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Abstract

Voltage clamp fluorometry (VCF) was first developed in the mid 1990s by Isacoff
and his colleagues. In this approach fluorophores are attached to substituted cysteine
residues that are engineered by site-directed mutagenesis. Changes in the dielectric
environment of the fluorophore report local transitions that are associated with
electrically-related and electrically-silent transitions. VCF provides a powerful technique
to observe real time reports of ion channel gating conformations. It has proven to be a
useful technique because it adds insight that is not available using other techniques. Xray crystallography studies give a predominantly static picture of the channel, while patch
clamping of channels gives information only about residues that effect ionic current flow.
Similarly, gating current provides insight only about residues that are charged and move
across the membrane electric field.
In this thesis we examined the structural rearrangements of the Shaker channel
and the effect of 4-AP on channel gating. We also examined for the first time the
structural rearrangements of the Kv1.5 gating and the how the channel responds to
depolarization pulses. This work is instrumental in the examination of the potassium
channel gating.
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Chapter 1
Introduction

Ion channels are membrane proteins that span the lipid bilayer and form a pore
through which selective ions can pass to alter membrane potential. These proteins are
responsible for the passage of ions that allow the propagation of electrical impulses
throughout electrically active tissue such as nervous, cardiac and muscle tissue. There
are a number of ion channels that conduct and allow for the propagation of action
potentials such as sodium, calcium, chloride and potassium channels. Potassium
channels are the most diverse ion channels group and defined by their selectivity for
potassium over other ions. Voltage gated potassium channels (Kv) channels open in
response to changes in membrane voltage which repolarizes the membrane back to the
resting membrane potential in many excitable tissues [1-3]. Understanding Kv channel
function and structure has physiological importance as these channels directly regulate
membrane excitability. The mechanism of channel opening, closing, inactivation and
drug block remains unclear and these issues form the basis of this thesis.

Structure of Kv Channels

Kv channels are composed of subunits that tetramerize to form functional
channels. Each of the four subunits is composed of six transmembrane domains that
combine to form a pore-forming region that allow the flow of potassium ions. The
structure of one Kv channel (Kv1.2) has been resolved to 2.9

A and it suggests that there

is a tetrameric arrangement of the subunits around a central pore through which
potassium ions can flow down their electrochemical gradient. The structure of Kv1.2 is
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shown in Figure 1.1 with each subunit highlighted with a different shade [4]. The crystal
structure of Kv1.2 suggests that the transmembrane helices of the channel provide all the
elements required for voltage dependent channel gating and the potassium selective pore.
The S1-S4 transmembrane helices comprise the structural elements of channel gating and
the S5, P-loop and S6 helices form the potassium selective pore.

Activation
Voltage gated channels open and close in response to changes in membrane
potential. Kv channels open in response to depolarization which begins with movement
of the voltage sensor and results in a conformational change leading to channel opening.
Hodgkin and Huxley first suggested the presence of a charged gating particle that reacts
to a change in membrane voltage and governs channel activation and inactivation in 1952
[5]. It was not until 1973 that these predicted charged gating particles were recorded.
Armstrong and Bezanilla recorded small gating charge currents that were predicted by
the movement of gating charges across the membrane [6]. The molecular mechanism of
gating charge movement became clearer when voltage gated ion channels were first
cloned in the mid-1980s [7-11]. Cloning of these channels revealed that the fourth
transmembrane helix contained positively charged amino acids positioned at every third
residue. The concentration of these positively charged amino acids suggested that the S4
helix comprised the primary voltage sensor. There are also negatively charged amino
acids in the S2 and S3 helices that are thought to have electrostatic interactions with the
positively charged residues in S4 [12, 13]. Mutation of these negatively charged residues
alters the activation of channels; therefore the Si to S4 transmembrane helices are
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referred to as the voltage-sensing domain. Upon movement of the voltage sensor to the
activated position by membrane depolarization, there is a concerted movement that
results in channel opening. The precise area of channel opening has been a question of
interest for a long period of time and X-ray crystallography has helped to elucidate this
matter. There are two crystal structures that when compared help to reveal the
mechanism of channel opening. The KcsA crystal structure was crystallized in its closed
state [14] and it can be compared with MthK which was crystallized in its open state [15]
to reveal the rearrangements associated with channel opening. The two proteins have
drastically different structural organization of the M2 transmembrane helix (which is
equivalent to the S6 domain of Kv channel) while the outer pore and selectivity filter
have very similar structures. The closed and open channels display a drastically different
conformation at the cytoplasmic side of the channel. In the closed channel (KcsA), the
four subunits constrict near the cytoplasmic side of the channel, referred to as a bundle
crossing. This crossing is missing in the MthK channel in which the M2 helices are
clearly separated and there is an opening through which ions can pass. The crystal
structure of MthK suggests a model of channel opening. According to this model, the
M2 helices undergo a conformational change that is dependent on a conserved glycine
residue that acts as a hinge to rotate the M2 helices allowing the channel pore to open. In
most Kv channels, downstream of the glycine hinge there is a conserved amino acid
sequence that is comprised of two proline residues surrounding a hydrophobic residue
(referred to as PXP, where X represents the hydrophobic residue). This amino acid
sequence introduces a kink in the S6 helix of Kv channels that has been shown to define
the intracellular activation gate. Accessibility studies have shown that in the closed state,
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residues above the PXP sequence are inaccessible to modification, while residues below
are accessible in both the open and closed states [16-19]. Mutation of this conserved
sequence affects the ability of the channel to conduct. Mutation of the first proline in
Shaker causes the channel to by trapped in a permanently closed state and mutation of the
second proline locks the channel into a permanently open channel [20]. These results
suggest that the PXP domain define the intracellular activation gate and govern the
accessibility to the intracellular cavity.

Inactivation
During an extended depolarization Kv channels can undergo conformational
changes that render the channel unable to conduct ions. The two forms of inactivation
are termed N-type, in which the N-terminus occludes the intracellular channel pore, and
P/C-type, in which there are conformational changes in the selectivity filter around the
extracellular entrance to the channel and immobilization of the gating charge, both of
which prevent ion permeation through the channel. Immobilization refers to a delayed
return of gating charge (S4) on repolarization. N-type has been described as the "ball and
chain" mechanism in which a series of amino acids at the N-terminus of the channel
occludes the intracellular channel pore and prevents ion permeation. Removal of the Nterminus by enzymatic removal or deletion prevents N-type inactivation, but this can be
returned by addition of exogenous peptides derived from the N-terminus of the N-type
inactivating channel [21-24]. The requirement for N-type inactivation is a series of
approximately 10 hydrophobic amino acids followed by a series of amino acids with a
net positive charge. Mutation of the hydrophobic residues has a different effect on
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inactivation than modification of the charged amino acids. Modification of the charged
amino acids alters the binding rate of the inactivation peptide while mutation of the
hydrophobic amino acids affects peptide unbinding [24, 25]. Tetrameric K + channels can
contain multiple inactivation domains although a single inactivation domain is sufficient
to confer N-type inactivation [26-28]. N-type is commonly referred to as "fast
inactivation" and it underlies a very rapid inactivation process that results in current
decay.
Removal of N-type inactivation led to the discovery of a slower form of current
inactivation that has been coined C-type inactivation [29]. The underlying mechanism of
this slower form of inactivation has been less forthcoming than the fast inactivation (Ntype) process. The slower form of inactivation was described as C-type inactivation
because the rate of inactivation was dependent on C-terminal Shaker splice variants [29].
It is now thought that C-type inactivation is due to conformational changes associated
with the selectivity filter and the extracellular entrance of the channel. Several studies
have found that C-type inactivation is inhibited by increasing the concentration of
extracellular K ± [21, 30, 31]. The inhibition of C-type inactivation by raising
extracellular K + has been described as the "foot in the door mechanism" because an ion
binding site in the extracellular side of the channel is thought to be occupied, preventing
the changes associated with C-type inactivation. The rate of C-type inactivation of
Shaker channels has been shown to be altered by mutations in the extracellular pore [30].
T449 has been shown to be an important site in the Shaker pore and mutagenesis of this
residue to tyrosine or valine considerably inhibits the rate of C-type inactivation.
Interestingly, the analogous mutations to Shaker T449 when made in Kv1.4 to a valine or
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tyrosine have a much smaller effect on C-type inactivation in Kv1.4 [32]. Together,
these studies have suggested that the rate of C-type inactivation depends on the structure
of the outer pore. Nonetheless, mutations of equivalent positions in different channels do
not have the same effect on C-type inactivation which suggests that the precise pathway
of C-type inactivation may vary depending on the channel studied.
More recently the term P-type inactivation has been used to draw a distinction
within C-type inactivation. Loots and Isacoff (1998) [33] used voltage clamp
fluorometry to suggest that slow inactivation is the combination of two distinct processes.
There is the initial collapse of the channel pore resulting in current decay and a slower
conformational change that stabilizes the voltage sensor and pore resulting in charge
immobilization. They applied the term P-type inactivation to refer to pore constriction
and the term C-type was used to describe the stabilized inactivated conformation after the
onset of gating charge immobilization. However, it is difficult to distinguish between
pore inactivation and charge immobilization and thus the term P/C type inactivation is
often combined to avoid confusion.
Evidence has recently been provided which shows that voltage sensor movement
is involved in P/C-type inactivation. The movement of the voltage sensor has been
suggested to elicit the conformational rearrangement that results in this slow inactivation
process. Direct evidence has been provided by fluorescent probes attached to sites in the
voltage sensor and the outer pore that can report on both activation (voltage sensor
movement) and inactivation (P/C-type inactivation). Fluorophores conjugated to the
extracellular end of S4 at site A359C of Shaker have been shown to report on two phases
upon depolarization. There is an initial fast phase that is ascribed to voltage sensor
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movement and a subsequent slower component with kinetics that occur over the same
time scale as inactivation [33, 34]. Analogous observations were made from a
fluorescence probe introduced at site S424C in the outer pore of Shaker. Site S424C
reports on a slow fluorescence change that matches the time course of inactivation and
once in this inactivated state, site S424C detects the rapid movements of the voltage
sensor. The fluorescence observations therefore indicate that the S4 domain may lie
within close proximity to particular regions of the pore. These observations have since
been supported by many studies that have attempted to examine the relative location of
the S4 to the pore. Several studies have demonstrated disulphide bond formation
between cysteine residues substituted in the extracellular end of Shaker S4 and S5
segments [35-40]. It has also been suggested that site E418 in Shaker may act as an
inactivation switch; movement of the voltage sensor breaks a hydrogen bond around
residue E418 causing C-type inactivation to occur [41].
As discussed, N-type inactivation can occur if only one N-terminus inactivation
domain is present [27, 28]. However, experiments from both Shaker and Kv1.3 suggest
that C-type inactivation is dependent on all four subunits and is a co-operative transition
that results in current decay in the channel [42, 43]. Although the structural mechanisms
of N and C-type inactivation are distinct there appears to be an interaction between them.
It has been shown that the use-dependent reduction of peak current in Shaker was
abolished by removal of N-type inactivation or by slowing C-type inactivation [31].
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Voltage clamp fluorometry

Voltage clamp fluorometry (VCF) was first developed in the mid 1990s by
Isacoff and his colleagues. In this approach fluorophores are attached to substituted
cysteine residues that are engineered by site-directed mutagenesis. Changes in the
dielectric environment of the fluorophore report local transitions that are associated with
electrically-related and electrically-silent transitions. VCF provides a powerful technique
to observe real time reports of ion channel gating conformations. It has proven to be a
useful technique because it adds insight that is not available using other techniques. Xray crystallography studies give a predominantly static picture of the channel, while
patch clamping of channels gives information only about residues that effect ionic current
flow. Similarly, gating current provides insight only about residues that are charged and
move across the membrane electric field.
VCF is performed by injecting cRNA of the channel of interest into Xenopus
oocytes. The cRNA contains point mutations to remove all externally accessible
endogenous cysteine residues and insert cysteine residues into regions of interest. When
the channel is expressed on the ooctye surface, the oocyte is labelled with TMRM. Two
electrode voltage clamp is performed with TMRM bound covalently to the thiol group of
the cysteine. The oocyte is placed in the recording chamber above an objective that
passes light onto the ooctye and collects the emission from TMRM. A shutter is also
employed to selectively pass light onto the ooctye only during protocols in order to avoid
bleaching of the fluorophore. If there is a voltage dependent change in the local
environment around TMRM then there will be a change in the amount of light energy
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being emitted by the fluorophore. The light collected by the objective is then filtered and
passed to a photomultiplier tube that quantitates the signal and presents the data in the
recording window. This allows the researcher to determine which sites report voltage
dependent structural rearrangements and provided insight into channel gating.
The first reported fluorescence reports were recorded from the Shaker channel
[44]. Tetramethylrhodamine maleimide (TMRM) was attached to cysteine residues in
the S3-S4 linker and found to be a faithful reporter of the time and voltage dependence of
voltage sensor movement. In addition, fluorophores attached to cysteine residues in the
pore were found to report on channel activation and slow inactivation [33, 41, 45]. These
reports suggested that there may be a coupling between S4 movement and pore
rearrangements, and a mechanistic understanding of slow inactivation was developed
from these experiments. Coupling between the S4 helix and the pore was later confirmed
by a comprehensive study of the Shaker channel in which 37 sites in the pore and voltage
sensor were labelled with TMRM [39]. The fluorescence reports from many sites in both
the pore and voltage sensor illustrated both a fast and slow component. This suggests
that these sites were near enough to report not only on rearrangements occurring in their
local environment, but also on coupling that was occurring between the voltage sensor
and the pore.
Voltage clamp fluorometry has also been central to our understanding of
independence and cooperativity in the rearrangement of the potassium channel voltage
sensor. By examining individual subunits in heterotetrameric channels by both gating
charge movement and VCF it was shown that the major charge carrying steps occur
independently in each subunit while the last cooperative step carries little charge [46].
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This discovery was critical for understanding the involvement of S4 movement in
channel opening.

Helical Screw Model

A modification of voltage clamp fluorometry has helped to shape our
understanding of how the voltage sensor moves charges across the electric field and the
absolute distance of S4 movement. In the late 1990s, Bezanilla and Isacoff and their
colleagues used LRET (Lanthanide based resonance energy transfer) and FRET
(Fluorescence resonance energy transfer) to understand the mechanism of how charge
was moved across the electric field. These studies suggested a novel mechanism of
voltage sensor movement that was different than the previously proposed sliding model
which suggested S4 moved outwards upon depolarization to move the 3 elementary
charges per subunit across the membrane [47]. Resonance energy transfer is the
interaction between two fluorophores with one acting as a donor and the other as an
acceptor to allow an accurate determination of the distance between them. In these
studies the researchers placed donors and acceptors between identical residues in the
Shaker channel S3-S4 linkers and S4 helices to allow for an estimation of changes in
subunit distances during activation. Consecutive residues were found to not move in a
consistent manner i.e. — all moving closer or all moving further apart. The data suggest
that adjacent residues either moved closer together or further away with respect to the
equivalent residue in the other subunit. The mechanism that was proposed to explain
these as well as previous results was a helical screw model where the S4 helix tilted and
underwent a 180° twist during activation, moving the elementary charges across the
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electric field [48, 49]. The comprehensive fluorescence study of Shaker also provided a
confined mechanism of S4 movement that supported the helical screw model [39].
Further LRET and FRET experiments were also performed to understand the
distance that S4 moves across the electric field. In the LRET experiments, a donor was
placed at sites in the S3-S4 linker and S4 with an acceptor attached to the agitoxin
scorpion molecule. Agitoxin has been shown to bind to the external pore either in the
open or closed state [50, 51] and does not alter the movement of the voltage sensor. The
researchers measured the distances between sites in the voltage sensor and agitoxin under
closed and activated conformations of the voltage sensor and found that S4 undergoes a
vertical displacement of 2 A which refuted the large scale translocations suggested from
the crystal structure [52]. Support for this conclusion was also provided by a FRET
based experiment in which residues in the S4 were labelled with a donor molecule and
the acceptor was a lipophilic ion dipicrylamine that distributes itself across the lipid
bilayer in a manner that depends on membrane potential. If the S4 segment underwent a
transmembrane movement upon depolarization then it was predicted that it would
produce a transient fluorescence change. There was no transient fluorescence upon
depolarization indicating that S4 does not translocate across the entire lipid bilayer, and
suggesting that there is limited transmembrane movement of the voltage sensor [53]. The
conclusions drawn from these experiments provide a constraint on voltage sensor
movement and therefore add to the controversy of voltage sensor displacement.

Paddle Model
The results from voltage clamp fluorometry disagree with the conclusions drawn
by MacKinnon and colleagues from their crystallography work. X-ray crystallography of
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the KvAP channel, which is a thermophilic bacterial Kv channel, allowed a clear
visualization of the structure of the voltage sensor domain and the pore structure [54, 55].
The pore structure is composed of the S5-P loop-S6 and is surrounded by the Si and S2
helices. The S3 and S4 helices are situated on the outer perimeter of the channel and the
S3 helix, which was thought to exist as a single helix, appeared to be two separate helices
that were denoted S3a and S3b. The most surprising aspect of the KvAP crystal structure
was the location of the S4 domain, which carries the majority of the gating charge. The
S4 helix was found to be near the intracellular membrane and perpendicular to the pore
structure. Due to this conformation, the authors proposed a "paddle" model in which the
S4 helix translocates across the voltage field to satisfy the experimental data of at least 12
elementary charges crossing the electric field [56]. Using tethered biotin to cysteine
residues, the researchers also showed that the S4 or paddle moved a large distance across
the membrane (-20 A), a result that was not easy to reconcile with the previous voltage
clamp experiments.

Probing Channel Rearrangements with Voltage Clamp Fluorometry
Much of the more controversial and notable VCF studies have focussed on
voltage sensor movement and its coupling to the pore in Shaker channels, but many other
studies have probed other unclear topics in the ion channel field. VCF has been used to
study Na+ , ether-a-go-go K + , hERG, HCN, BKc a , Na +/K+ ATPase, Na +/Pi and glutamate
channels and (co)transporters. This section will review the literature on the use of
voltage clamp fluorometry to study voltage gated channels in order to provide insight
into the work attempted in this thesis.
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The first study of channels other than the Shaker channel was completed in Na +
channels to understand if the voltage sensors of the different domains had an involvement
in the fast inactivation process. The S4' s of the different domains were probed with
TMRM and the results suggested that domains I and II were not linked to fast
inactivation but domains III and IV revealed kinetics that correlated with fast inactivation
and charge immobilization. This suggested to the authors that there was a novel
mechanism in which voltage sensor movement was linked to inactivation, but only
through domains III and IV [57]. Voltage sensor movement of sodium channels was also
probed to discover the domains responsible for the different components of gating charge
movement [58]. The different S4 domains had kinetics that were similar to different
components of gating. The residues in domains I-III had fluorescence that was
comparable to the fast component of gating currents while domains IV had fluorescence
that correlated with the slow component of gating suggesting that the S4 of domain IV
forms a later step in the activation sequence. The authors therefore proposed a novel
model of sodium channel activation in which domain III moves first and then domains I
and II and then finally domain IV moves to cause channels to open. The initial studies of
the voltage gated Na + channel with VCF have therefore aided in the understanding of
activation and inactivation processes in this channel.
Voltage-gated potassium channels were also further studied in the examination of
both the hERG and ether-a-go-go channels. The voltage sensor of hERG channels was
studied in an attempt to understand the slow activation and rapidly inactivating gating of
the channel [59]. Fluorescence reported both a fast and slow phase, which suggested that
the slow activation gating of hERG is produced by slow voltage sensor movement while
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the fast phase of fluorescence reported on inactivation gating. However, modification of
inactivation did not affect the fluorescence report and suggested that the fast fluorescence
report may not be a report on inactivation. The ether-a-go-go 1( ± channel was studied to
examine the effect of Mg +2 and other divalent cations on channel activation [60].
Labelling of the voltage sensor with TMRM reported both fast and slow phases. Mg +2
affected the slow phase, but the fast phase representing gating charge current was not
modulated. This suggested that Mg +2 affected a conformational change of the voltage
sensor that was either too small or slow to be detected and helped to explain the effect of
Mg+2 on eag channel ionic and gating currents.
Larsson and colleagues have begun to examine the HCN channel with VCF. In
their first study the mode shift that occurred in HCN channels during prolonged openings
was examined [61]. It was thought that the mode shift in HCN channels was due to
conformational changes that stabilized the open state of the channel or conformational
changes of the voltage sensing domain. Through voltage clamp fluorometry, it was
found that fluorescence changes during the mode shift is not simply due to stabilization
of the pore domain but that S4 undergoes a slow, lateral movement that causes the
observed mode shift. The other study of HCN channels was an attempt to understand
how voltage sensor movement triggers channel opening. They found that the S4
undergoes two conformational changes during activation that suggests a multi-state
allosteric model for HCN channels that is not compatible with a fast S4 motion. The data
suggests that the channel opens after only 2 of the 4 voltage sensing domains of the
channel have opened and voltage sensor movement limits channel activation. These
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studies have provided novel insight into the action of voltage sensor movement in
regulating the function of HCN channels.
Savalli and colleagues examined BKc a channels with voltage clamp fluorometry
to understand the conformational changes that affect the channel during activation [62].
They labelled the S3-S4 linker of the channel with both TMRM and PyMPO and
examined the fluorescence and found that the fluorescence had similar voltage
dependence to voltage sensor movement and both had a hyperpolarized voltage shift
from channel opening. Also, the fluorescence reported both a fast movement (similar to
voltage sensor movement) and slow phase, which the authors suggest was the report of a
transition between multiple open states. Interestingly, mutation of a tryptophan residue
in the S3-S4 linker modified the fluorescence emission from several sites in the linker
suggesting that the conformational changes in the linker itself was causing changes in the
emission reports. This result is remarkably similar to the report from the Shaker channel
in which residues in the linker were suggested to cause the quenching observed from
other sites in the S3-S4 linker [63]. The group also delved further into the examination
of the conformational rearrangements associated with channel opening by labelling sites
in the S3-S4 linker and examining the effect of co-expressing the 132 subunit of the BKca
channel [64] on channel fluorescence. The 02 subunit had previously been shown to
modulate channel Ca +2 and voltage sensitivity as well as pharmacology and kinetic
properties of the channel. The N-terminus of the 132 subunit acts as an inactivating
particle to increase the rate of inactivation similar to the fast inactivation process found in
Kv channels. The VCF reports did not suggest an enhanced amount of inactivation of the
voltage sensor (N-type of inactivation promotes charge immobilization of the voltage
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sensor in Kv channels) suggesting that the (32 subunit affects inactivation of the BKca
channel through a different mechanism than the N-type mechanism of Kv channels. This
work was the first study of voltage gated ion channels that showed how fluorescence was
modified by an auxiliary subunit and allowed the development of a mechanism to explain
the change in channel function.
These preliminary studies of voltage-gated ion channels have been instrumental in
our attempt to understand the fluorescence reports obtained from the various labelled
sites and the processes on which they report. This will aid future researchers by allowing
them to study sites that report on specific processes. Several such studies have been
recently published. As mentioned modification of channels by auxiliary subunits has
been studied [64], and comprehensive studies of the Shaker channels with pH [65] and 4AP [34](Chapter 2) have been performed. Since the Shaker channel has been thoroughly
studied by VCF [33, 39, 41, 45] the authors attempted to understand the effect of pH on
channel function. Acidic pH has been shown to increase channel inactivation and reduce
peak current so the sites in the S3-S4 linker and site S424C (in the S5-P loop) which
report on inactivation were studied by TMRM labelling. When external pH was
decreased the fluorescence reported an acceleration in inactivation, similar to that of the
ionic current. The amplitude of fluorescence was reversibly lost from the pore
suggesting a decrease in open channel probability. The authors concluded that the
reduction of macroscopic current was the result of pH stabilization of the closedinactivated states and an enhancement of P/C type inactivation of the channel. This study
as well as the others mentioned have shown that once the fluorescence signals from
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voltage clamp fluorometry have been characterized and understood, they can be used to
further our understanding of ion channels and the factors that affect their function.
As described, voltage clamp fluorometry, FRET and LRET have been used to
probe the outer structure of voltage gated ion channels. However, there have also been
several studies examining the cytosolic rearrangements of cyclic nucleotide gated (CNG)
channels. Cyclic nucleotides can regulate properties of ion channels independently of
kinases by directly binding to the channel and it has been shown that in CNG channels
that this binding favours channel opening [66]. In these studies, CNG channels were
expressed in Xenopus oocytes and inside out patches were pulled and the intracellular
region of the channels were labelled by perfusing TMRM into the bath [67, 68]. In the
preliminary studies, the researchers attempted to understand the state dependence of
fluorescence quenching and to understand the movements of charges or dipolar residues
near the fluorophore during CNG channel activation. This allowed the researchers to
explore how the C-terminus of CNG channel was affecting channel opening. This may
have implications in the understanding of the mechanism of coupling between voltage
sensor movement and channel opening in other voltage-dependent channels. To further
understand the internal conformational rearrangements of the CNG channel, the group
completed quenching experiments to determine distances between residues. Internal
cysteine residues were labelled with bimane and tryptophan residues were placed near
these residues. Upon channel activation, if the bimane and trypthophan residues came
closer together there would be a quenching of the bimane signal and a reduction in the
fluorescence intensity. This will allow researchers to determine which residues move
closer or further apart when the channel activates [69]. Therefore this technique may be
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instrumental in our understanding of the workings of the intracellular activation gate and
the residues that are important in channel opening in real time.

Drug Binding
Voltage-gated ion channels are pharmacologically modulated in nature by toxins
that have evolved in venomous animals. These evolutionary derived compounds either
block the pore or prevent voltage sensor movement to inhibit channel function thereby
shutting down the nervous system of both predators and prey. Pharmaceutical companies
and researchers have also sought methods to alter voltage-gated channel function in an
attempt to treat diseases such as epilepsy, stroke and cardiac arrhythmias.
Researchers have employed various electrophysiological techniques to determine
the mechanism of drug block to channels and the location of their binding sites. These
methods include altering holding potential, stimulating the channel with a pre-pulse,
inactivating the channel with an inactivating pulse, stimulating the channel at different
frequencies and pulsing to different membrane voltages [70-74]. These protocols can be
studied in different cellular configurations. Whole cell, inside out and outside out patches
allow researchers to determine if block occurs from the inside or outside of the channel
[72, 74-77]. Chimera studies, site directed mutagenesis and conjugation of unnatural
amino acids can be performed to pin point the residues in the channel that are
instrumental for drug binding [78-85]. These techniques have been used by a variety of
researchers in elucidating the mechanism of channel block.
However, voltage clamp fluorometry is also a valuable tool in understanding drug
binding as it reports real time changes around a residue. So unlike site directed
mutagenesis, which allows an understanding of the residues responsible for drug binding,
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VCF may allow researchers to pin point real time interactions between the drug and
regions of the channel or drug effects on electrically silent states.

Conclusion

Voltage clamp fluorometry is a technique that has been recently developed for the
examination of ion channel structure and gating. As noted, unlike X-ray crystallography,
VCF allows us to study the structure of ion channels in real time as it reports on
conformational changes around the TMRM conjugated to an engineered cysteine residue.
VCF was originally used to study the Shaker potassium channel but the technique has
been transferred to several other channels [57-69]. It has been used to further our
understanding of a number of ion channels and forms the basis of the work comprising
this thesis. We have examined the mechanism of 4-AP block on the well-characterized
Shaker channel (Chapter 2). Also, we have attempted to understand the fluorescence
report from the Kv1.5 ion channel, as this will aid in our understanding of the gating of
this important cardiac ion channel and will likely form the basis of future studies
(Chapter 3). In the future, VCF is likely to become an integral technique in the study of
ion channels, used to advance our understanding of channel structure and function.
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Figure 1.1. Crystal structure views of the Kvl .2-13 2 subunit complex. (A) Stereoview of

a ribbon representation from the side, with the extracellular solution above and the
intracellular solution below. Four subunits of the channel (including the Ti domain,
voltage sensor, and pore) are colored uniquely. Each subunit of the 13 subunit tetramer is
colored according to the channel subunit it contacts. The NADP + cofactor bound to each
13 subunit is drawn as black sticks. TM indicates the integral membrane component of the
complex. (B) Stereoview of a single subunit of the channel and 13 subunit viewed from
the side. Labels correspond to transmembrane helices (S1 to S6); the Pro-Val-Pro
sequence in S6 (PVP); and the N (N) and C (C) termini of the Kvl .2 and 13 subunits. The
position of the N terminus of the 13 subunit, which is located on the side furthest away
from the viewer, is indicated by an arrow. (C) Stereoview of a ribbon representation
viewed from the extracellular side of the pore. Four subunits are colored uniquely.
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Chapter 2 1
4-aminopyridine prevents the conformational changes associated with P/C-type
inactivation in Shaker channels
Introduction

4-aminopyridine (4-AP) is a voltage-gated K + (Kv) channel blocker that is useful
clinically in the treatment of spinal cord injuries [1], and multiple sclerosis. In addition
to its therapeutic applications, 4-AP is routinely used to isolate different types of Kv
channels expressed in native tissues based on their affinities for the drug [2, 3], and also
to study the biophysical properties of cloned Kv channels [4-6]. It is well accepted that
4-AP is an intracellular blocker of Kv channels [4, 7-10], but the mechanism of 4-AP
block is complex and the pathways that have been proposed have involved preferential
binding to closed [7, 11], open [8, 9, 12-14], and inactivated states of the channel [15]. It
is documented that 4-AP cannot access its binding site when the channel is closed (with
the exception of Kv4.2 channels where 4-AP binding occurs exclusively in the closed
state [10, 16], because channels only show block and unblock after membrane
depolarization to potentials that induce significant channel opening [8, 9, 12, 13].
Furthermore, the recovery of ionic currents after 4-AP washout is contingent on channel
opening, which suggests that 4-AP becomes trapped in closed channels and prevents their
re-opening [4, 6, 8, 9]. A working model of 4-AP binding [17] suggests that the drug
displaces the hydrated K + that is trapped in the intracellular cavity [18], causing closure
of intracellular activation gate.

A version of this chapter will be submitted for publication. 4-aminopyridine prevents the conformational
changes associated with P/C type inactivation in Shaker channels.
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In support of this idea, 4-AP causes very subtle changes in channels on-gating
currents [19], but very profound changes in off-gating [9, 12, 19]. Specifically, 4-AP
prevents the slowing of charge return that is linked to channel opening, which suggests
that 4-AP selectively blocks the concerted opening step in the activation sequence
without altering the early independent gating transitions [6, 17, 20]. Further support for
this mechanism of action comes from experiments using the Shaker ILT mutation, which
energetically dissociates the early independent gating transitions from the last concerted
opening transition [21, 22]. Figure 2.1B shows a gating scheme [simplified from that of
Armstrong and Loboda (2001)] that summarizes these actions of 4-AP on activation
gating.
Although the disruption of channel activation by 4-AP has been extensively
investigated, as described above, the relationship between 4-AP block and channel
inactivation is less well understood. Castle and co-workers [13] used complex voltage
clamp protocols to demonstrate that inactivation and 4-AP binding to Shaker and Kv1.1
channels were mutually exclusive, but since then, few additional studies have been
performed. The recent development of site-directed voltage clamp fluorometry allows
the real-time monitoring of conformational changes associated with channel gating that
do not result in ionic current [23, 24]. This is accomplished by examining the changes in
the emission from fluorescently-labeled residues, brought about by modifications of the
fluorophore microenvironment as the channels activate and inactivate [25, 26]. By
attaching tetramethylrhodamine-5-maleimide (TMRM) at A359C in the S3-S4 linker and
at S424C in the outer pore (Fig. 2.1A), the conformational rearrangements associated
with movement of the voltage sensor during activation and of the pore during
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inactivation can be directly observed. For example, fluorescence changes from TMRM
attached at A359C occur with the same voltage dependence as movement of the voltage
sensor charge [23, 24], and the slow fluorescence deflection from TMRM attached at
S424C occurs on a similar timescale to slow inactivation and is sensitive to
manipulations that alter its rate [26]. Here, we have used this technique to scrutinize
directly the effect of 4-AP on slow inactivation of Shaker channels. Relevant amino acid
sites used in this study are shown in Fig. 2.1A. We show that 4-AP prevents the
conformational changes in Shaker channels associated with inactivation. Furthermore,
we show that 4-AP can bind to P-type inactivated channels and inhibit the onset of Ctype inactivation.
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Materials and Methods
Solutions and chemicals
Barth's medium contained (in mM) 88 NaCI, 1 KC1, 2.4 NaHCO3, 0.82 MgSO4,
0.33 Ca(NO3)2, 0.41 CaC12, 20 HEPES, titrated to pH 7.4 using NaOH. ND96 bath
solution contained (in mM): 96 NaC1, 3 KC1, 1 MgC12, 2 CaC12, and 5 HEPES, titrated to
pH 7.4 using NaOH. TMRM labeling of oocytes was performed in a depolarizing
solution that contained (in mM): 98 KC1, 1 MgC12, 2 CaC12 and 5 HEPES, titrated to pH
7.4 using KOH, and 5 vtM TMRM. Working concentrations of 4-AP were diluted from a
100 mM stock solution made with ND96 solution and titrated to pH 7.4 using NaOH. All
chemicals were purchased from Sigma-Aldrich (Mississauga, Ontario).

Molecular biology and RNA preparation
A modified pBluescript SKII oocyte expression vector (pEXO) was used to
express the N-terminal deletion mutant Shaker A6-46 (a kind gift from Dr. A.
Sivaprasadarao) that is fast inactivation removed [27] and the pBluescript SKII
expression vector was used to express Shaker A6-46 ILT (a kind gift from Dr. E. Isacoff).
The A359C and S424C mutations were made in the background of a mutation
that replaced the only externally accessible cysteine residue, found in the S 1 -S2 linker,
with a valine residue (C245V). This was done to reduce non-specific labeling and to
introduce a cysteine residue for site-specific labeling with TMRM in either the S3-S4
linker (A359C) or the outer pore (turret) region (S424C). We use the terms Shaker
A359C and Shaker S424C to describe the Shaker A6-46 C245V A359C and Shaker A646 C245V S424C mutant channels, respectively, throughout the manuscript. The T449V
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mutation in Shaker was used to inhibit slow inactivation [28] and the W434F mutation
was used to permanently inactivate channels [29, 30]. Point mutations were generated
using the Stratagene Quikchange kit (Stratagene, La Jolla, CA). All primers used were
synthesized by Sigma Genosys (Oakville, Ontario). All constructs were sequenced using
the core facility unit at the Un$versity of British Columbia. cDNA was linearized using
BstEII (for Shaker A6-46 channels) or HindIII (for Shaker A6-46 ILT channels). cRNA
was synthesized from linear cDNA using the T7 mMessage mMachine T7 Ultra cRNA
transcription kit (Ambion, Austin, TX).

Oocyte preparation and Injection
Xenopus laevis oocytes were prepared and isolated as described previously [31].
Briefly, gravid frogs were terminally anesthetized and stage V-VI oocytes were isolated
and defolliculated using a combination of collagenase treatment (1 h in 1 mg/ml
collagenase type 1; Sigma-Aldrich) and manual defolliculation. Oocytes were injected
with 50 n1 (5-10 ng) cRNA using a Drummond digital microdispenser (Fisher Scientific,
Ontario, Canada) and then incubated in Barth's medium at 19 °C. Currents were recorded
1-7 days after injection.

Voltage-clamp fluorometry
Labeling of introduced cysteine residues was performed with
tetramethylrhodamine-5-maleimide (TMRM, Invitrogen), which reacts specifically with
cysteine residues and has a maximum light absorption at 542 nm and a maximum
emission at 567 nm. Oocytes were washed and labeled with 50 TMRM in oocyte
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depolarizing solution for 30 min at 10 °C in the dark. Oocytes were then placed in ND96
solution in the dark until being voltage clamped at room temperature. Fluorometry was
performed using a Nikon TE300 inverted microscope with Epi-Fluorescence attachment
and a 9412b Electron Tubes photomultiplier tube (PMT) module (Cairn Research, Kent,
UK). The TMRM dye was excited by light from a 100 W mercury lamp that was filtered
with a 525 nm band pass excitation filter and passed via a dichroic mirror and 20x
objective to the oocyte in the bath chamber. Fluorescence emission from the dye was
collected via the same 20x objective and filtered through a 565 nm long pass emission
filter before being passed to the PMT recording module. Voltage signals from the PMT
were then digitized using an Axon Digidata 1322 A/D converter and passed to a
computer running pClamp8 software (Axon Instruments, Foster City, CA) to record the
fluorescence emission intensity. Fluorescence signals were filtered at 1 kHz with a
sampling frequency of 20 kHz (when the pulse duration was 100 ms), 10 kHz (when the
pulse duration was 7 s) or 2 kHz (when the pulse duration was 42 s). Traces were not
averaged, except for those recorded during 100 ms pulses, which represent the average of
five sweeps. To account for the majority of bleaching of the fluorescence signal during 7
or 42 s pulses, the fluorescence recorded during a pulse to -80 mV, where there is no
voltage-dependent deflection, was subtracted. Simultaneous voltage clamp of the oocyte
and acquisition of the current and voltage signals was achieved using the twomicroelectrode voltage clamp technique with a Warner Instruments 0C-725C amplifier
(Hamden, CT), Axon Digidata 1322 and pClamp8 software. Microelectrodes were filled
with 3 M KCl and had a resistance of 0.5-1.5 M.
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^

Data analysis
G-V curves

throughout the text were derived using the normalized chord conductance,

which was calculated by dividing the maximum current during a depolarizing step by
the driving force derived from the 1( ± equilibrium potential (internal [K + ] was assumed
to be 98 mM). G-V curves were fitted with a single Boltzmann function:
y = 1/1(1 + exp(Vm —V)/k))

^
(1)

where y is the conductance normalized with respect to the maximal conductance, Vp2 is
the half-activation potential, V is the test voltage and k is the slope factor.
The Hill equation was used to fit the concentration-response relationship of the effect
of 4-AP using GraphPad Prism 3.02 (San Diego, CA):

^y=11(1+VC50114 APir)
-

^

(2)

where y is the fraction of current remaining at a given membrane potential, /C50 is the
concentration required to achieve half maximal block, [4-AP] is the concentration of 4AP in the bath solution, and n is the Hill coefficient. Data throughout the text and figures
are shown as means + S.E.M.
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Results
Shaker A359C TMRM fluorescence can report both channel activation and
inactivation

The slow decay of Kv channel current during prolonged depolarizations involves
at least two consecutive steps [32, 33], with the first step closing the outer pore (P-type
inactivation) and allowing subsequent stabilization of the inactivated state (C-type
inactivation), which is reported by stabilization of the activated conformation of the
voltage sensor [26, 30, 34-36](also see Fig. 2.1B). Although these processes were first
described using standard voltage clamp techniques, changes of channel conformation
during P- and C-type inactivation can also be clearly observed using voltage clamp
fluorometry [26, 36]. In particular, two sites effectively report the conformational
changes occurring during slow inactivation, A359 in the S3-S4 linker, and 5424 in the
pore. Data in Fig. 2.2A show typical current and fluorescence recordings from Shaker
A359C channels (Figs. 2.2A and B), and two Shaker mutants with disrupted inactivation,
T449V (Figs. 2.2D and E) and W434F (Figs. 2.2G and H). Currents are recorded during
100 ms pulses to a range of potentials that activate ionic current; the currents activate
rapidly, and at the more positive potentials, decay (inactivate) during the sustained clamp
pulse. On the time base studied here, the extent of the decay is small, but clearly seen in
comparison to the horizontal dotted line that shows a single exponential fit of the rising
phase of current. Fluorescence recordings (Fig. 2.2B) obtained simultaneously with the
currents in panel A show a similar rapid onset, here manifested as a decrease in
fluorescence, followed at the more positive clamp potentials by a slower declining phase,
which corresponds to the current decay seen in Fig. 2.2A. It has been suggested that the
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rapid fluorescence decrease reported by A359C represents channel activation, while the
slower decay phase reflects channel inactivation [26]. The amplitudes of the fast (Ffast)
and slow (F510) phases of the fluorescence report from Fig. 2.2B are plotted together
with the activating and inactivating components of the ionic current record, as a function
of the potential during the clamp step in Fig. 2.2C. It can be seen that the rapid phase of
fluorescence change,

Ffast,

is negatively shifted from the conductance-voltage relation (G-

V) on the voltage axis as it reports the voltage sensor movement that precedes channel

opening [23, 24]. In Shaker A359C channels, Ffast contributes 64 ± 7 % to the total
fluorescence deflection during a 100 ms pulse to +100 mV (n=10). The voltagedependence of the slow phase of fluorescence deflection, Fsio„, is displaced to the right of
the fast fluorescence relationship, and shows a voltage-dependence similar to that for the
G-V relation and also the inactivating component of current

(Iinact),

which is a plot of the

amplitude of the current that decays during the pulse at each test potential

(Irma

at each

potential is normalized to that at +100 mV). This is expected since inactivation is
coupled to channel opening and should approximate the G-V relation.

Fsrow

contributes

36 ± 7 % to the total fluorescence deflection (n=10). The idea that the slow phase of
fluorescence deflection is associated with channel inactivation is supported by
experiments on two mutant channels with altered properties of slow inactivation (Fig.
2 .2D-2 .21).
The mutation T449V in the outer mouth of the Shaker channel pore has long been
used to disrupt slow inactivation [28]. Current records in Fig. 2.2D and the voltage
relations in Fig. 2.2F show that, as expected, the slow phase of current decay attributable
to slow inactivation is largely prevented in this channel (i.e., L-mad is absent on this
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timescale). Consistent with this, the slow phase of fluorescence decay recorded from
A359C is also absent (Fig. 2.2E, 2.2F). A second mutation, W434F, is known to induce
permanent P-type inactivation [26, 29, 30, 35], and there are no ionic currents recordable
from this mutant (Fig. 2.2G), but the fluorescence report is still robust (Fig. 2.2H), as
activation proceeds normally despite the channels being inactivated [29, 35, 37]. It can
be seen that although the fast phase of fluorescence is preserved, the slow fluorescence
changes are completely abolished (Fig. 2.2H and 2.21). Taken together, the results in Fig.
2.2 clearly demonstrate that the fluorescence report from A359C can track
conformational changes associated with Shaker channel activation and of particular
importance for the purposes of this study, channel inactivation. Even though channels
may be unable to conduct, either before opening, or after inactivation, the fluorophore
remains able to report changes in channel gating state.

The effect of 4-AP on channel inactivation

Using voltage-clamp fluorometry, we investigated the effect of 4-AP on the
conformational rearrangements associated with channel inactivation by recording ionic
currents and fluorescence signals from TMRM attached at A359C during 7 s depolarizing
pulses to +60 mV in the absence and presence of 3 mM 4-AP (Fig. 2.3A). In the control
trace, channels open rapidly upon depolarization, but then during maintained
depolarization the current declines due to the onset of slow (P- then C-type) inactivation.
The signal from the fluorophore in the S3-S4 linker (Fig. 2.3A, lower panel) reports on
the conformational changes associated with these gating events. On depolarization, there
is a rapid fluorescence deflection followed by a slowly declining phase, which displays
kinetics similar to the decay of ionic current and represents the transition of channels into

41

the inactivated conformation as described in Fig. 2.1. This is highlighted in Fig. 2.3B,
which shows superimposed traces of ionic current and fluorescence signal decay
recorded simultaneously from the same cell. The mean time constants of decay for the
ionic current and fluorescence signal from fourteen such experiments are very similar; r=
2.5 ± 0.2 and r = 1.9 ± 0.2 s, respectively. On repolarization to the holding potential, the
ionic currents rapidly deactivate and channels recover from inactivation. Again, these
gating events are reported by the fluorophore (Fig. 2.3C). On repolarization, the
fluorescence returns towards baseline and shows a fast phase that has a r of 87 ± 15 ms
and reflects the time course of the return of the voltage sensor during channel
deactivation, and a slow phase that has a r of 739 ± 82 ms, which reflects the slower
return of the voltage sensor to its resting state following stabilization of its activated
conformation during inactivation [24, 26].
The second site that was labeled to report on inactivation was S424C in the outer
pore region. TMRM attached at this site faithfully reports the conformational changes of
the pore that are associated with both the onset of and recovery from inactivation [26].
Fig. 2.3D shows ionic currents and fluorescence signals recorded from TMRM-labeled

Shaker S424C channels. As for Shaker A359C, the fluorescence trace in control
conditions shows two distinct phases: a fast phase that occurs with a time course similar
to activation and which represents 23 ± 2 % of the signal, and a slow phase that occurs
with a time course similar to inactivation and which represents 77 ± 2 % of the signal

(n=7). Traces in Fig. 2.3E show an overlay of the control current trace and slow
fluorescence signal, and illustrates their similar time courses. The r of ionic current
decay was 2.6 ± 0.3 s and that of the fluorescence decay was 3.8 ± 0.9 s (n=14). On
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repolarization, the fluorescence signal also shows fast and slow phases. The r of the fast
phase reflecting deactivation is 269 ± 40 ms, and that of the slow phase is 5.2 ± 1.1 s
(n=5), which is similar to the time course of the recovery from inactivation = 2.7 ± 0.6
s; n=4).
In the presence of 4-AP, there were marked changes in both the ionic currents and
fluorophore reports of both A359C and S424C TMRM-labeled mutant channels. The
ionic currents are partially blocked and the rate of the decay is apparently reduced. Peak
current is inhibited by 65 + 6 % at 3 mM 4-AP (n=5). Scaling of the ionic traces in the
presence of 4-AP to the control trace in each mutant (the dotted lines in Fig. 2.3A and D)
shows that the rate and extent of slow inactivation of ionic current are significantly
reduced in the presence of 4-AP. Fluorophore signals during prolonged depolarization
recorded in the presence of 4-AP from both channels (Fig. 2.3A and D) show, for the first
time, the conformational changes associated with the inactivation of drug bound
channels. 4-AP increases the relative contribution of the fast phase of fluorescence
change in Shaker A359C channels from 39 ± 3 % to 72 ± 5 % and reduces the
contribution of slow secondary fluorescence deflection that was associated with channel
inactivation from 61 ± 3 % to 28 + 5 % (n=5; paired t-test, P<0.001). This results in a
crossover of the fluorescence traces because 4-AP increases the instantaneous
fluorescence deflection by 54 ± 29 %, but reduces the deflection at the end of the
depolarizing pulse by 28 ± 9 % (Fig. 2.3A, lower panel). In addition, the fast and slow
phases of the return of the fluorescence to baseline on repolarization are markedly
accelerated in the presence of 4-AP (Fig. 2.3C). The fast r is reduced to 40 ± 1 ms (from
87 ± 15 ms without 4-AP) suggesting that deactivation is enhanced, which is consistent
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with previous observations that 4-AP abolishes the immobilization of charge return [9,
12, 19], and the slow r is reduced to 291 ± 21 ms (from 739 ± 82 ms without 4-AP),
which is consistent with the view proposed by Castle and co-workers [13] that fewer
channels inactivate in the presence of 4-AP during the maintained depolarization. In the
case of the Shaker S424C channel, the fluorescence signal reporting inactivation is
reduced by 64 ± 5 % (n=4) in the presence of 4-AP (Fig. 2.3D, lower panel). An increase
in the fast phase is not observed with Shaker S424C, probably because the fluorophore at
this position does not report as well on activation [26]. Interestingly, the time constants
of the fast and slow phases of the return of the fluorescence signal upon repolarization
are not different from those in the absence of 4-AP (Fig. 2.3F). The r of the fast phase is
181 ± 23 ms and that of the slow phase is 6.1 ± 1.0 s (n=5). Taken together, these current
and fluorescence data, which allow direct real-time observation of the conformational
changes associated with inactivation, confirm that channel inactivation is greatly reduced
after 4-AP binding.
To examine the interdependence of 4-AP block and P/C-type channel inactivation
further, the effect of 4-AP binding to T449V and W434F channels was examined. Data
in Fig. 2.4A show ionic currents and fluorescence signals recorded during 7 s
depolarizing pulses to +60 mV from a holding potential of -80 mV. As suggested earlier
(Fig. 2.2), the T449V mutation largely prevents inactivation, although some current
decay does still persist during a long depolarizing pulse (r = 4.4 ± 0.7 s and the relative
amplitude of the decaying component, a = 0.22 ± 0.03 in Shaker T449V A359C
compared with r= 2.5 ± 0.2 s and a = 0.69 ± 0.03 in Shaker A359C; n=5; P<0.01, t-test).
The reduced inactivation of T449V mutant channels is accompanied by a slowed and
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reduced fluorescence decay (r = 2.4 ± 0.3 s compared with r = 1.9 ± 0.2 s without the
mutation; n=5-16). Similar to Shaker A359C channels, 3 mM 4-AP blocked Shaker
•
T449V A359C ionic current by 76 ± 2 % (Fig. 2.4A). However, the fluorophore report
shows that 4-AP has a much smaller effect on both the fast and slow phases of
fluorescence deflection. The extent of the divergence of the fluorescence traces is
reduced, because 4-AP increases the instantaneous fluorescence deflection only 21 ± 7 %
(compared with 54 ± 29 % in the absence of 4-AP) and reduces the deflection at the end
of the pulse by only 13 ± 12 % (compared with 28 ± 9 % in the absence of 4-AP). These
data suggest that the reduced inactivation of the T449V mutant diminishes the scope for
the effect of 4-AP on the fluorescence signals. The reduction of the small slow
fluorescence deflection from Shaker T449V A359C in the presence of 4-AP (Fig. 2.4A)
is probably due to inhibition of the residual inactivation present in these mutant channels.
The fast phase of the fluorescence return of Shaker T449V A359C channels is still
accelerated by 4-AP, from 43 ± 9 to 9 ± 1 ms (n=3), because 4-AP enhances deactivation,
and the r of the slow phase of the fluorescence return is also reduced from 775 + 132 to
377 ± 56 ms (n=3). These data show that 4-AP can block currents from inactivationreduced T449V channels equivalently to A359C channels, and that 4-AP can still inhibit
the residual inactivation present in T449V channels although the fluorescence report is
much less altered by 4-AP in these channels.
In permanently inactivated W434F channels, ionic currents cannot be recorded
(Figs. 2.2G and 2.4C). Despite this, depolarization produces rapid quenching of the large
TMRM fluorescence signal from A359C. As described in Fig. 2.2, the fluorophore
reports very little secondary slow phase and Fig. 2.4C shows that this is the case even
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during 7 s depolarizing pulses. The contribution of the fast phase to the total
fluorescence is 95 ± 2 % (Fig. 2.4C). The application of 4-AP has no effect on the
kinetics of fluorophore movement during the depolarization except for a small reduction
in the absolute signal. In the presence of 3 mM 4-AP, the fast phase contributes 90 ± 4 %
to the total deflection (n=3), which is not different from that without 4-AP. As in Shaker
A359C channels (Fig. 2.3C), 4-AP accelerates the fast phase of the return of the
fluorescence signal on repolarization (Fig. 2.4D). The r of the fast phase is reduced from
49 + 15 ms in the absence to 23 + 1 ms in the presence of 3 mM 4-AP (n=3), which is
consistent with the previous observation that 4-AP abolishes immobilization of the
voltage sensor of W434F channels on repolarization [12]. Although there is no slow
secondary fluorescence deflection from W434F channels during a 7 s depolarization, the
recovery of the fluorescence signal on repolarization shows a slow phase with a r of 474
+ 3 ms that likely represents the recovery of channels that become C-type inactivated
during the voltage pulse. This is consistent with previous observations that P-type
inactivated W434F channels are able to undergo C-type inactivation during prolonged
depolarization [35]. Interestingly, 4-AP accelerates the slow phase of fluorescence return
on repolarization (Fig. 2.4D). The r of the slow phase of fluorescence return is reduced
to 167 ± 65 ms in the presence of 3 mM 4-AP (n=3). The incomplete return of the
fluorescence signal to the baseline in this case may reflect minor bleaching of the signal
rather than incomplete voltage sensor return and this is supported by the evidence of
similar incomplete fluorescence return observed in other previous records (e.g., Loots
and Isacoff, 1998). These data suggest that 4-AP may be able to bind to P-type
inactivated channels and inhibit, at least in part, the transition to C-type inactivation.
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The onset of 4-AP block detected by changes in Shaker A359C TMRM fluorescence
As described in Fig. 2.3A, 4-AP introduces a crossover of the fluorescence
signals from Shaker A359C channels in the early stages of a maintained depolarization.
To investigate this phenomenon further, we measured the effect of different
concentrations of 4-AP on the ionic current and fluorescence report during 200 ms
voltage pulses to +60 mV (Fig. 2.5A). In each case in Fig. 2.5A, the control trace in the
absence of 4-AP is shown along with the first and fifth pulses (at 0.2 Hz) after a 3 min
application of the indicated concentration of 4-AP during which channels were held
closed (holding potential -80 mV). It has been shown that block cannot occur until a
channel is opened for the first time (first pulse) in the presence of the drug [8, 9, 12].
Steady-state block is reached by the fifth pulse in each case. In the presence of 0.3 mM
4-AP, the peak ionic current amplitude on the first pulse is not different from that of
control, but there is a slow decline in the current during the pulse that represents the onset
of channel block (Fig. 2.5A, left). The fluorescence signals in Fig. 2.5A accurately report
the gating events associated with this onset of channel block. The instantaneous
fluorescence signal recorded on the first pulse in the presence of 0.3 mM 4-AP (Fig.
2.5A, right) is identical to that in control conditions, both in terms of amplitude and
kinetics, and is followed by a clear decrease of fluorescence that coincides with the
decline of ionic current, and saturates once steady-state block is reached by the fifth pulse
(Fig. 2.5A, right). Increasing concentrations of 4-AP exaggerate both the decay of the
ionic current and the increase of the fluorescence signal (Fig. 2.5A). Since 4-AP does not
significantly quench TMRM directly (see Discussion), these data suggest that binding of
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4-AP directly increases the fluorescence signal from Shaker A359C channels during
short depolarizations by inhibiting ongoing inactivation in channels that normally occurs
once they open. This allows the fast phase of fluorescence from opening channels to be
more completely detected.
Concentration-response curves calculated from steady-state currents at +60 mV,
such as those shown in Fig. 2.5A are shown in Fig. 2.5B. 4-AP inhibits ionic current
with an IC 50 of 1.3 ± 0.1 mM and a Hill coefficient, n of 0.92 ± 0.05 (n=3-6). The effect
of different concentrations of 4-AP on the steady-state conductance- and fluorescencevoltage relationships is shown in Figs. 2.5C and D. These data are taken from currents
and fluorescence reports recorded during 200 ms voltage pulses from -100 to +80 mV. It
is clear that increasing the concentration of 4-AP shifts the conductance-voltage relation
of Shaker A359C channels to more depolarized potentials and also reduces the maximal
conductance (Fig. 2.5C). This is consistent with the previous suggestion that 4-AP
binding stabilizes the activated-not-open state of the channel [6, 12] where the voltage
sensor charges have moved, but the concerted opening step is prevented [20]. In
agreement with this, Fig. 2.5D shows that 4-AP has no effect on the

V12

of the

fluorescence-voltage relationship suggesting that 4-AP has little effect on voltage sensor
movement and that 4-AP bound channels gate normally without significant opening as
suggested previously [12, 17]. The fluorescence-voltage relationships also show the
concentration-dependent increase in the absolute fluorescence signal amplitude seen in
the presence of 4-AP in Figs. 2.3A and 2.5A without any change in the voltagedependence of the signal. This suggests that the additional fluorescence signal does
indeed reflect activation of channels.
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4-AP stabilizes the activated-not-open state
The ILT mutant Shaker channel provides a useful tool in channel gating studies
because it isolates voltage sensor movement from the cooperative opening transition of
channels, i.e., a pulse to 0 mV, for example, will move most of the gating charge, but
does not culminate in channel opening [21, 22]. This state was recently described as the
activated-not-open state [6] and is suggested to be the same state that is stabilized by the
binding of 4-AP. We reasoned that the fluorophore report from the ILT mutant channel
at 0 mV should therefore be identical to that from 4-AP bound channels and also
insensitive to 4-AP. Fig. 2.6A shows current traces and fluorescence signals recorded
from Shaker ILT A359C channels during a 7 s pulse to 0 mV from a holding potential of
-80 mV in the absence and presence of 3 mM 4-AP. Fig. 2.6B shows G-V and F-V
curves plotted from 100 ms pulses over a wide range of potentials. It is clear that at 0
mV, the ILT mutant channels do not open, since there is no observable current, but that
the majority of the charge has moved, since the fluorophore reports a rapid and large
conformational change. Fig. 2.6B shows that the

V1/2

of the G-V and F-V curves of the

Shaker ILT A359C channel are separated by more than 150 mV and that opening occurs
only at very depolarized potentials. The fluorescence report at 0 mV in the absence of 4AP shows no secondary movement following the conformational changes associated with
charge movement (Fig. 2.6A) as it does in the Shaker A359C channel in the presence of
4-AP (Fig. 2.3A). Furthermore, 4-AP does not alter the fluorescence report at 0 mV (Fig.
2.6A). The similarity between the fluorophore reports from 4-AP bound channels and
the ILT mutant channels is consistent with the idea that 4-AP, like the ILT mutant,
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stabilizes the activated-not-open state of the channel. The lack of evidence of an
inactivation transition in the fluorescence trace at 0 mV in the absence of 4-AP also
supports the argument that inactivation is strictly coupled to opening in this channel.
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Discussion
4-AP bound channels cannot inactivate

The fluorescence emission of TMRM attached to A359C in the S3-S4 linker
reports a fast decrease, followed by a slower declining phase on depolarization that
reflect activation and inactivation gating conformational changes, respectively (Fig. 2.2).
It is clear that the report from this position is very sensitive to inactivation gating because
a slow fluorescence decay can be observed not only during prolonged depolarization
(Fig. 2.3A) when the majority of channels inactivate, but also during short pulses (Fig.
2.2B) when only a small proportion of channels enter the inactivated conformation. We
therefore used the fluorescence report from Shaker A359C channels to investigate the
effect of 4-AP on channel inactivation, because although the effect of 4-AP binding on
voltage sensor movement has been extensively studied [9, 12, 17], there is only one
report of the effect on inactivation of ionic current, which suggested that inactivation and
4-AP binding are mutually exclusive [13]. Using the secondary slow phase of
fluorescence deflection from Shaker A359C, as well as the slow report from Shaker
S424C channels, we have shown directly that 4-AP inhibits the conformational changes
associated with inactivation gating of Shaker channels (Fig. 2.3). In support of this
conclusion, the effect of 4-AP on the slow secondary fluorescence deflection that reflect
inactivation was reduced in mutant channels with reduced (T449V; Fig. 2.4A) or
permanent (W434F; Fig. 2.4C) inactivation.
Although it is possible that changes in the fluorescence on 4-AP binding are due
to inhibition of ion conduction and that IC + permeation alters the fluorescence report,
evidence suggests that this is not the case. 1) On repolarization, ionic current reverses
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direction (as seen in Fig. 2.4A), but the fluorescence report does not, as would be
expected if ion conduction was the major determinant of the fluorescence signal. 2)
Previously, Loots and Isacoff (1998) showed that the rate of the slow fluorescence report
is highly dependent on modifications that alter the rate of inactivation of ionic current;
for example, low pH enhances inactivation and the fluorescence decay, whereas high K +
slows inactivation and the fluorescence decay. Consistent with this, the T449V mutation
used in the present study (Fig. 2.5A) slows ionic inactivation and reduces the slow
fluorescence decay. Taken together, these data suggest that the fluorescence reports in
the present study faithfully report activation and inactivation and are not altered by ion
permeation. A similar conclusion was reached by Cha and Bezanilla (1997) who
demonstrated that TEA and agitoxin block of the pore altered the fluorescence report
from A359C but that this was not due to inhibition of ion conduction, rather that the
blocking particles prevented conformational changes associated with channel opening.

4-AP can bind to P-type inactivated channels

Using conventional electrophysiology approaches, Castle et al. (1994) showed
that 4-AP slows inactivation of Shaker channels and suggests that 4-AP cannot bind
inactivated channels. However, it was not possible in these experiments to separate the
effects of 4-AP on P-type inactivation from those on C-type inactivation. In the present
study, we have directly observed the effect of 4-AP on P-type inactivation by using the
W434F permanently P-type-inactivated mutant channel as well as the effect of 4-AP on
C-type inactivation by analyzing the return of fluorescence signal to baseline upon
repolarization, which represents the extent of stabilization of the voltage sensor in its
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activated conformation, a hallmark of C-type inactivation. W434F channels display
almost identical gating currents to wild-type channels, they do not conduct K ± due to
permanent P-type inactivation [30]. Despite this, channels are thought to be able to
access the C-type inactivated state on depolarization because they still exhibit charge
immobilization following maintained depolarization [35]. In the present study, we
observed that the return of the fluorescence signal to baseline on repolarization was
enhanced in the presence of 4-AP (Fig. 2.4D). These data suggest that 4-AP can bind to
P-type inactivated channels and inhibit their progression to the C-type inactivated state.
Because 4-AP can only access its binding site in the Shaker channel when the
intracellular gate is open, these data show that, although W434F channels are
permanently inactivated, the intracellular gate opens with similar voltage dependence to
that in conducting channels, which is consistent with the previous observation that the
tetraethylammonium binding site is also available on depolarization [29]. This
conclusion is also consistent with a number of previous studies in which 4-AP is clearly
seen to modify gating currents in W434F mutant channels [9, 12, 19]. From this data we
cannot determine whether 4-AP can bind to C-type-inactivated channels. If not, this may
be consistent with the inability of 4-AP to bind inactivated channels following the very
long pulses used by Castle et al. (1994) that presumably drive most channels to the Ctype-inactivated state.

Inactivation results in underestimation of voltage sensor movement

When comparing the fluorescence report from Shaker A359C in the absence and
presence of 4-AP, we observed a prominent crossover early on in the depolarizing pulse
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(Fig. 2.3A). This was reflected as an enhancement of the fluorescence signal during 200
ms pulses (Fig. 2.5A) suggesting that 4-AP block resulted in an increased quenching of
TMRM during depolarization. However, a number of observations suggest that it is
unlikely that the increased amplitude of deflection is due to a non-specific quenching of
the TMRM fluorophore by the drug: 1) the basal level of fluorescence emission was the
same in the presence and absence of 4-AP, i.e. the increase in the fluorescence signal
amplitude only occurs once the channel is opened and 4-AP is allowed to bind; 2)
addition of 4-AP to oocytes expressing channels with no accessible external cysteine
residue (i.e. Shaker A6-46 C245V channels) had no effect on fluorophore emission (data
not shown); and, 3) emission intensities recorded on excitation of TMRM dye in solution
with or without 3 mM 4-AP were not different (data not shown). Instead, we conclude
that the increased fluorescence deflection seen during the short pulses in Fig. 2.5A and
the crossover of the fluorescence traces in Fig. 2.3A is a consequence of the 4-APinduced inhibition of inactivation. The peak of the fluorescence trace in the absence of 4AP is underestimated due to the onset of inactivation, which results in a slow secondary
phase of fluorescence. Because 4-AP binding greatly reduces the ability of Shaker
channels to inactivate, this slow phase is almost abolished resulting in an increase in the
amplitude of the fast phase of fluorescence. In support of this conclusion, the slow phase
of the fluorescence decay in the presence of 4-AP, and the divergence of the fluorescence
trace from that in control conditions, is reduced in the inactivation-deficient T449V
mutant (Fig. 2.4A).
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4-AP stabilizes the activated-not-open state

It is well established from gating current studies in Shaker channels that 4-AP
binding does not alter the early independent gating transitions between closed states [12,
17]. Consistent with this, we have shown that the fast fluorescence report from
fluorophores attached in the S3-S4 linker at position A359C, is largely unaltered by the
binding of 4-AP (Figs. 2.2B and 2.5D). It was recently suggested that, like the ILT
mutation, 4-AP promotes the activated-not-open state of the channel [6, 17]. In the
present study, the fluorophore report from ILT mutant channels recorded during a
maintained depolarization to 0 mV, which activates channels and moves the voltage
sensor but does not open channels, mimicked that recorded from normally activating
channels in the presence of 4-AP (compare Figs. 2.3A and 2.6A). Furthermore,
application of 4-AP did not alter this report (Fig. 2.6). These data support the conclusion
that 4-AP binding promotes the activated-not-open channel conformation [6].
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Figure 2.1: Relevant sites within the Shaker channel and kinetic scheme of 4-AP
mechanism of action.
(A) Cartoon structure of the Shaker potassium channel highlight positions of amino
acid sites relevant to the present study. The endogenous cysteine residue (C245)
in the S1-S2 linker was mutated to a valine to residue. TMRM was attached to
sites A359C and S424C in the S3-S4 linker and the outer pore, respectively.
W434F and T449V were engineered to modify inactivation. The molecular
structures of 4-AP and TMRM are also shown. The structure of 4-AP is 2.4 A
wide and 3.6 A in length with the inner vestibule of the pore approximately 12 A
wide and a TMRM molecule is 14 A across.
(B) Kinetic scheme of the mechanism of action of 4-AP modified from Armstrong
and Loboda (2001). CO to C4 represent the closed states of the channel, and 0
represents the open state. Transitions between CO to C4 represent voltage
dependent gating transitions between the closed states and C4 to 0 (*) represents
the voltage dependent final concerted opening. C4 can be considered the
activated not open state (del Camino and Yellen, 2005; Pathak et al., 2005). 4AP only binds when the channel is open and once it is bound, 4-AP strongly
transitions the channel to the closed 4-AP bound state (C4,AP). 4-AP bound
channels are able to undergo the independent transitions through the closed state
(CO,AP to C4,AP), but 4-AP impedes the voltage dependent transition to
opening. IP and IC represent the P- and C-type inactivated states, respectively.
The dashed arrows reflect that the recovery from inactivation transitions are not
known. The ability of 4-AP to bind to P-type inactivated channels (IP to IP,AP)
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is demonstrated in this study by the action on W434F mutant channels. The
mechanism of unbinding of IP,AP was not addressed in this study so the
unbinding transition has been omitted for clarity.
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Figure 2.2: TMRM attached to site A359C in Shaker report on both activation and
inactivation.
Representative current traces (A, D and G) and fluorescence signals (B, E and H)
recorded from Shaker A359C channels without and with mutations T449V (which
reduces inactivation) or W434F which permanently inactivates channels (renders them
nonconducting) during pulses from -100 to +100 mV from a holding potential of -80 mV.
Every other pulse is shown for clarity and dashed lines show extrapolations of
exponential fits (from where —50% of the current has activated) to the time course of
ionic current activation (A and D) or the fast component of the fluorescence deflections
(B,E and H) at +100 mV to highlight the amount of ionic current and fluorescence decay
in each channel. C, F and I, Ffast and Fslow phases of the fluorescence signals and the
activating (G-V) and inactivating (Iinact) components of the ionic current record plotted
as function of potential (n = 4-10). Iinact represents the amplitude of the current that
decays during the 100 ms pulse. The value was normalized to that measured at +100
mV. The fluorescence reports from both Shaker T449V A359C and Shaker W434F
A359C channels were fit with a single exponential that represents just that fast phase;
therefore Fslow is absent.
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Figure 2.3: 4-AP removes the inactivation component of fluorescence.
A and D, ionic currents (top) and fluorescence signals (bottom) recorded during a 7 (A)

or 42 (D) second depolarization to +60 mV from Shaker A359C (A) or Shaker S424C
(D) channels from a holding potential of -80 mV in the absence and presence of 4-AP.
The dotted trace represents the normalized ionic current in the presence of 4-AP scaled 2
fold in A and 8 fold in D. B and E, are superimposition of ionic current and the slow
phase of the fluorescence deflection in the absence of 4-AP show similar kinetics. The
time constants of ionic current and fluorescence signal decay 2.5 +/- 0.2 and 1.9 +/- 0.2
sec, respectively (n=16), for Shaker A359C in B and 2.6 +/-0.3 and 3.8 +/- 0.9 sec,
respectively (n = 6 -10), for Shaker S424C in E. C and F, are the normalization of the
return of the fluorescence signal to baseline on repolarization in the absence and presence
of 4-AP from Shaker A359C (C) and Shaker S424C (F). The return of the fluorescence
is biexponential. The fast and slow time constants are 87 +/- 15 (relative amplitude, a =
0.64 +/- 0.07) and 739 +/- 82 ms (a = 0.36 +/- 0.07), respectively, in the absence of 4-AP
and 40 +/- 1 (a = 0.75 +/- 0.04) and 291 +/- 21 ms (a = 0.25 +/- 0.04), respectively, in the
presence of 3 mM 4-AP in Shaker A359C. The corresponding values in Shaker S424C
are 269 +/- 40 ms (a = 0.39 +/- 0.10) and 5.2 +/- 1.1 s (a = 0.61 +/- 0.10) in the absence
of 4-AP and 181 +/- 23 ms (a = 0.45 +/- 0.10) and 6.1 +/- 1.0 s (a = 0.55 +/- 0.10) in the
presence of 10 mM 4-AP.
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Figure 2.4. Modulation of inactivation alters the effect of 4-AP on Shaker A359C
TMRM fluorescence.
(A and C) Ionic (top) and fluorescence (bottom) traces recorded from Shaker T449V

A359C inactivation-reduced mutant channels (A) and Shaker W434F A359C
permanently inactivated channels (C) during a 7 s depolarizing pulse to +60 mV from a
holding potential of -80 mV in the absence and presence of 4-AP. The dotted trace in
panel A represents the ionic current in the presence of 4-AP scaled 4-fold to match the
peak of the control current. (B and D) Normalization of the return of the fluorescence
signal on repolarization in the absence and presence of 4-AP from Shaker T449V A359C
(B) and Shaker W434F A359C (D). The fast and slow time constants are 43 ± 9 (relative
amplitude, a = 0.71 ± 0.04) and 775 ± 132 ms (a = 0.29 ± 0.04), respectively, in the
absence of 4-AP and 9 ± 1 ms (a = 0.88 ± 0.05) and 337 ± 56 ms (a = 0.12 ± 0.05),
respectively, in the presence of 3 mM 4-AP in Shaker T449V A359C. The
corresponding values in Shaker W434F A359C are 49 ± 15 (a = 0.68 ± 0.05) and 474 ± 3
ms (a = 0.32 ± 0.05) in the absence of 4-AP and 23 ± 1 (a = 0.86 ± 0.06) and 167 ± 65
ms (a = 0.14 ± 0.06) in the presence of 3 mM 4-AP.
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Figure 2.5. The onset of 4-AP block detected by changes in Shaker A359C TMRM
fluorescence.
(A) Ionic currents (left) and fluorescence signals (right) recorded during depolarizing

pulses to +60 mV from Shaker A359C in the absence of 4-AP (control) and the first and
fifth pulses following a 3 min application of 4-AP (the membrane was held at -80 mV
during 4-AP application to prevent channel block). (B) 4-AP concentration-response
curves generated from the steady-state level of block using ionic currents or fluorescence
deflections at +60 mV as shown in panel (A). The

/C5 0 and

Hill coefficient (n) calculated

from the ionic currents are 1.3 ± 0.1 mM and 0.92 ± 0.05, respectively (n=3-6). (C)
Conductance-voltage (G-V) relations with increasing concentrations of 4-AP were
constructed using the peak current amplitudes during the pulse (n=3-5). V1/2 and k values
were -10.0 ± 1.8 mV and 20.5 ± 1.5 for control; 3.3 ± 2.6 mV and 26.3 ± 2.0 for 300 11M
4-AP ; 9.7 ± 2.4 mV and 23.9 ± 1.8 for 1 mM 4-AP; 37.9 ± 3.6 mV and 29.0 ± 2.0 for 3
mM 4-AP; 49.3 ± 4.5 mV and 29.1 ± 2.2 for 10 mM 4-AP. These values in the absence
of 4-AP are similar to those previously reported for channels with mutations of the S3-S4
linker (Gonzalez et al., 2001) (D) Fluorescence-voltage (F-V) relations were generated by
normalizing the peak fluorescence deflections in a given 4-AP concentration to those in
the absence of 4-AP in each oocyte (n=3-5). The V1/2 and k values were -26.7 ± 1.5 mV
and 26.2 ± 1.3, respectively, for control; -35.5 ± 1.7 mV and 23.2 ± 1.4 for 300 IAM 4AP; -39.0 ± 1.1 mV and 19.7 ± 0.9 for 1 mM 4-AP; -38.0 ± 1.3 mV and 18.0 ± 1.1 for 3
mM 4-AP; -26.9 ± 1.8 mV and 24.2 ± 1.5 for 10 mM 4-AP.
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Figure 2.6. 4-AP binding stabilizes the activated-not-open state of the channel.
(A) Ionic (top) and fluorescence (bottom) traces recorded from Shaker ILT A359C
channels in the absence and presence of 3 mM 4-AP during a 7 s depolarizing pulse to 0
mV (where maximum voltage sensor movement takes places without any channel
opening) from a holding potential of -80 mV. (B) Isochronal conductance- and
fluorescence-voltage relations generated from normalized peak current and fluorescence
deflections plotted as a function membrane potential (n=5).

V1/2

and k values were 101.1

± 5.4 mV and 36.8 ± 3.5 mV, respectively, for ionic current and the respective values for
the fluorescence deflection were -74.5 ± 0.5 mV and 16.1 ± 0.4 mV. The V1/2 and k
values in the presence of 3 mM 4-AP were 147.6 ± 4.4 mV and 33.4 ± 5.6 mV,
respectively, for ionic current and the respective values for the fluorescence deflection
were -75.3 ± 0.6 mV and 16.9 ± 0.5 mV.
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Chapter 3 1
A novel pore instability in mammalian voltage-gated potassium channels revealed
by voltage clamp fluorometry
Introduction

Voltage clamp fluorometry (VCF) provides a powerful technique to observe timeresolved reports of ion channel gating conformations that are not possible with traditional
electrophysiology. In Shaker channels, simultaneous recording of ionic current along
with changes in fluorescence emission from TMRM attached in the S3-S4 linker has
shown that the fluorescence changes provide a faithful report of the time- and voltagedependence of voltage sensor movement [1, 2]. Similar fluorescence reports of voltage
sensor movement have also been described in hERG, eag and BKc a potassium channels
[3 -5] .
Interestingly, a number of these fluorescence studies report additional
conformational changes that occur following activation of the voltage sensors. These
rearrangements reflect transitions that are associated with opening of the channel and/or
collapse of the outer pore during inactivation. For example, TMRM attached within the
S3-S4 linker of the Shaker channel detects not only the independent movement of the
voltage sensors, but also conformational rearrangements that are coupled with the
concerted opening of the intracellular gate [6]. Furthermore, a number of sites within the
S3-S4 linker report the slow collapse of the outer pore that occurs during P-/C-type
inactivation [7-9]. In addition, whilst some sites in the S3-S4 linker of BKc a channels
report on the rapid voltage sensor movement during activation, other sites report slower

' A version of this chapter will be submitted for publication. A novel pore instability in mammalian
voltage-gated potassium channels revealed by voltage clamp fluorometry
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rearrangements that may reflect transitions between multiple open states [5]. Also, in
hERG channels, slow TMRM emission changes that reflect activation of the voltage
sensors are accompanied by a fluorescence report of fast events, which are also observed
in gating current measurements [10], and which have similar kinetics and voltagedependence to channel inactivation and may therefore report structural changes that are
coupled to inactivation [3].
In the present study, we provide the first fluorescence reports from mammalian
Kv 1 channels and show that the fluorescence report from TMRM attached in the S3-S4
linker of Kv1.5 channels revealed unique and complex fluorescence changes despite the
homology between Shaker and Kv1.5 channels. In addition to the report of voltage sensor
movement, the fluorophore in Kv1.5 reports a novel rapid decaying component of
fluorescence. We demonstrate that this rapid unquenching represents structural changes
associated with a novel pore instability that may be associated with channel inactivation.
Blocking the channel with 4-AP (4-aminopyridine), raising external K+ and mutations
that alter opening and inactivation rescued channels from this rapid instability, suggesting
that VCF reveals a novel pore instability in Kv1.5 channels that may be associated with
inactivation.
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Materials and Methods
Molecular biology

The vector pEXO was used to express Kv1.5 and Shaker A6-46 channels in
Xenopus laevis oocytes. Cysteine residues were introduced at specific sites (M394C to
V401C in Kv1.5, A359C in Shaker) in the S3-S4 linker for TMRM-labelling and the only
externally accessible cysteine residue, found in the S 1 -S2 linker, was replaced with a
valine residue (C268V in Kv1.5, C245V in Shaker) to prevent non-specific dye labelling.
The deletion mutation A6-46 was introduced into Shaker channels to remove fast
inactivation [11]. The W472F mutation (equivalent to W434F in Shaker channels) was
introduced to permanently inactivate channels [12, 13]. To dissociate voltage sensor
movement from channel opening, the ILT triple mutation (V4071, 1410L and S414T) was
introduced in the S4 domain [14, 15]. The H463G mutation in the pore was introduced to
enhance inactivation [16]. Point mutations were generated using the Stratagene
Quikchange kit (Stratagene, La Jolla, CA) using primers synthesized by SigmaGenosys
(Oakville, Ontario), and were sequenced at the University of British Columbia core
facility. cRNA was synthesized using the mMessage mMachine T7 Ultra transcription
kit (Ambion, Austin, TX) from linearized (Sac II) cDNA template.

Solutions and Chemicals

Anaesthetic solution contained 2 g/L of tricaine methane sulphonate, 10 mM
HEPES and titrated to pH 7.4 with NaOH. Calcium free solution contained 96 mM
NaCl, 3 mM KC1, 1 mM MgC12, 5 mM HEPES and was titrated to pH 7.4 with NaOH.
Barth Solution contains 88 mM NaC1, 1 mM, KC1, 2.4 mM NaHCO3, 0.84 mM MgSO4,
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0.41 mM Ca(NO 3 ) 2 , 20 mM HEPES and was titrated to pH 7.4 with NaOH.
Tetramethylrhodamine (TMRM) labelling of oocytes was performed in a depolarization
solution that contained 100 mM KC1, 1.5 mM MgC1 2 , 0.5 mM CaC12, 10 mM HEPES
and was titrated to pH 7.4 with KOH and 5 [tM TMRM. ND96 bath solution contained 1
mM MgC1 2 , 0.5 mM CaC1 2 , 5 mM HEPES and either 0.3, 1, 3, 10, 30 or 99 mM KC1
with variable concentrations of NaC1 so the final concentration of KC1 and NaC1 was
equal to 99 mM. ND96 was either titrated with KOH or NaOH to pH 7.4. Working
concentrations of 4-AP were diluted from a 100 mM stock solution made with ND96
solution and was titrated to pH 7.4 using NaOH. TMRM was purchased from Invitrogen
(Carlsbad, CA). All other chemicals were purchased from Sigma-Aldrich (Mississauga,
ON, Canada).

Oocyte Preparation and Injection
Xenopus laevis were terminally anesthetized in the anesthetic solution described
above and the oocytes were removed and placed in Ca + free solution. The oocytes were
divided into approximate groups of 10 in Ca + free solution containing 1 mg/ml of
collagenase for 1 hour. This solution was placed on circular rotation at 75 rpm for 1
hour. The oocytes were taken off the rotator when individual oocytes appeared. Oocytes
were washed with calcium free solution to remove residual traces of collagenase and
stage V-VI oocytes were isolated by manual defolliculation. Isolated oocytes were
placed into Ca+ free solution for at least 30 minutes before injection. After
defolliculation, injection electrodes were broken (Drummond Scientific Company, 3-000210-G8 and pulled to the appropriate shape with Sutter Instruments Model P-97 Glass
Puller) and filled with mineral oil from Sigma Aldrich. RNA was aspirated into the
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injection pipette and then each oocyte was injected. Oocytes were injected into their
animal pole with 50 nl (5-10 ng) of cRNA using a Drummond digital microdispenser
(Fisher Scientific, ON, Canada) and then incubated in Barth's solution at 19°C. Currents
and fluorescence were recorded 1 to 7 days after injection.

Two electrode voltage clamp fluorometry

Labelling of introduced cysteine residues was performed with TMRM which
reacts specifically with cysteine residues and has a maximal light absorption at 542 nm
and a maximal emission at 567 nm. 5 ill of TMRM dye was placed into 10 mL of
depolarization solutiom (for a final concentration of 5 1,tM) and oocytes were placed in
this solution for 30 minutes at 10°C in the dark. Oocytes were placed in ND96 solution
in the dark until they were voltage clamped at room temperature. Fluorometry was
performed using a Nikon TE300 inverted microscope with Epi Fluorescence attachment
and a 9124b Electron Tubes photomultiplier tube (PMT) module (Cairn Research, Kent,
UK). The TMRM dye was excited by light from a 100 Watt mercury arc lamp that was
filtered with 525 nm bandpath excitation filter and passed via a dichroic mirror and 20X
objective to the oocyte in the bath chamber (Figure 3.1). The fluorescence emission from
the dye was collected with the same 20X objective and filtered through a 565 nm longpass emission filter before being passed to the PMT recording module. Signals from the
PMT were digitized using an Axon Digidata 1322 A/D converter and passed to a
computer running pClamp8 software (Axon Instruments, Foster City, CA) to record
voltage dependent fluorescence emission intensity. Fluorescence signals were unfiltered
and recorded with a sampling frequency of 25 kHz. Traces are the average of five
sweeps. Voltage clamp of the oocyte and acquisition of the current and voltage clamp

78

were concurrently attained using the two microelectrode voltage clamp technique with a
Warner Instruments 0C-725C amplifier (Hamden, CT) Axon Digidata 1322, and
pClamp8 software. Glass used as microelectrodes was Glass Thin Wall 1.2 mM diameter
and was purchased from World Precision Instruments (Sarasota, Florida).
Microelectrodes were filled with 3 M KC1 and had a resistance of 0.5 to 1.5 Ma Pulled
electrodes had a resistance of 0.5 to 1.5 MQ when placed in ND96 solution.

Data Analysis
Conductance-voltage relation (G-V) curves derived were prepared using the
chord conductance that was determined by dividing the maximal current during a
depolarization pulse by the driving force derived from the K+ equilibrium potential in
which internal K+ was assumed to be 98 mM. G-V curves were fit with a single
Boltzmann function:
Y = 1/1(1 + exp(V1/2 - V)/10)
Where y is the conductance normalized with respect to the maximal conductance,

V112

is

the half-activation potential. V is the test voltage and k is the slope factor.
F-V relationships were also fit with Boltzmann functions with fluorescence normalized
with respect to maximal fluorescence. For the analysis of Kv1.5 M394C and A397C
fluorescence, peak minus end analysis was employed to understand the properties of the
rapidly decaying phase of the fluorescence signal. The end is defined as —20 ms after the
peak of the fluorescence signal at which point the fluorescence has decayed to a
minimum (Fig. 3A). The fluorescence signal at the beginning of the pulse was subtracted
from the signal at the minimum and this was divided by the amplitude of the entire
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fluorescence signal. This allowed a determination of the percentage of decaying
component as a proportion of the total fluorescence signal.
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Results
The fluorescence report of voltage sensor movement in Kv1.5 channels is unique

The unique fluorescence report of voltage sensor movement in Kv1.5 channels is
demonstrated in Fig. 3.1. For a comparison, the fluorescence report from TMRM
attached in the S3-S4 linker at A359C in Shaker (A6-46) channels is shown in Fig. 3.1AC. Simultaneous recordings of ionic current (Fig. 3.1A) and TMRM fluorescence (Fig.
3.1B) show that the fluorophore in Shaker reports a mono-exponential change in its
environment upon depolarization (r = 2.4 ± 0.5 ms at +60 mV) that occurs with a time
course that is similar to the activation of ionic current (r = 4.5 ± 1.0 ms at +60 mV; n=4).
The reported conformational changes display a voltage dependence (V = -40.9 ± 1.9
mV) that is left-shifted from the G-V relation (Vy„ = -16.2 ± 1.3 mV; Fig. 3.1C), as is
expected for movement of the voltage sensors in advance of channel opening. Similar
mono-exponential reports of voltage sensor movement that follow at least one component
of ionic current activation kinetics have also been reported for hERG, eag, and BKca
channels [3-5].
In Fig. 3.1 D-F, we show, for the first time, the fluorescence report of voltage
sensor movement in a mammalian Kvl channel, Kv1.5. The fluorescence report is from
TMRM attached at A397C (the equivalent position in the S3-S4 linker to A359C (Fig.
3.1A-C) in Shaker channels). In contrast to the mono-exponential time course of the
fluorescence report from Shaker (Fig. 3.1B) and other Kv channels [3-5], TMRM
attached at Kv1.5 A397C reported a unique and complex profile of fluorescence change
(Fig. 3.1E). There were no voltage-dependent fluorescence changes from oocytes
expressing Kv1.5 channels that lack an external cysteine residue, and the unusual kinetics
of fluorescence change observed in Fig. 3.1E cannot be explained by inadequate voltage
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control. Upon depolarization, the fluorescence deflection from Kv1.5 A397C was rapid
and transient with a prominent decaying component (r = 3.4 ± 0.6 ms at +60 mV; n=4)
that increased in amplitude with voltage such that it represented 36 ± 3 % of the total
signal at +60 mV (the voltage-dependence is described in Figure 3.3). Unlike in Shaker
A359C (Fig. 3.1C), the F-V relation from Kv1.5 A397C (Vy, = 1.9 + 1.9 mV) was not
significantly left-shifted from the G-V relation (V = 7.3 ± 1.6 mV; Fig. 3.1 F), and a plot
of the voltage dependence of the decaying component of the fluorescence was actually
right-shifted (V, = 31.0 ± 2.4 mV) from the G-V relation (Fig. 3.1F). These observations
suggest that at least some component of the fluorescence deflection from TMRM
attached at Kv1.5 A397C may be coupled in some way with channel opening.

Sites facing the pore report the decaying component of fluorescence

The different report of fluorophore environmental change observed in Kv1.5 (Fig.
3.1 D-F) may suggest different voltage sensor conformational changes than in Shaker
channels. However, a fluorescence scan of the S3-S4 linker of Kv1.5 (Fig. 3.2) reveals
that the complex signal is only reported by TMRM at two sites, A397C and M394C (see
Fig. 3.3 for a kinetic analysis of Kv1.5 M394C fluorescence). Other sites in the scan do
not report the rapid decaying component of fluorescence and produce deflections that are,
in general, similar to those described from the equivalent sites in Shaker channels [8].
This suggests that Kv1.5 voltage sensor movement per se is not dissimilar to that of
Shaker channels. Instead, since the C-terminal end of the S3-S4 linker likely adopts an ahelical structure [17-19], placing M394C and A397C on the same side of the helix that
comes close to the pore domain upon depolarization [8, 20], we hypothesized that
TMRM attached at M394C or A397C might be reporting on an additional structural
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rearrangement that is associated with opening of the pore. As mentioned, sites S395C,
L396C, L399C and V401C all report fluorescence deflections that are similar to those
described from similar sites in Shaker channels [8]. Interestingly, sites S395C, L396C
and L399C that do not report on the rapidly decaying phase found in M394C and A397C
have fluorescence-voltage (F-V) relationships that are left shifted from the G-V curves
suggesting that the decaying component of fluorescence is a report on channel opening.
Furthermore, sites I398C and R400C do not report any voltage dependent fluorescence
deflections, despite the analogous residues in Shaker providing robust fluorescence
signals. I398C provides robust ionic current although there is an absence of any
fluorescence report. Interestingly, the mutation of R400 to cysteine did not express as we
were unable to record either ionic or fluorescence records. We attempted to adjust
R400C expression by holding the oocytes at 12 °C until 6 hours prior to experimentation
in order to prevent channel expression to the oocyte membrane to prevent membrane
destabilization due to leak current. We then placed the oocytes at 20 °C for 6 hours;
however this method failed, as well, to allow us to record either ionic or fluorescence
records, suggesting that the lack of R400C expression was due to a trafficking
mechanism.

The decaying component of fluorescence reports on an extremely quick
rearrangement associated with channel opening

To attempt to understand the decaying component of fluorescence, we quantitated
the process. Fitting the decaying component of M394C and A397C fluorescence with a
single exponential we found that the decaying component is voltage dependent as it
accelerates with greater depolarizations (Fig. 3.3A). Both M394C and A397C report
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similar voltage dependence with the sites reporting a time constant of decay of 2.2 ± 0.1
ms and 3.4 ± 0.6 ms, respectively at +60 mV. The extremely quick time constant
suggests that the decaying process occurs on a similar time scale as gating and may be
therefore associated with channel opening.
To further characterize the decaying component of fluorescence we examined the
amount of decay that occurs during a depolarizing pulse (Fig. 3.3B). To determine the
percentage of decay we determined the amount of decay 20 ms after the peak of the
decaying phase and divided it by the peak signal at the beginning of the pulse. The
amount of fluorescence decay was voltage dependent as we recorded larger relaxations of
the fluorescence signals with greater depolarizations. Both M394C and A397C report a
similar percent of fluorescence decay with a value of decay of 42 ± 4% and 36 ± 3%,
respectively. The records from Fig. 3.3 also show the voltage dependence of the
measured parameters begin to saturate at greater depolarized potentials. Interestingly,
this voltage dependence is extremely similar to that of the opening probability (Fig.
3.1F), and as the opening probability increases to a maximum so does the saturation of
the decaying kinetics. This implies that as a greater proportion of channels transition to
opening, a greater proportion report on the fast decaying process implying that this
process is associated with channel opening.
Noting that this decaying process occurred with an extremely rapid time constant,
we attempted to determine the period of time it took the channel to recover in order to
report on the decaying process again. To do this we applied a double pulse protocol that
began with a 1 s prepulse and then a second pulse was applied at several time points after
the first pulse (Fig. 3.4). We found that the decaying process returned with a time
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constant of 42 + 7 ms (Fig. 3.4B). The quick return of the fluorescence report of this
process suggests the channel recovers from this conformational rearrangement extremely
rapidly.

The decaying component of fluorescence is dependent upon channel opening
To test whether the decaying component of the fluorescence report from Kv1.5
A397C (and M394C) is associated with pore opening, we measured the fluorescence
report in the presence of 10 mM 4-aminopyridine (4-AP) or the ILT triple mutation
(V407I, I410L, S414T), both of which dissociate voltage sensor movement from channel
opening by stabilizing channels in pre-open closed states [14, 15, 21-23].
Prevention of channel opening by the application of 10 mM 4-AP abolished the
decaying component of fluorescence (Fig. 3.5A) and reverted the fluorescence phenotype
to resemble that reported by Shaker A359C (compare the fluorescence trace in the
presence of 4-AP with that in Fig. 3.1 B). In addition, 4-AP restored the left-shifted
voltage dependence of the F-V relation (the Viz, of the F-V was -41 mV left-shifted from
that of the G-V; Fig. 3.5B). In a similar manner, at potentials (e.g. +60 mV) that stabilize
ILT mutant channels in the activated-not-open state [23], the decaying component of
fluorescence from Kv1.5 ILT A397C channels was abolished and the Shaker-like monoexponential report of voltage sensor movement was rescued (Fig. 3.5C). The F-V relation
in ILT mutant channels was also left-shifted from the G-V relation (the Vy, of the F-V
was -41.6 + 1.8 mV; Fig. 3.5D). These results demonstrate that the decaying component
of fluorescence from A397C is associated in some way with channel opening.
Furthermore, the depolarized position of the F-V relation in Fig. 3.1 F does not reflect the
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true voltage dependence of voltage sensor movement, because it is influenced by an
event that TMRM detects upon channel opening.

The decaying component of fluorescence is associated with channel inactivation

Although 4-AP prevents channel opening, drug binding also prevents channel
inactivation [24, 25], and it is difficult to assess whether ILT channels inactivate at the
strongly depolarized potentials (>+150 mV) required to drive channels into the open
state. Therefore, the decaying component of fluorescence may reflect an inactivation
process that occurs upon channel opening. To test this, we investigated the effect of
manipulations of inactivation on the decaying component of the fluorescence signal (Fig.
3.6).
One of the hallmarks of P/C-type inactivation of Kv channels is its sensitivity to
the external IC concentration [26]. The fluorescence signals in Fig. 3.6A show that
raising the external IC' concentration to 99 mM abolished the decaying component and
restored the Shaker-like fluorescence report of voltage sensor movement. With the
reduction of inactivation with 99 mM IC', the F-V relation of voltage sensor movement
(Vy, = -36.4 ± 1.2 mV) becomes apparent (Fig. 3.6B; n=3). In addition, in the presence of
the W472F mutation (equivalent to Shaker W434F), which stabilizes channels in
permanently inactivated states [12, 13], the fluorescence from A397C also shows no
rapid decaying component (Fig. 3.6C). The H463G mutation also abolishes current when
there is 0 mM K± (o) through an enhancement of inactivation [16]. The fluorescence from
A397C in the presence of H463G mutant also shows no rapid decaying component (Fig.
3.6D). Taken together, these data strongly suggest that the decaying component of
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fluorescence reported by TMRM attached at Kv1.5 A397C reflects a process associated
with an inactivation transition.

The secondary phase of fluorescence from S395C is associated with channel
inactivation
The majority of the focus of this study has been the examination of the decaying

phase of fluorescence from sites M394C and A397C. Interestingly, the fluorescence
report from site S395C is monoexponential and has characteristics that are similar to the
fluorescence from Shaker A359C (Figure 3.1 C), although the report is inverted. There is
an initial fast phase and a secondary slow phase that has been suggested to be associated
with voltage sensor movement and inactivation, respectively [9]. In this initial study of
Kv1.5 fluorescence we attempted to understand the fluorescence from site S395C by
modification of the channel with 10 mM 4-AP and raising extracellular K + from 3 mM to
99 mM. We found that both conditions reduced the fast phase of fluorescence and
completely abolished the slow secondary phase (Figures 3.7A and B). As well as the loss
of secondary fluorescence by blocking the channel with 10 mM 4-AP (Figure 3.7A) the
fluorescence report from S395C shows a robust transient off fluorescence. This report
hints that the voltage sensor instantaneously returns to a position similar to that of the
control before returning to its resting state. Although only preliminary, this data suggests
that the slow secondary phase of fluorescence from site S395C may report on
inactivation and could possibly be used in future studies to examine voltage sensor
movement and inactivation in Kv1.5.
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Discussion
In this description of the first fluorescence reports of the conformational
rearrangements associated with gating of a mammalian Kv 1 channel, we observed
complex fluorescence changes in the report of voltage sensor movements in Kv1.5
channels (Fig. 3.1). This complex report of environmental changes occurring around the
fluorophore attached at A397C (and M394C) upon depolarization (Figs. 3.1 and 3.2)
suggests unique and complex motions of the voltage sensor domains in Kv1.5 channels
that are quite different from those reported in Shaker channels [1, 2]. However, we do not
believe that this is the case because: 1) only sites that face the pore domain (A397C and
M394C) report the complex changes; 2) many of the sites that do not report the rapid
inactivation process have F-V relations that are well left-shifted from the G-V relations
(the values for the F-V relations of S395C, L396C and L399C were 64, 12, and 48
mV left-shifted from the corresponding values for the G-V relations) as would be
predicted for a faithful report of Shaker-like voltage sensor movement; 3) prevention of
channel opening by 4-AP or the ILT triple mutation (Fig. 3.5), or of inactivation by
raising external K ± (Fig. 3.6), unmasks the kinetics and voltage dependence of voltage
sensor movement by abolishing the decaying component of fluorescence. Instead, we
believe that the fluorescence report from M394C and A397C is complex because it
reflects a composite of conformational rearrangements associated not only with
activation of the voltage sensors, but also with a rapid structural reorganization that is
associated with the pore domain of the channel upon opening. This conclusion is
consistent with electrophysiological and crystallographic data, which demonstrate that
each voltage sensor comes into close proximity with the outer pore S5-P linker of its
adjacent subunit upon depolarization [7, 8, 17, 20, 27-32], and is supported by previous
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observations of structural changes reported by sites within the S3-S4 linker that are
associated with opening of the intracellular gate and/or inactivation of the outer pore [3,
5, 7-9, 21, 25, 33].
The observations that the rapidly decaying component of fluorescence was
abolished by manipulations that inhibit inactivation [34], such as raising external K + (Fig.
3.6A), suggest that the structural changes associated with pore opening reported by
TMRM at A397C and M394C in Kv1.5 are coupled with a rapid inactivation related
process. P/C-type inactivation is a common feature of Kv channel gating and involves
constriction of the outer pore and a reduction in channel availability [35-37]. P/C-type
inactivation is known to occur in Kv1.5 channels [38] and is observed as a slow decline
of current during sustained (hundreds of ms to s) depolarization or a reduction in peak
current during repetitive short depolarizing pulses. Therefore the process that we
describe which occurs with a time constant of several milliseconds may be a previously
uncharacterized rapid component of inactivation or a preliminary process that leads to
inactivation. Further studies are required to distinguish between these possibilities, but
given the rapid return of the fluorescence signal to baseline upon repolarization (Fig.
3.1E) and the observation that the fluorescence amplitude recovers fully even with rest
intervals as short as 2 s (data shown in Fig. 3.1E are the average of five sweeps applied at
0.5 Hz), channels do not appear to undergo appreciable C-type inactivation during the
rapid decay of fluorescence.
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Figure 3.1 Characteristics of the TMRM fluorescence report from Kv1.5 A397C
channels.
A, B, D and E, representative ionic current (A and D) and fluorescence (B and E) traces

recorded from oocytes expressing Shaker A359C (A and B) or Kv1.5 A397C (D and E)
channels labelled with TMRM. Voltage clamp pulses were applied from -80 to +60 mV
in 10 mV increments (100 ms duration) from a holding potential of -80 mV (only
highlighted traces are shown for clarity). C and F, mean G-V (•) and F-V

(0)

relations

for Shaker A359C (C; n=3) and Kv1.5 A397C (F; n=4). V1/2 and k values for the G-V
relation of Shaker A359C channels were -16.2 ± 1.3 mV and 16.8 ± 1.1 mV, respectively,
and the corresponding values for the F-V relation were -40.9 ± 1.9 mV and 17.0 ± 1.7
mV, respectively. VI/2 and k values for the G-V relation of Kv1.5 A397C were 7.3 ± 1.6
mV and 16.4 ± 1.2 mV, respectively, and the corresponding values for the F-V relation
were 1.9 ± 1.9 mV and 19.0 ± 1.3 mV, respectively. The F-V relation was not
significantly shifted from the G-V relation. The voltage dependence of the decaying
component of fluorescence from Kv1.5 A397C (calculated as the peak minus end
fluorescence amplitude) is also shown in panel F (♦ ); V1/2 and k values were 31.0 ± 2.4
mV and 15.5 ± 1.9 mV, respectively.
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Figure 3.2 Sites facing the pore report the rapid decaying component of
fluorescence.
Representative fluorescence signals recorded from TMRM attached at each site in the
Kv1.5 S3-S4 linker from M394C to V401C during 100 ms voltage clamp pulses from -80
to +60 mV. Scale bars represent a 1 % AF/F fluorescence deflection. Mean G-V (•) and
F-V (0) relations for each mutation, alongside the associated fluorescence deflection.
Boltzmann fits of the data gave Vit, and k values for G-V and F-V relations of: 6.9 ± 1.9
and 17.3 ± 1.4 mV (G-V), respectively, and -10.5 ± 1.9 and 19.4 ± 1.4 mV (F-V),
respectively, for M394C (n=4); 9.0 ± 1.4 and 17.2 ± 1.0 mV (G-V), respectively, and 54.7 ± 0.8 and 9.7 ± 0.7 mV (F-V), respectively, for S395C (n=7); -19.7 + 1.8 and 16.2 +
1.5 mV (G-V), respectively, and -31.5 ± 3.3 and 25.1 ± 2.8 mV (F-V), respectively, for
L396C (n=3); 7.4 ± 1.6 and 16.4 ± 1.2 mV (G-V), respectively, and 2.0 ± 1.9 and 18.9 ±
1.3 mV (F-V), respectively; for A397C (n=4); -18.1 ± 3.4 and 21.6 ± 2.7 mV (G-V),
respectively, and -66.4 + 1.6 and 7.2 ± 1.5 mV (F-V), respectively, for L399C (n=3);
10.8 + 1.2 and 13.3 ± 0.9 mV (G-V), respectively, and 25.7 ± 2.2 and 23.3 ± 1.0 mV (FV), respectively, for V401C (n=7); voltage-dependent fluorescence deflections were not
evident with TMRM attached at I398C, and R400C channels did not express ionic
current. The voltage dependence of the decaying component of fluorescence (calculated
as the peak minus end fluorescence amplitude) is also shown (•) for M394C and
A397C. In the case of M394C, VVr and k values were 5.8 ± 1.8 and 10.9 ± 1.5 mV (n=4),
respectively, and the corresponding values for A397C were 40.0 ± 6.8 and 16.2 ± 2.9 mV
(n=4).
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Figure 3.3 Characterization of the decaying component of fluorescence.

A, fitting the decaying phase of fluorescence of M394C and A397C with a single
exponential function shows that the time constant of the decaying phase decreases to a
maximum at +60 mV of 2.2 ± 0.1 ms and 3.4 ± 0.6 ms for M394C and A397C,
respectively. B, determining the percent fluorescence decay of M394C and A397C, by
peak minus end analysis, shows that the decaying phase increases as a percentage of the
total fluorescence signal to a maximum at +60 mV of 42 ± 4% and 36 ± 3% for M394C
and A397C, respectively (n=5).
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Figure 3.4 Recovery of decaying phase after a prepulse.
A, representative fluorescence signals recorded from TMRM attached at site A397C in
the Kv1.5 S3-S4 linker after applying a 1 second prepulse to +60 mV from a holding
potential of -80 mV. B, application of a second pulse to +60 mV at 0.015, 0.035, 0.075,
0.12, 0.15, 0.3 and 0.9 seconds after the 1 second prepulse resulted in the decaying
component of fluorescence to return with a time constant of 42 ± 7 milliseconds (n=5).
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Figure 3.5 The decaying component of fluorescence is associated with channel
opening.
A, representative fluorescence signals recorded from TMRM attached at A397C during

control conditions and in the presence of 10 mM 4-AP during 100 ms voltage clamp
pulses from -80 to +60 mV. Block with 10 mM 4-AP prevented channel opening and
reduced current amplitude by 66 ± 6 % (n=3). B, mean G-V and F-V relations in the
presence of 10 mM 4-AP. Vy, and k values for G-V and F-V relations were 44.0 ± 2.8 and
23.6 ± 1.7 mV (G-V), and 3.2 ± 2.5 and 18.8 ± 2.1 mV (F-V; n=3). The F-V relation was
therefore 41 mV left-shifted from the G-V relation. C, representative fluorescence signals
recorded from A397C in the presence of the ILT mutation during 100 ms voltage clamp
pulses to +60 mV. The ILT mutation uncouples independent voltage sensor movement
from the concerted opening transition (15, 16) resulting in a shift of the G-V relation to
depolarized potentials (see panel D). D, mean G-V and F-V relations for Kv1.5 A397C
ILT channels. V. and k values for G-V and F-V relations were 131.0 ± 1.2 and 21.4 ± 0.8
mV (G-V), respectively, and —41.6 ± 1.8 and 20.6 ± 1.7 mV (F-V; n=3). The F-V relation
was therefore 173 mV left-shifted from the G-V relation.
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Figure 3.6 Manipulation of inactivation alters the decaying component of
fluorescence.
A, representative fluorescence signals recorded from Kv1.5 A397C channels during 100

ms pulses to +60 mV in the presence of 3 and 99 mM external K. Inhibition of
inactivation by raising K + abolished the rapid decaying component of fluorescence. B,
mean F-V relation with 99 mM K + plotted alongside the G-V and F-V relations obtained
with 3 mM K + to demonstrate the voltage dependence of voltage sensor movement in the
absence of inactivation. The G-V relation with 99 mM K + is not shown because of the
large error associated with calculations around the reversal potential (-0 mV). 1/ ,/ and k
values for the F-V relation with 99 mM K + were —36.4 + 1.2 and 12.8 ± 1.0 mV,
respectively (n=3). Vy, and k values for the G-V and F-V relations with 3 mM K + were
8.1 ± 2.5 and 18.3 ± 1.7 mV and 4.3 + 2.0 and 21.5 ± 1.3 mV, respectively (n=3). The FV relation with high external K + was therefore 40 mV left-shifted from the G-V relation.
C and D, representative fluorescence signals recorded from Kv1.5 A397C W472F mutant
channels (C), which are permanently inactivated, or from Kv1.5 A397C H463G mutant
channels at 0 mM external K + (D) in which the channel is inactivated, during 100 ms
voltage clamp pulses from -80 to +60 mV. Similar recordings were obtained from nine
(W472F) or three (H463G) other cells.
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Figure 3.7 Manipulation of inactivation alters the secondary component of
fluorescence from S395C.
A, representative fluorescence signals recorded from TMRM attached at S395C during
control conditions and in the presence of 10 mM 4-AP during 200 ms voltage clamp
pulses from -80 to +60 mV. Control S395C fluorescence reports a monoexponential
fluorescence report with an observable fast phase and a secondary slow phase. 10 mM 4AP prevented channel opening and reduced fluorescence amplitude as the secondary
phase was abolished. B, representative fluorescence signals recorded from TMRM
attached at S395C during control conditions at 3 mM K ± and 99 mM K + during 200 ms
voltage clamp pulses from -80 to +60 mV. 99 mm K + abolished the secondary phase of
fluorescence that is observable at 3 mM K.
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Chapter 4
Final Discussion and Conclusions
The data presented in this thesis provide insight into the technique of voltage
clamp fluorometry and how this technique can be used to gain knowledge into the
structure and function of voltage-gated ion channels. The work has allowed us to further
our understanding of drug block of ion channels and processes related to channel gating
and the intricate relationship between the voltage sensor and the outer pore of the
channel. Also, the Kv1.5 fluorescence study was the first study of a mammalian Kv 1
channel other than the Shaker channel.

4-AP project
As mentioned, 4-aminopyridine has been extensively studied and the mechanism
of its block was thought to be fully understood [1-4]. The drug had been suggested to
bind to the channel and prevent it from entering the inactivated state [1]. However,
experiments performed with voltage clamp fluorometry have suggested that 4-AP can
bind to the P-type inactivated state of the channel and prevent C-type inactivation from
occurring. This is the first comprehensive study of the effect of drug binding on voltagegated ion channels using voltage clamp fluorometry. It revealed interactions with
electrically silent states that are not possible to observe with traditional patch clamp
techniques.
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Kv1.5 Fluorescence Study
The Kv1.5 data are the first from mammalian Kv 1 voltage-gated channels
obtained with voltage clamp fluorometry. VCF revealed that although Shaker and Kv1.5
channels share a considerable homology in the S4 and pore region, the fluorescence
report of Kv1.5 at sites M394C and A397C contrasted with those of the Shaker channel
at the analogous M356C and A359C sites [5-7]. The fluorescence report from Kv1.5
revealed a prominent decaying phase that was absent in the Shaker channel, although the
other sites from the Kv1.5 S3-S4 linker showed similar reports to Shaker [7].
Modification of channel gating by the ILT triple mutation and 4-AP suggested that this
was a report on a rapid process that was associated with channel opening. The mutations
W472F and H463G suggested that the process might be an outer pore rearrangement that
was prevented when the channel was modified into a permanently P-type inactivated
state. This implies that the process observed by voltage clamp fluorometry is associated
with inactivation, although more experiments are required to fully understand this
process.

Future Directions
The two studies described in this thesis show that VCF is a powerful technique
that can be used to further our understanding of ion channel gating. The potential of this
recently developed technique is only beginning to be exploited to further our knowledge
of the intricacies of ion channel structure. Our work suggests that there are many future
experiments to be attempted and several future studies related to the work in this thesis
are outlined below.
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Channel Modification
The study of 4-AP block is one of the very first studies describing the alteration
of ion channel gating by VCF. It is expected that as additional channels are studied with
VCF and the fluorescence reports from these channels are characterized, researchers will
be able to examine residues that report on conformational rearrangements associated with
drug binding and residues involved in drug interactions. This will allow insight into the
mechanism and residues that are important in drug block in real time. In addition to
studying drug block, researchers have attempted to determine the mechanism of action of
auxillary subunits, pH and inactivation on ion channel function [8-10]. These studies
have all shown that once fluorescence reports from ion channels have been characterized,
they can be used to improve our understanding of controversial issues within the ion
channel field.

Kv1.5 Closed State Transitions
The study of Kv1.5 fluorescence revealed a novel electrically silent
rearrangement of the outer pore mouth that is associated with channel opening.
However, there are interesting fluorescence reports from several sites in the S3-S4 linker
of the Kv1.5 channel at hyperpolarized potentials. The sites A397C and L399C reveal
large fluorescence deflections that are as large or larger in magnitude than the
fluorescence deflections seen at depolarized potentials. This indicates that the voltage
sensor may be undergoing large-scale conformational rearrangements at hyperpolarized
potentials and these rearrangements may be not associated with channel opening. These
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rearrangements may possibly be a pre-open state of the channel. Further experiments are
required to elucidate the structural rearrangements that are being reported at
hyperpolarized potentials.

Kv1.5 Gating and Inactivation

Another future study that could help to further explain the conformational
changes reported by sites M394C and A397C is a complete cysteine scan of the outer
pore (S5-P loop-S6) of Kv1.5. We initially examined two sites, G461C and T462C,
which are found in the S5-Plinker of the turret of Kv1.5. However, the fluorescence
report from G461C was small in magnitude and was difficult to resolve and analyze (Fig.
4.1A) and TMRM attached to site T462C blocked the channel and prevented ion flow,
although the associated fluorescence report was robust (Fig. 4.1B). If other sites in the
pore are examined they may help to further understand the conformational changes
associated with channel opening reported by the S3-S4 linker or other electrically silent
transitions. Also, as mentioned, a comprehensive study of the outer pore of Kv1.5 may
help to reveal sites that may be useful in drug binding experiments as well as sites that
may aid in our understanding of the effect of auxiliary subunits on channel function.
As noted in Chapter 3, the fluorescence reports from other sites in the S3-S4
linker are exponential in nature. In particular, sites S395C and L396C both report an
initial fast phase followed by a slow secondary phase. Figures 3.7A and 3.7B show that
the secondary phase of the fluorescence from site S395C is abolished by 4-AP and 99
mM K + , respectively. This implies that this secondary phase may be a report on channel
inactivation and therefore may be useful in future studies examining inactivation reported
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from the Kv1.5 voltage sensor. However, before such a study can be attempted, variation
of pulse duration is required to determine if this secondary phase is indeed associated
with channel inactivation, similar to the original studies in Shaker [10]. There remain a
number of unresolved questions with Kv1.5 fluorescence that may lead to our further
understanding of the mechanism of ion channel gating.
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Figure 4.1 Fluorescence from sites G461C and T462C do not report on the rapidly
decaying phase of fluorescence reported from the S3-S4 linker of Kvl.5.
A, representative fluorescence signals recorded from TMRM attached at G461C during
control conditions at 3 mM K ± during 100 ms voltage clamp pulses from -80 to +60 mV.
G461C fluorescence reports a fast fluorescence signal that is small in magnitude and
difficult to resolve. B, representative fluorescence signals recorded from TMRM
attached at T462C during control conditions at 3 mM K + during 100 ms voltage clamp
pulses from -80 to +60 mV. The fluorescence reports on an initial fast transient followed
by a slow secondary phase. Ionic current (not shown) is abolished when TMRM is
attached to the channel at site T462C.
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