. 

Also, there are channel motifs with important physiological functions that are present in 

all triploblast Kv4 channels but are not found in j Shal, such as a di-leucine motif that 

plays a role in targeting these channels to specific cellular regions (Rivera et al., 2003), 

or a two-arginine motif with an important role in determining midpoint of steady-state 

inactivation (Hatano et al., 2004) (Fig. 2-4). The structural differences between 

triploblast Kv4 channels and jShal are likely correlated with discrepancies in their 

biophysical properties, though this should be confirmed by mutational analyses. For 

example, the midpoint of inactivation of j Shal is significantly more negative (around 

-106 mV), than the midpoint of inactivation of other Shal channels (between -50 and 

-70 mV), a parameter that is determined by the two-arginine motif in triploblast Kv4 

channels (Hatano et al., 2004). Another peculiarity of j Shal is its slow kinetics of 

inactivation (Tfast ~ 137 ms at room temperature, Jegla and Salkoff, 1997) when

compared with inactivation of Shal channels of arthropods and chordates (T fast ~ 20-30
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ms; e.g. Baro et al., 1996; Pak et al, 1991; this thesis). Since the N-terminus is essential 

for modulation by KChlPs (An et al., 2000; Bahring et al., 2001; Scannevin, 2004; this 

thesis), it is tempting to suggest that ]Shal is not susceptible to modulation by KChlPs, 

since its N-terminus clearly diverges from that of triploblast channels (Fig. 2-4).

The jellyfish Polyorchis expresses heteromultimers of jShala  and jShaly 

subunits that have distinct biophysical properties; however, homotetramers formed 

exclusively by Kvy subunits are not functional (Jegla and Salkoff, 1997). Although 

several Kv2y subunits are known to exist in mammals (Salinas et al., 1997), mammalian 

Kv4y subunits have not been reported so far, which suggests that modulation by these 

Kvy subunits may not be representative of a primitive modulatory mechanism of Kv4 

channels, but is a derived feature in cnidarians. An alternative explanation is that the y 

subunit that is specific for Kv4 channels represents a primitive modulator that was lost 

in the vertebrate lineage.

The less conserved region of Kv4 channels, the C-terminus, is rich in 

phosphorylation sites, especially in sites for protein kinase C (PKC). The C-termini of 

Kv4 channels share a PKA site, at position 549 in CionaKv4 (Fig. 2-4), but the other 

phosphorylation sites of the C-terminus of Kv4 channels are highly variable. This 

suggests that the number and location of PKC sites in the C-terminus of Kv4 channels 

have been selected because they have a specialized function, thus representing an 

adaptive feature of Kv4 channels. The N-termini of Kv4 channels also have several 

phophorylation sites but these are shared amongst diverse Kv4 channels (Fig. 2-4),

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



146

which suggests that these sites must be necessary for the basic functions common to all 

Kv4 channels.

Diversification of the Kv4 channel and the KChIP subunit in the vertebrate lineage

The finding that the genome of Ciona intestinalis contains only one gene for 

Kv4 channels (Chapter 2) and a single gene for KChIP subunits (Chapter 3) implies that 

both genes diversified during the evolution of vertebrates, since the mammalian genome 

contains three Kv4 paralogues and four KChIP paralogues. However, it is not clear 

whether the diversification of the Kv4 and the KChIP genes is the consequence of large- 

scale genomic duplications or resulted from duplications at a smaller scale. The 

prevailing theory, formulated by Ohno (1970), postulates two major genome 

duplications early in the evolution of the vertebrates, but the timing of these 

duplications has been debated. For example, Atkin and Ohno (1967) proposed that the 

first duplication occurred during the divergence of amphioxus from tunicates.

However, Schmidtke et al. (1977) found the same number of enzyme genes in a tunicate 

(Ciona) and in the amphioxus, which suggests that the genome of the amphioxus is not 

duplicated relative to the genome of tunicates. Most (81%) vertebrate gene families are 

composed of two or three paralogues that derive from a single ancestral gene (Escriva et 

al., 2002), as is the case of the Kv4 channel gene family; however, the fact that there are 

three, and not four paralogues of the ancient gene would imply that one of the four 

tetralogues was lost after the second major genomic duplication (Spring, 1997). On the 

other hand, it appears that gene loss did not affect the diversification of the KChIP gene,
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since vertebrates contain four KChIP paralogues. Using a system where A, B, C and D 

are the symbols that denote each of the vertebrate tetralogue genes, the pattern exhibited 

by the KChIP gene family is (A)(BCD), where “A” represents KChlPl and “BCD” 

represents the KChIP isoforms 2, 3 and 4 (Fig. 3-4). Since this pattern is common 

amongst vertebrate gene families composed of four paralogues, Hugues (1999) has used 

this in his argument against the occurrence of two rounds of genomic duplication during 

vertebrate evolution, as this duplication pattern would have rendered a topology of the 

form: (AB)(CD). However, Sidow (1996) has suggested that duplications of single 

genes or fragments of the genome that were independent of large-scale genomic 

duplications have played a role in the evolution of the vertebrates and might explain 

these discrepancies.

In order to provide clues on the timing of diversification of the Kv channel 

genes during vertebrate evolution, Rashid and Dunn (1998) performed a degenerate 

PCR on genomic DNA from a teleost, the weakly electric fish (Apteronotus 

leptorhynchus) to amplify the highly conserved pore region of as many Kv channels as 

possible. Using this method, these authors identified ten Kvl channel genes, two 

different Kv2 channel genes, five genes for Kv3 channels and two very similar 

sequences corresponding to Kv4 channel genes, although these authors noted that the 

differences in these two sequences for Kv4 channels could have arisen from a PCR or 

sequencing artifact. Nevertheless these results suggest that teleost fish contain at least 

two Kv4 channel genes, but these results do not imply that they lack any of the three 

isoforms identified in mammals, because there is no guarantee that even a degenerate
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PCR would detect all possible Kv genes. In fact, it seems likely that this teleost, which 

belongs to the very derived Gymnotiformes would have most, if not all, of the Kv 

channel isoforms, since there is strong evidence for a relatively rapid rate of 

diversification of a variety of genes prior to the advent of the teleosts but relatively slow 

thereafter, as has been shown for genes for ionic transporters (Iwabe et al., 1996). 

Therefore, it is critical that the diversity of Kv4 channels and KChlPs be determined for 

the cephalochordates, such as the amphioxus, and early craniates such as the lamprey 

(Petromyzontiformes) and hagfish (Myxini).

Implications for the excitability properties of the tunicate heart

Since orthologous transcription factors control the early stages of cardiac 

morphogenesis in invertebrates (Bodmer, 1993), early chordates (Komuro and Izumo, 

1993: Holland et al., 2003) and vertebrates (Davidson and Levine, 2003) it is reasonable 

to suppose that hearts are homologous across chordate phylogeny (Romer and Parsons, 

1986) and perhaps with certain invertebrate lineages. Not surprisingly, the messages 

for a Kv4 channel and a KChIP accessory subunit, two proteins that are essential to the 

function of the vertebrate heart, were present in RNA extracted from the heart of the 

tunicate Ciona intestinalis.

The first re-polarization phase of the mammalian cardiac action potential is 

mediated by the A-type transient outward current, termed IT0 (Mitchell et al., 1984). 

Although lT0 currents are carried by Kv4 channels (Dixon et al., 1996), the amplitude of 

this current is correlated with the amount of KChIP mRNA and not with the amount of
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Kv4 mRNA in the canine and human heart. For example, the lT0 current is larger in the 

epicardium, which expresses larger amounts of KChIP mRNA, than in the 

endocardium, which expresses lower amounts of KChIP mRNA (Rosati et al., 2001). 

The first re-polarization phase of the action potential is essential to heart physiology 

because variations in its biophysical parameters have important repercussions for the 

amplitude and duration of the cardiac action potential (e.g. Xu et al., 1999). It is not 

known whether different areas of the heart of Ciona intestinalis produce action 

potentials with different waveforms; about 70 % of all action potentials showed three 

phases of re-polarization and the remaining 30% had one or two phases of re

polarization (Kriebel, 1967). This author did not specify whether a single myocyte 

produced action potentials with a different number of re-polarization phases. However, 

this appears to be the case, as implied by his statement: “ .. .Various shapes of action 

potentials were found, showing from one to three phases of repolarization...” (Kriebel, 

1967). However, it is also possible that action potential shape is influenced by the 

nature of the propagation of action potentials in this sheet of electrically coupled cells. 

For example, if the rate of firing increases, there could be a slower rise time that may 

inactivate channels carrying inward current. However, Kriebel’s observation that 

“ .. .action potentials from a single cell before and after a reversal were usually 

identical...” (Kriebel, 1967) suggests that the recent firing history of a cell and its 

neighbors does not affect the action potential waveform of tunicate myocytes. Perhaps 

different regions of the tunicate heart express different amounts of CionaKChlP
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subunits, if modulation of Kv4 channels by KChIP subunits is an evolutionary ancient 

strategy for increasing the diversity of the cardiac AP waveform.

By slowing inactivation kinetics and the rate of recovery from inactivation of 

CionaKv4 channels, CionaKChlP might perform a regulatory function for controlling 

excitability of the tunicate heart. A slowly inactivating CionaKv4/KChIP complex will 

produce persistent outward currents that would (i) dampen the influence of the inward, 

depolarizing Na+ current, and (ii) cumulative inactivation of INa, resulting in action 

potentials of relatively small amplitude. Consistent with this, the action potentials 

recorded by Kriebel (1967) had relatively low amplitude, as they barely overshoot 0 mV 

from a resting potential of -69 mV. However, one would expect that the small size of 

these cells (1-10 p,m in height) would present technical difficulties to record 

intracellular action potentials and that the small APs may result from cell damage and 

loss of the resting potential, as a relatively depolarized membrane potential would result 

in a decrease in the number of available spike-producing Na+ channels.

Currents produced by G'o«aKv4/KChIP complexes recover from inactivation with 

a time constant of ~ ls  (Table 3-1). A particular region of the tunicate heart contracts 

with an average rate of ~15 contractions min'1 (Kriebel, 1968). Assuming a ratio of 1 

action potential per contraction, most Kv4 channels expressed in a particular myocyte 

would be available for activation and hence re-polarization of the action potential every 

time a wave of depolarization reaches it. Therefore, in theory the long re-polarization
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phase of tunicate myocytes cannot be a consequence of minimal re-polarizing Kv4 

current.

In summary, inactivation kinetics and inactivation recovery kinetics of the 

CionaKv4/KChIP complex are compatible with the physiology of the tunicate heart. 

However, the strong shift of the inactivation midpoint in the hyperpolarizing direction 

caused by CionaKChlP (Fig. 3-11 A) is difficult to reconcile with the physiology of the 

tunicate heart, since it renders CionaKv4 unavailable for activation at the measured 

resting potential of ~ -69 mV for Ciona intestinalis myocytes (Kriebel, 1967).

However, one could reasonably argue that given the small size of tunicate myocytes, 

they would be easily damaged by the electrodes used to obtain these intracellular 

recordings (Kriebel). Although these electrodes were not static, but were suspended so 

that they would follow the impaled cells that were contracting, they could still easily 

damage and rupture cell membranes. The depolarization ensued by this damage to the 

cell membranes would account for the relatively depolarized membrane potential (-69 

mV, Kriebel, 1967), and for the relatively short amplitude of these action potentials, 

since the depolarization would cause cumulative inactivation of INa. On the other hand, 

future characterization of the Kv4 macro-molecular complex and the effects of Ca2+ on 

the modulation of Kv4 channels by KChIP subunits may help solve this puzzle.

An intriguing feature of the tunicate heart is the alternating activity of the 

pacemakers located at each end of the heart (Anderson, 1968). It is currently believed 

that spontaneous electrical activity originates from calcium-dependent oscillations of 

the membrane potential (Grace, 1991). Because A-type currents operate in the sub
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threshold range they may be important determinants of the pacemaker frequency, as 

suggested by the early work on invertebrate neurons (Connor and Stevens, 1971a,b). 

Unfortunately, only speculations can be made at this point regarding the involvement of 

CionaKxA and CionaKChlP in the pacemaker of the tunicate heart, but analyses on 

expression of both proteins in the pacemaker and non-pacemaker regions of this tissue 

will help to reveal more about its physiology.
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4.3 Final conclusions

This PhD thesis has provided the following contributions:

(i) Determined the exon-intron organization of a Kv4 channel gene orthologue, 

its nucleotide sequence and its deduced amino acid sequence, from the basal 

chordate Ciona intestinalis.

(ii) Provided a complete characterization of the biophysical properties a wild 

type Kv4 channel (CionaKvA) from a basal chordate.

(iii) Established the importance of the N-terminal 2-32 amino acids for proper 

expression of the biophysical properties of a Kv4 channel from a basal 

chordate.

(iv) Determined the genomic structure, nucleotide and amino acid sequence of 

the first non-vertebrate KChIP subunit, termed CionaKChlP.

(v) Characterized the modulatory effects of CionaKChlP on the biophysical 

activity of CionaKv4.

(vi) Established the importance of the N-terminus of CionaKvA for modulation 

by CionaKChlP.
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APPENDIX A: cDNA sequence of CionaK\4

LOCUS A Y 5 1 4 4 8 7  2 9 0 0  b p  mRNA l i n e a r  I NV 0 2 - F E B - 2 0 0 4
D E F I N I T I O N  C i o n a  i n t e s t i n a l i s  p o t a s s i u m  c h a n n e l  K v 4  mRNA, c o m p l e t e  c d s .
A C C E S S I O N  A Y 5 1 4  4 8 7
V E R S I O N  A Y 5 1 4 4  8 7 . 1  G I : 4 1 3 5 1 8 6 6
KEYWORDS
SOURCE C i o n a  i n t e s t i n a l i s

ORGANISM C i o n a  i n t e s t i n a l i s
E u k a r y o t a ;  M e t a z o a ;  C h o r d a t a ;  U r o c h o r d a t a ;  A s c i d i a c e a ;  E n t e r o g o n a ;  
P h l e b o b r a n c h i a ;  C i o n i d a e ;  C i o n a .

REFERENCE 1 ( b a s e s  1 t o  2 9 0 0 )
AUTHORS S a l v a d o r - R e c a t a l a , V . , G a l l i n , W . J .  a n d  S p e n c e r , A . N .
T I T L E  C i o n a  i n t e s t i n a l i s  C i o n a K v 4  mRNA f o r  K v 4 - t y p e  v o l t a g e - g a t e d

p o t a s s i u m  c h a n n e l  
JOURNAL U n p u b l i s h e d

REFERENCE 2 ( b a s e s  1 t o  2 9 0 0 )
AUTHORS S a l v a d o r - R e c a t a l a , V . , G a l l i n , W . J .  a n d  S p e n c e r , A . N .
T I T L E  D i r e c t  S u b m i s s i o n
JOURNAL S u b m i t t e d  ( 2 9 - D E C - 2 0 0 3 )  B i o l o g i c a l  S c i e n c e s ,  U n i v e r s i t y  o f  A l b e r t a ,

E d m o n t o n ,  AB T 6 G 2 E 9 ,  C a n a d a  
FEATURES L o c a t i o n / Q u a l i f i e r s

s o u r c e  1 .  . 2 9 0 0
/ o r g a n i s m = " C i o n a  i n t e s t i n a l i s "
/ m o l _ t y p e = " mRNA"
/ d b _ x r e f = " t a x o n : 7 7 1 9 "

CDS 1 . . 2 4 0 3
/ n o t e = " v o l t a g e - g a t e d  p o t a s s i u m  c h a n n e l ;  C i o n a K v 4 "  

/ c o d o n _ s t a r t = l
/ p r o d u c t = " p o t a s s i u m  c h a n n e l  K v 4 "
/ p r o t e i  n _ i  d = " AAS00 6 4 6 . 1  "
/ d b _ x r e f = " G I : 4 1 3 5 1 8 6 7 "
/ t r a n s l a t i o n = " M A T A V A A W L P F A R A A A I G W V P V A T N N L P P I P F N R R K T K D T L I T L  
NISGRRFQTWKNTLEKFPDTMLGSQEKEFFYDDDRKEYFFDRDPEI FRHI LSFYRTGK 
MHFPRTECI SSIDDELAFFGILPEMIADCCYEDYRDRKRENDERLVDDASDAPGGPAL 
GKAPPPALSLRKRMWRAFENPHTSTPALVFYYVTGFFIAVSVFANIVETVPCGAMPGT 
LEVKQCGERYQLTFFCLDTACVMI FTVEYFMRLFASPNRCKFLRSVMSIIDVVAI LPY 
Y IG L II T DN E DV S GA F V T L R V F R V F R I F K F S R H S Q G L R I L G Y T L K S C A S E L G F L L F S L  
TMAI II FATVMFYAEKGMEGTTFTSI PAAFWYTI VTMTTLGYGDMVPKTIAGKI FGSV 
CSLSGVLVIALPVPVIVSNFGRIYSQNQRQDKRRAQKRARLARIRAGKPTSAMTYCQN 
KGDHDFEQDPPPDVSEAETSSSNNI NATFEKNHFHLLHCLERTTDHEI TENQMCNSSS 
VIAIRGGDNESESLI STHSANQNQSNI YHQQMSLQRGRRETTSTCSLQRHNDVSSRSS 
SVSHTSQHDNACELDDDSFLSNEKTNFGFSGTKDVTSPPPFSLNQSPCATSFAVADNL 
R S M DD V ES D VII PS IA LP DVT DQ FCNI PS RF TN YVT TP SS TRN LQ ADN LS VP MTS LS S 
S D AS S ST SG V SG S SDYY RYGG SDD DE RI PNL IPT HE SRS QH RRSE PGI DAFRR SSRT R 
E NYDGPRKSSPKSPPSTVTCVAPPHADAADQRHRVSAEKSGI LPANVDGSNSSVI RI S 

S L "
3 ' UTR 2 4 0 4 . . 2 9 0 0

O R I G I N
1 a t g g c a a c a g  c a g t a g c a g c  t t g g c t a c c t  t t t g c a a g g g  c a g c a g c c a t  a g g t t g g g t t  

61  c c a g t t g c t a  c c a a t a a c c t  a c c c c c c a t c  c c g t t t a a c c  g a c g t a a a a c  a a a a g a c a c a
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121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1
4 8 1
5 4 1
6 0 1
6 6 1
7 2 1
7 8 1
8 4 1
9 0 1
9 6 1

1021
1 0 8 1
1 1 4 1
1201
1 2 6 1
1 3 2 1
1 3 8 1
1 4 4 1
1 5 0 1
1 5 6 1
1 6 2 1
1 6 8 1
1 7 4 1
1 8 0 1
1 8 6 1
1 9 2 1
1 9 8 1
2 0 4 1
2101
2 1 6 1
2221
2 2 8 1
2 3 4 1
2 4 0 1
2 4 6 1
2 5 2 1
2 5 8 1
2 6 4 1
2 7 0 1
2 7 6 1
2 8 2 1
2 8 8 1

c t c a t c a c t c
t t c c c a g a t a
g a a t a t t t c t
g g c a a g a t g c
t t c g g t a t a t
a g g g a a a a c g
g g a a a g g c c c
c c c c a c a c t a
t c c g t g t t t g
g t c a a a c a g t
a t g a t a t t t a
c t a c g a t c c g
a t c a t c a c t g
t t c c g t a t a t
a a a a g t t g t g
t t c g c a a c t g
c c g g c a g c g t
c c a a a g a c a a
a t t g c g t t g c
a g a c a a g a c a
c c t a c g a g t g
c c a c c c g a t g
a a a a a t c a t t
a a c c a g a t g t
t c t c t c a t t t
t c g c t a c a g a
g t c a g c t c t a
g a t g a c g a t t
g t c a c a t c a c
g c t g a c a a t c
c t g c c t g a t g
a c g c c a t c t t
t c c t c g t c g g
t a c g g a g g c a
t c a c a a c a y c
g a a a a t t a t g
g t c g c c c c a c
g g g a t a t t g c
t a g c g g c g g g
c a a t t t a a c t
c a t t g t a g c a
t g g c a t a a c g
t c a t c t g a c g
c g t g a a g t t t
c c t a t a t a g a
c g g t t t a c a a
a a a a a a a a a a

t c a a t a t a a g
c a a t g t t g g g
t c g a c c g a g a
a c t t t c c g c g
t g c c t g a g a t
a t g a a c g a t t
c g c c t c c c g c
g c a c c c c a g c
c t a a c a t a g t
g t g g c g a a a g
c a g t c g a a t a
t c a t g a g c a t
a c a a c g a a g a
t c a a g t t c t c
c c a g t g a a c t
t t a t g t t c t a
t c t g g t a c a c
t c g c c g g c a a
c a g t t c c t g t
a a c g a a g a g c
c g a t g a c g t a
t g a g t g a a g c
t c c a t c t t t t
g t a a c t c c t c
c c a c t c a c t c
g a g g g c g g c g
g a t c a t c t a g
c a t t t t t a a g
c c c c g c c c t t
t g a g a t c a a t
t c a c g g a t c a
c g a c g a g a a a
a c g c g t c t t c
g c g a t g a t g a
g a a g g t c g g a
a c g g c c c c c g
c a c a c g c c g a
c a g c g a a t g t
a c t t t g a a g a
g t c a a a c t a g
t t a c t a a g a t
t g c a a t c a t a
a a a c c g g g a g
c a a c g g c t a t
c c c g c t g g t a
t g a t g k a s t a
a a a a a a a c a a

c g g t c g a c g g
a a g c c a g g a g
c c c c g a g a t c
g a c a g a a t g c
g a t a g c t g a t
a g t t g a c g a t
t t t a t c t c t t
t c t t g t g t t t
c g a a a c c g t g
a t a c c a g c t g
c t t c a t g a g a
t a t a g a c g t t
t g t a a g c g g g
g c g a c a t t c a
t g g c t t c c t t
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c a t a g t a a c g
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t t g t c a g a a t
c g a g a c c t c c
g c a c t g c c t c
a t c c g t g a t a
g g c t a a t c a g
t g a a a c a a c a
c g t t t c c c a c
c a a t g a a a a a
c t c g c t c a a c
g g a t g a c g t a
g t t t t g c a a c
c c t c c a a g c c
t t c c a c g t c c
t g a g a g a a t c
g c c a g g g a t t
g a a a t c g a g c
c g c c g c c g a c
t g a t g g t t c a
g a a c t t t t a c
c c a g g a t a g a
a a c c g t c t t c
t a c t t t a g c t
g t t a c t t t t t
t c t g t g t t a c
a c c t t g a t g t
t t g c g t t a t a

t t t c a a a c g t
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t g a g a g c a g a
g a g g a c a a g g
g g t t a c a t g c
t g a a a a g a g c
t t c c t c a c t g
a c t t t c g c c g
a t a t c t w a g a
c g c a g t t t t g
t g g t c t a t t t
g t t t t a g a a g
g t g t t a g a g a
t a g a g t g a a t
t t t a t t c c g g

/ /
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APPENDIX B: cDNA sequence of CionaKChW

LOCUS
D E F I N I T I O N

A C C E S S I O N
V E R S I O N
KEYWORDS
SOURCE

ORGANISM

R E F E R E N C E
AUTHORS
T I T L E

J OURNAL
R E F E R E N C E

AUTHORS
T I T L E
J O URNA L

F EA T U R E S
s o u r c e

C D S

O R I G I N

1
6 1

121
1 8 1
2 4 1
3 0 1
3 6 1
4 2 1

AY5 1 4 4  8 8  1 2 5 4  b p  mRNA l i n e a r  I N V  0 2 - F E B - 2 0 0 4
C i o n a  i n t e s t i n a l i s  p o t a s s i u m  c h a n n e l - i n t e r a c t i n g  p r o t e i n  K C h I P  
mRNA,  c o m p l e t e  c d s .
AY 5 1 4  4 8 8
A Y 5 1 4 4 8 8 . 1  G I : 4 1 3 5 1 8 6 8

C i o n a  i n t e s t i n a l i s  
C i o n a  i n t e s t i n a l i s  

E u k a r y o t a ;  M e t a z o a ;  C h o r d a t a ;  U r o c h o r d a t a ;  A s c i d i a c e a ;  E n t e r o g o n a ;  
P h l e b o b r a n c h i a ;  C i o n i d a e ;  C i o n a .

1 ( b a s e s  1 t o  1 2 5 4 )
S a l v a d o r - R e c a t a l a , V . , G a l l i n , W . J .  a n d  S p e n c e r , A . N .
K v  c h a n n e l - i n t e r a c t i n g  p r o t e i n  ( K C h I P )  e x p r e s s e d  i n  C i o n a
i n t e s t i n a l i s  h e a r t  t i s s u e

U n p u b l i s h e d
2 ( b a s e s  1 t o  1 2 5 4 )
S a l v a d o r - R e c a t a l a , V . , G a l l i n , W . J .  a n d  S p e n c e r , A . N .
D i r e c t  S u b m i s s i o n
S u b m i t t e d  ( 2 9 - D E C - 2 0 0 3 )  B i o l o g i c a l  S c i e n c e s ,  U n i v e r s i t y  o f  A l b e r t a ,  
E d m o n t o n ,  AB T 6 G  2 E 9 ,  C a n a d a  

L o c a t i o n / Q u a l i f i e r s
1 . . 1 2 5 4
/ o r g a n i s m = " C i o n a  i n t e s t i n a l i s "
/ m o l _ t y p e = " m R N A "
/ d b _ x r e f = " t a x o n : 7 7 1 9 "

1 . . 7 4 1
/ n o t e = " c a l c i u m - b i n d i n g  p r o t e i n ;  K v  c h a n n e l - i n t e r a c t i n g  

p r o t e i n "
/ c o d o n _ s t a r t = l
/ p r o d u c t = " p o t a s s i u m  c h a n n e l - i n t e r a c t i n g  p r o t e i n  K C h I P "  

/ p r o t e i n _ i d := " A A S 0 0 6 4 7  . 1 "
/ d b _ x r e f = " G I : 4 1 3 5 1 8 6 9 "
/ t r a n s l a t i o n = " M S L A I L T M V T E R E N V W E T E K I G I A I M C A G V V M V V F N R I H K Y L P F  
L K CW TK D AD G AE IERQ TL RYM PE SI ERLM AL TN FDR REL KT LY RNF KNE CPN GVV NE E 
T F K S I Y C Q F F P N G D A D M Y A H Y V F R A F D H S E E G H V N F E E F A I G L S S L L R G S L I D R L H W T  
F R L Y D I N H D G Y IT R E E M L S I I K S V Y Q L L G S H V K P S L S D D N Y M E H T D R I F N K L D L N G D G  

L V T M E E F C E T C T K D E S I V R S M S I F D H A L "

a t g t c t c t c g  c t a t c t t a a c  c a t g g t g a c a  g a g a g a g a g a  a t g t t t g g g a  g a c a g a g a a g
a t t g g a a t a g  c g a t t a t g t g  c g c t g g t g t g  g t c a t g g t t g  t g t t t a a t a g  a a t t c a c a a g
t a t c t g c c c t  t t c t c a a a t g  c t g g a c g a a a  g a t g c g g a c g  g a g c a g a a a t  c g a g c g g c a a
a c a c t g c g a t  a t a t g c c g g a  a a g c a t t g a a  a g a t t a a t g g  c c c t c a c t a a  c t t c g a t a g a
c g g g a g c t t a  a g a c g t t g t a  c a g a a a c t t c  a a a a a c g a g t  g c c c g a a c g g  c g t t g t g a a c
g a a g a g a c c t  t c a a a t c a a t  c t a c t g t c a a  t t c t t t c c c a  a c g g a g a t g c  g g a c a t g t a c
g c t c a t t a t g  t g t t c c g t g c  a t t t g a c c a c  t c g g a a g a a g  g c c a t g t c a a  t t t c g a g g a g
t t t g c a a t c g  g t t t a t c t t c  c c t a c t g c g c  g g a a g t t t g a  t c g a t a g g t t  a c a t t g g a c g
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4 8 1  t t c a g a t t a t  a t g a c a t c a a  c c a c g a c g g a  t a t a t a a c c c  g g g a g g a g a t  g c t a a g c a t a
5 4 1  a t a a a g t c a g  t a t a c c a g t t  g t t g g g a t c g  c a t g t t a a g c  c g t c g c t a t c  g g a c g a t a a c
6 0 1  t a c a t g g a a c  a c a c g g a c a g  g a t a t t t a a c  a a a c t t g a t c  t t a a t g g a g a  t g g t t t a g t t
6 6 1  a c g a t g g a a g  a g t t c t g t g a  g a c g t g t a c t  a a g g a c g a a t  c t a t t g t a c g  a t c a a t g a g t
7 2 1  a t a t t c g a c c  a t g c g t t a t a  g c t c c a t c a a  g g c g g t t t t c  c t c a c a t t c t  t c c a t t g a c a
7 8 1  a t g c g c a g a a  g a g c g a a t a c  a c a a a a a c t c  a g a g a a a c t c  g t a g a g a a t a  t t t c t c c a t g
8 4 1  c a a a t c g c g g  g a t a a a c a c a  c a g a g a t t t c  c c c t c t g c a g  t a t t t t g g t c  c c a g t a t a t a
9 0 1  c c t g g c c a c c  g t g a t t t t c t  c t c a c g c t t t  a t c a g a a t t g  g t g a t t t t t a  c a a t g t g c a a
9 6 1  t a t c t t t a c c  g c g t c g t a t t  t a c t c g t g a t  t g t t t t g g a a  t g g t g c g a t a  g a a g c a g c a a

1 0 2 1  a c t c t t a t a a  a a c g c g c t g g  a a a a a g t c c a  a t t t t c c a t a  c t t t t g t a c a  c a a t g c t t c t
1 0 8 1  g a c a t a a a t c  a g t t t a c a a a  a c a c c g c g t t  a g g c c g c c g t  t g t t t c t a t t  t t t a a t a t a g
1 1 4 1  c t a c g g a t t t  g t a t t t g c a c  t t t a t g t t h t  g c n g c t c c n t  t g s n a a t t t g  k n c n n c n k t c
1 2 0 1  n g n n a a r a n t  n c g y n g t n g a  w t a a c c a a a w  n a r g a a a m c a  a a a a a a a a a a  a a a a
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