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Modification of K* channel-drug interactions by ancillary
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Reconciling ion channel «-subunit expression with native ionic currents and their
pharmacological sensitivity in target organs has proved difficult. In native tissue, many K*
channel a-subunits co-assemble with ancillary subunits, which can profoundly affect physio-
logical parameters including gating kinetics and pharmacological interactions. In this review, we
examine the link between voltage-gated potassium ion channel pharmacology and the biophysics
of ancillary subunits. We propose that ancillary subunits can modify the interaction between pore
blockers and ion channels by three distinct mechanisms: changes in (1) binding site accessibility;
(2) orientation of pore-lining residues; (3) the ability of the channel to undergo post-binding
conformational changes. Each of these subunit-induced changes has implications for gating,
drug affinity and use dependence of their respective channel complexes. A single subunit
may modulate its associated a-subunit by more than one of these mechanisms. Voltage-gated
potassium channels are the site of action of many therapeutic drugs. In addition, potassium
channels interact with drugs whose primary target is another channel, e.g. the calcium channel
blocker nifedipine, the sodium channel blocker quinidine, etc. Even when K* channel block
is the intended mode of action, block of related channels in non-target organs, e.g. the heart,
can result in major and potentially lethal side-effects. Understanding factors that determine
specificity, use dependence and other properties of K* channel drug binding are therefore of
vital clinical importance. Ancillary subunits play a key role in determining these properties
in native tissue, and so understanding channel-subunit interactions is vital to understanding

clinical pharmacology.
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Although a single type of K" channel «-subunit is
often present in a variety of different organs, the kinetic
behaviour and conformational changes of «-subunits
are often modulated by co-assembly with ancillary
subunits. The expression of ancillary subunits varies
between organs, as well as between regions of an organ
(Isom et al. 1994; McCrossan & Abbott, 2004; Birnbaum
et al. 2004; Melnyk et al. 2005). This diversity of ancillary
subunit expression therefore contributes to the diverse
assortment of potassium currents recorded from native
tissues. In addition, relative expression of K* channels
and their associated ancillary subunits can be affected by
factors such as development, changes in hormonal state,
ischaemic conditions, etc., which can also modulate the
electrophysiology and pharmacology of native potassium
currents (Soliven et al. 1989; Shimoni et al. 1997;
Nerbonne, 1998; Liu et al. 2007). The importance of
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the role that subunits can play in regulating ion channel
behaviour in native tissue is demonstrated by the number
of mutations which are associated with arrhythmogenesis
and periodic paralysis in humans (for reviews, see Chiang
& Roden, 2000; Abbott & Goldstein, 2001; Shah et al. 2005).
Inaddition, indirect alteration in subunit function can lead
to epilepsy in humans (Schulte et al. 2006).

Compounds with K channel blocking properties
are commonly employed as therapeutic agents for
conditions such as arrhythmias (Tamargo et al. 2004),
stroke (Surti & Jan, 2005), cancer (Conti, 2004),
and neurological disorders such as psychoses, epilepsy,
stroke and Alzheimer’s disease (Surti & Jan, 2005).
For these therapeutic agents, block of specific K*
channels is the intended mechanism of action (e.g.
class III anti-arrhythmic agents). However, there are a
wide variety of therapeutic agents that are targeted
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to non-K* channels, but result in unintended block
of K™ channels. This K™ channel block can result in
potentially serious and sometimes even fatal side-effects
(e.g. cardiac arrhythmias). For example, Kv channels
are blocked by calcium channel blockers including
nifedipine and nicardipine (Grissmer et al. 1994; Zhang
& Fedida, 1998; Hatano et al. 2003; Bett et al. 2006b),
and sodium channel blockers including quinidine and
flecainide (Yeola & Snyders, 1997; Caballero et al. 2003;
Wang et al. 2003; Bett & Rasmusson, 2004). Even when
K* channel block is the intended mode of action (for
example, anti-psychotics, anti-epileptics, etc. (Davis et al.
1996; Escande, 2000; Wickenden, 2002)), block of the
same or related ion channels in non-target organs, e.g.
the heart, can result in major and potentially lethal
side-effects such as arrhythmogenesis. Side-effects are of
particular importance in the HERG channel, which is
the molecular basis of Iy,. (see for example Sanguinetti
& Tristani-Firouzi, 2006). The co-assembly of the core
a-subunit of an ion channel with a variety of ancillary
subunits results in channels which present a broad
spectrum of potential targets and side-effects for
drugs with channel blocking actions. Understanding the
molecular basis of subunit—channel interactions and their
impact on drug binding is therefore of critical importance
in the development of safe pharmacological approaches
for the treatment of arrhythmias, neurological disorders,
and a multitude of other channel-related maladies.

This review focuses on the relationship between the
ability of ancillary subunits to modify the interaction
between voltage-gated Kt channels and drugs which
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bind to and block the intracellular vestibule of the open
channel pore. Ancillary subunits alter the properties of the
intracellular pore, which can result in direct changes in the
interaction between the drug and the binding site, as well
as changes in gating, which can indirectly affect channel
pharmacology. We discuss three, non-mutually exclusive,
biophysical models by which ancillary subunits could
modify ion channel behaviour. These biophysical models
form a framework for understanding the modification of
drug—channel interactions by ancillary subunits, and are
a necessary step in developing predictive state models of
how drug binding to the open pore is modified by ancillary
subunits.

Voltage-gated K* channels and ancillary
subunits

Voltage-gated K* channels

Voltage-gated Kt channels are a large family of ion
channels, which are found in almost every cell type,
and play physiological roles in everything from electrical
excitability to solute transport. A minimally functional K*
channel contains a tetramer of «-subunits, each of which
contributes equally to the pore structure. In addition to
the a-subunits, which form the core of the channel, many
K* channels co-assemble in native cells with ancillary
subunits (e.g. KChIPs (Kt channel interacting proteins),
KCNEs and Kvgs), which can result in dramatic changes
in structure, behaviour, and function of the ion channel.
Figure 1 shows the topology of a typical pore-forming
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Figure 1. Cartoon representation of Kv channels and ancillary subunits

The pore-forming component of Kv channels are formed from a tetramer of a-subunits. The a-subunits have six
transmembrane segments, with intracellular N- and C-terminals. The fourth transmembrane segment has a net
positive charge, and is thought to be the voltage sensor. Ancillary subunits interact with the core a-subunits in
a variety of ways. The KCNE family are single transmembrane proteins, with an intracellular C-terminal and an
extracellular N-terminal. The KChIP family of proteins are located intracellularly, and are thought to interact with
the N-terminal. The KvB proteins interact with both N- and C-terminals.

© 2008 The Authors. Journal compilation © 2008 The Physiological Society



J Physiol 586.4

a-subunit of a voltage-gated K* channel. The N- and
C-terminal domains are on the cytoplasmic side of the
membrane. The channel has six transmembrane segments,
S1-S6, thought to be w«-helical in structure. A short
lipophilic segment, the ‘H5 loop’, lies between S5 and
S6. The H5 helix dips into the transmembrane domain,
forms a small loop and returns to the extracellular side
(Jan & Jan, 1992). H5 is thought to be the location of
the selectivity filter of the channel (Yool & Schwarz, 1991;
Lipkind et al. 1995; Doyle et al. 1998), and is important
as alocus for extracellular channel blockers. These general
structural elements established in KcsA (Doyle et al. 1998)
are well conserved in voltage-gated Kt channels, and have
been confirmed in crystal structures such as KvAP and
Kv1.2 (Lee et al. 2005; Long et al. 2005a,b).

K* channel activation

K* channel activation is a voltage-dependent event, i.e.
channels open in response to a change in membrane
voltage. Such voltage dependence requires that a net
charge moves in the transmembrane electrical field in
order to produce the physical work necessary to move
the channel out of the stable closed conformation.
Ca?*, Na™ and K*' channels share a similar structure
and common voltage-sensing mechanism. The S4
transmembrane domain in K channels contains a highly
conserved structure (Lee et al. 2005; Long et al. 2005a,b).
Every third position is occupied by a lysine or arginine,
which are positively charged in the physiological range
of pH. At the resting membrane potential, many of
these positive charges are on the intracellular face of the
membrane. On membrane depolarization these residues
move through the membrane due to the increased
electrical driving force and reach the extracellular face
(Mannuzzu etal. 1996). The transmembrane movement of
S4 initiates large scale conformational changes that result
in an open, conducting pore (Catterall, 1995; Yellen, 1998;
Bezanilla, 2002; Lee et al. 2005; Long et al. 2005a,b).

The K* channel open state

Channel opening involves a significant change in protein
structure. One of the most important rearrangements
is opening or widening of the intracellular pore. This
widening is often referred to as the ‘intracellular gate’
(Holmgren et al. 1998). The entire pore volume has been
measured to be ~800-2000 A’ for voltage-gated Na™ and
K* channels i.e. the volume of ~50 water molecules
(Zimmerberg et al. 1990; Rayner et al. 1992; Jiang et al.
2003). There are three general pictures of intracellular pore
opening based on crystal structure measurements. The S6
transmembrane segment is thought to play a prominent
role in lining the pore in the open channel models of both
KcsA, Kv1.2 and MthK channels (Liu et al. 2001; Jiang et al.
2002; Cuello et al. 2004; Lee et al. 2005; Long et al. 2005a,b).
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In all voltage-gated channel models, activation involves a
movement and deformation of S6 at critical hinge regions
(Labro et al. 2003; Zhao et al. 2004; Webster et al. 2004)
as the channel moves from the closed to the open state.
However, the putative open conformation is very different
for the KcsA and Kv1.2 versus MthK channels (Liu et al.
2001; Jiang et al. 2002; Cuello et al. 2004; Lee et al. 2005;
Long et al. 2005a,b; Zimmer et al. 2006). This suggests
there is tremendous physical diversity in the open channel
conformation, even in related channels. Furthermore,
ancillary subunits strongly modify gating properties and
drug binding properties of the open channel, possibly
by the substantial structural rearrangements that occur
as a result of ancillary subunits co-assembling with their
a-subunit partners (see Table 1 and Table 2).

K* channel inactivation

Inactivation is the process by which a channel becomes
non-conducting in the presence of a continued stimulus.
In general, the process of inactivation is slower than
activation, although there are important exceptions to this
observation, e.g. HERG (Trudeau et al. 1995; Sanguinetti
etal. 1995). The molecular basis of K+ channel inactivation
was originally based on data from Shaker Kt channels.
Mutagenesis studies showed at least two mechanisms of
inactivation, called ‘N-type’ and ‘C-type’ (Hoshi et al.
1991).

N-type inactivation. The best understood inactivation
mechanism is N-type, which occurs on the order
of ~milliseconds to ~tens of milliseconds. N-type
inactivation is mediated by a ‘tethered ball’ mechanism
in which a lipophilic segment of ~20 amino acids in the
N-terminus of the channel binds at the intracellular pore
mouth (Zagottaetal. 1990; Hoshi et al. 1990, 1991). N-type
inactivation has a number of well-defined properties: (1)
N-type inactivation is removed after N-terminal deletion
(Hoshi et al. 1990); (2) N-type inactivation is insensitive to
extracellular [TEA™] but sensitive to intracellular [TEA™]
(Choi et al. 1991; Demo & Yellen, 1991); (3) N-type
inactivation is unaffected by increased [K*], (Rasmusson
et al. 1995); (4) The rate of N-type inactivation is voltage
insensitive at positive potentials (Zagotta & Aldrich, 1990);
(5) N-type inactivation is insensitive to point mutations
at the outer mouth of the channel or the outer region of
S6 (Hoshi et al. 1991; Rasmusson et al. 1995).

C-type inactivation. In K™ channels, C-type inactivation
is defined as the inactivation mechanism that remains
following the loss of N-type inactivation i.e. following
N-terminal deletion (Hoshietal. 1991; Hille, 2001). C-type
inactivation involves small conformational changes at
the extracellular side of the pore, and a substantial
conformational change (on the same order as channel
opening) at the intracellular side of the channel pore
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Table 1. Effect of subunits on Kv channel gating

Ancillary
subunit
a-Subunit  family

Gating parameter modified by subunit

Kv1.1 Kvg
Kv1.2 Kvg
Kv1.4 Kvg

Kv1.4 AN  Kvg

Kv1.5 Kvg
Kv2 KCNE3
Kv3 KCNE3
Kv4 KChlIPs
KCNE1
KCNE2
KCNE3

Kvg
Kv7.1 KCNE1
(KCNQ1)  KCNE2
KCNE3
KCNE4
KCNE5

Kv11.1 KCNE1
(HERG) KCNE2

Introduces inactivation (Rettig et al. 1994; Heinemann et al. 1996)

Introduces inactivation (Heinemann et al. 1996; Wang et al. 1996)

Increases inactivation rate (Rettig et al. 1994; Morales et al. 1995, 1996; Majumder et al. 1995)

Slows recovery from inactivation (Castellino et al. 1995; Accili et al. 1998).

Increases inactivation rate (Heinemann et al. 1995, 1996; Rasmusson et al. 1997)

Introduces inactivation (Majumder et al. 1995; England et al. 1995; Heinemann et al. 1996; De Biasi et al. 1997,
Uebele et al. 1998; Gonzalez et al. 2002; Tipparaju et al. 2007)

Shifts activation kinetics (England et al. 1995; Uebele et al. 1996, 1998; Heinemann et al. 1996; De Biasi et al. 1997;
Tipparaju et al. 2007)

Slows deactivation (De Biasi et al. 1997; Uebele et al. 1998)

Slows activation and deactivation (McCrossan et al. 2003)

Slows activation (McCrossan et al. 2003; Lewis et al. 2004)

Slows deactivation (Lewis et al. 2004)

Shifts activation and Increases rate of recovery from inactivation (Abbott et al. 2001)

Alters rate of inactivation (An et al. 2000; Bahring et al. 2001a; Beck et al. 2002; Deschenes & Tomaselli, 2002; Van
Hoorick et al. 2003; Boland et al. 2003; Patel et al. 2004).

Speeds recovery from inactivation (An et al. 2000; Decher et al. 2001; Beck et al. 2002; Deschenes & Tomaselli,
2002; Patel et al. 2002; Boland et al. 2003).

Slows activation and inactivation; slows recovery from inactivation (Deschenes & Tomaselli, 2002)

Slows activation, shifts activation and inactivation (Zhang et al. 2001)

Slows inactivation (Zhang et al. 2001; Deschenes & Tomaselli, 2002)

Slows and shifts activation; slows and shifts inactivation; Slows recovery from inactivation (Lundby & Olesen, 2006)
Shifts inactivation; slows recovery from inactivation (Deschenes & Tomaselli, 2002)

Slows activation, abolishes inactivation (Barhanin et al. 1996; Sanguinetti et al. 1996)

Introduces Instantaneous activation; increases deactivation rate (Tinel et al. 2000)

Channel constitutively open and voltage independent (Schroeder et al. 2000)

Slows and shifts activation (Bendahhou et al. 2005)

Slows and shifts activation (Angelo et al. 2002; Bendahhou et al. 2005)

Speeds deactivation (Angelo et al. 2002)

Shifts activation (McDonald et al. 1997)

Slows and shifts activation (Abbott et al. 1999)

Speeds activation (Mazhari et al. 2001)

Increases the rate of deactivation (Abbott et al. 1999; Mazhari et al. 2001; Weerapura et al. 2002; Lu et al. 2003)

Table 2. Effect of subunits on the interaction between open pore blockers and Kv channels.

Ancillary
a-Subunit  subunit

Drug parameter modified by subunit

Kv1.5 Kvpg1.3
Kv4 KChlIPs

KCNQ1 KCNE1

KCNE2

KCNE3

HERG KCNE2

Decreases sensitivity to bupivicaine, quinidine and S0100176 (Gonzalez et al. 2002; Decher et al. 2005)

Decreases sensitivity to nifedipine, nicardipine, bupivicaine and ropivicaine (Hatano et al. 2003; Friederich & Solth,
2004; Solth et al. 2005; Bett et al. 2006b).

Slows development of block by ropivicane and bupivacaine (Friederich & Solth, 2004; Solth et al. 2005)

Increases sensitivity to chromanol 293B, HMR 1556, S5557, azimilide, XE991 and 17 B-oestradiol (Busch et al. (Kv7.1)
1997; Wang et al. 2000; Schroeder et al. 2000; Lerche et al. 2000; Bett et al. 2006a).

Affects use dependence (Seebohm et al. 2001; Bett et al. 2006a)

Increases sensitivity to chromanol 293B (Tinel et al. 2000)

Increases sensitivity to chromanol 293B, azimilide, XE991 and 17 B-oestradiol (Schroeder et al. 2000; MacVinish
et al. 2001; Bett et al. 2006a)

Increases sensitivity to E4031 and propranolol (Abbott et al. 1999; Dupuis et al. 2005)

(Kv11.1) Alters use dependence (Abbott et al. 1999)

(Jiang et al. 2003;
labelled ‘C-type’
C-terminal splice

Li et al. 2003). This inactivation was  of the C-terminal of Shaker does not mediate C-type
as it is dependent on the particular  inactivation through a second ball and chain mechanism,
variant of the Shaker K channel  rather it alters permeation through the core domain

being studied (Pongs, 1992). The cytoplasmic portion  pore region. Domains critical for C-type inactivation
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include the extracellular side of S6 (Hoshi et al. 1991), the
intracellular side of S6 (Li et al. 2003; Bett & Rasmusson,
2004) and a specific residue in the extracellular H5-S6
loop (position 449 in Shaker B) (Lopez-Barneo et al.
1993; Wang et al. 2003). C-type inactivation is slowed by
increasing external permeant ion concentrations (Busch
etal. 1991; Lopez-Barneo etal. 1993) and by theapplication
of extracellular, but not intracellular, TEA™ (Choi et al.
1991). Thus, C-type inactivation was determined to
involve closure of the extracellular pore mouth and
cooperative interactions between multiple core @-subunits
(Ogielska et al. 1995; Kiss et al. 1999; Andalib et al.
2004). The movements associated with C-type inactivation
involve more than just small regional changes on the
extracellular face of the pore; changes in intracellular pore
diameter (Jiang et al. 2003; Panyi & Deutsch, 2007), and
transmembrane spanning domains (Hoshi et al. 1991;
Adelman et al. 1995; Li et al. 2003; Bett & Rasmusson,
2004) have also been implicated, as have deeper regions of
the selectivity filter (Kurata et al. 2005; Panyi & Deutsch,
2007; Cordero-Morales et al. 2007).

Drug binding to the open K* channel

Potassium channels interact with a wide variety of drugs.
For manageability, this review considers only the binding
of drugs to the open pore of voltage-gated potassium
channels. However, a similar analysis can be applied to
conformational-specific drug binding to other states and
channels. Drug binding to an intracellular pore site or
vestibule is a well established concept (see Hille, 2001).
More recently, site-directed mutagenesis has enabled
identification of the key pore residues which form the
binding site in the intracellular pore. Analysis of crystal
structures of the pore region has shown the relative
positions of these key residues, and the physical nature
of the binding site.

The Kv1.5S6 binding domains for quinidine were
among the first to be mapped (Yeola et al. 1996).
Other drug—channel combinations have subsequently
been mapped against the putative crystal structure of this
region (Seebohm et al. 2001, 2003; Chen et al. 2002). In
some cases, a projection of the drug binding interactions
in terms of individual Van der Waal’s interactions has
been accomplished for high-affinity, high-specificity drugs
(Chen et al. 2002). These mappings agree well with the
putative closed state KcsA structure (Doyle er al. 1998),
despite the drugs having the properties of open channel
blockers. Analysis of quaternary ammonium binding has
also been interpreted in the context of the putative closed
structure of the KcsA channel (Doyle et al. 1998). Analysis
of the crystal structure of this channel bound to the
N-terminal inactivation ball showed some interesting
characteristics. Inaddition to having structural orientation
similar to the closed state of the channel, the N-terminal
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‘ball’ bound with the N-terminal amino acids in an
extended chain (Zhou et al. 2001), lining the pore, instead
of the much more rounded structure predicted for these
domains in solution using NMR (Wissmann et al. 1999).
This structural information suggests that drugbinding and
N-terminal-inactivated states may involve considerable
secondary changes in channel structure following initial
binding to the open state.

For some drug—channel combinations, the degree of
block observed depends on the stimulation frequency.
When the block of an open channel blocking drug
increases with stimulation frequency, this is called use
dependence. Use dependence is thought to arise from
the interplay of two kinetic parameters: the rate of drug
binding/unbinding, and the transition rate of the channel
between states (Starmer et al. 1984; Gintant & Hoffman,
1984; Hondeghem & Katzung, 1984). This occurs because
some drugs bind only to, or preferentially to, specific
open or closed states of the channel, i.e. some drugs
display a variety of conformation-specific interactions
with KT channels. The amount of time a voltage-gated
channel spends in any particular state depends in large
part on the membrane potential. Conformation-specific
interactions can therefore alter drug block of a given
channel by orders of magnitude, depending on the
pattern of electrical stimulation (Armstrong, 1969, 1971;
Strichartz, 1973; Hondeghem & Katzung, 1977; Starmer
et al. 1984). This remains a current topic of research
in voltage-gated potassium channels (e.g. Spector et al.
1996; Zhang et al. 1999; Jo et al. 2000; Kushida
etal. 2002; Persson et al. 2005; Bett et al. 2006a,b; Stork et al.
2007). These variations in patterns of use dependence can
either be clinically detrimental (i.e. the drug has reduced
effectiveness) or beneficial (e.g. the drug is only effective
during periods of tachycardia) (Hondeghem & Snyders,
1990). Ancillary subunits can alter the conformation of
K* channels, as well as alter gating kinetics and the
response of the channel to stimulation frequency. The
presence of ancillary subunits can therefore modulate
the relationship between drug and channel, in some cases
quite dramatically.

Biophysical models of subunit modification
of K* channel behaviour

Ancillary subunits can strongly modulate drug—channel
interactions (Tables1 and 2). As more channel defects
that affect drug—channel interactions are identified,
understanding subunit—channel interactions will be
critical in identifying the consequences of these defects.
Drug—channel interactions are strongly influenced by
channel gating, as well as the structure of the binding
site. In an effort to develop a general framework for
understanding how the relationship between ion channels
and drug binding is affected by the presence of ancillary
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subunits, we will examine subunit—drug—channel inter-
actions in terms of mechanisms of interaction between
subunit in the pore/vestibule region. This biophysical
classification may help form the basis for developing pre-
dictive state models of drug binding to the open pore, and
how these models are modified in the presence of subunits.

We propose that the subunit-induced changes in
drug—channel interactions can be separated into three
discrete but related components with distinct molecular
mechanisms:

1. Ancillary subunits can modulate the ability of drugs
to access the binding site in the open pore.

2. Ancillary subunits can modulate the orientation of
residues (primarily on S6) which confer specificity of drug
binding.

3. Ancillary subunits can modulate the ability of
the channel to undergo conformational changes (e.g.
inactivation and closure) following drug block.

These three mechanisms are not necessarily exclusive
but can, and probably do, co-exist in any combination in
any given channel-subunit unit. Many features of gating
and open pore drug binding are similar across the family of
voltage-gated channels, so it is likely this biophysical model
can be successfully applied to open pore drug binding
modulation in other voltage-gated channels.

Ancillary subunits can modulate the ability of drugs
to access the binding site in the open pore

In order for a drug to bind to the intracellular pore of a
channel, the drug must be able to reach its binding site.
For open-pore blockers, this requires that the channel is
in the open state and the drug can reach the binding site.
A simple state model of a drug binding to the open pore
in a channel with closed (C), open (O), blocked (B) and
blocked-inactivated (BI) states is given by:

C=0=B=8BI Scheme (1)
A schematic representation of this model is shown in
Fig. 2A. The simplest method by which a subunit can
decrease the ability of a drug to reach the open pore binding
site is by physical occlusion of the binding site. Figure 2B
shows how an ancillary subunit that binds to the pore
drug binding site will alter the interaction between drug
and channel. If the subunit blocks access to the pore or
competes at the open pore binding site (e.g. Rasmusson
et al. 1997; De Biasi et al. 1997), then the subunit must
unbind before the drug can gain access to the binding site.
The equivalent state model is:

C=0=B=BI

| Scheme (2)
S
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where S is the state in which the subunit is bound to
the pore of the channel. Electrophysiologically recorded
current flow is only a measure of the time the channel
spends in the open state. The effect of the addition of the
subunit-bound state will therefore depend on the relative
magnitude of the transition rates between the open and
blocked states, and the open and subunit-bound states.
The introduction of the subunit-bound state may result in
a change in apparent affinity of the drug for the channel,
even though the actual affinity of the channel has not
changed. Changes in the apparent affinity are usually
measured as reduction in peak current, but depending on
model specifics, the actual changes in affinity can often be
calculated from the changes in gating (Bett & Rasmusson,
2002).

In some cases, inactivation and drug block are
competitive processes. A schematic depiction of the most
simple case of competitive binding and inactivation is
shown in Fig. 3A. The equivalent state model is given by:

C=0=1
1l Scheme (3)
B

Figure 3B shows the effect of adding a subunit-bound
(occluding) state to the model. The equivalent state model
is given by:

Scheme (4)

@)
1l

W =0 = w
1l

Similar to Scheme (2), the net effect on the electro-
physiologically measured current will depend on the
relative magnitudes of the four transitions out of the open
state. Although the rate of transition from the open to the
drug-bound state is not changed by the presence of the
ancillary subunit, there may be a change in the apparent
affinity for the drug, due to the addition of the extra
subunit-blocked state. Physical occlusion of the binding
site that competes with drug binding is most easily under-
stood in terms of the addition of an ‘N-terminal ball’, which
KvB-subunits introduce to Kv channels (see Section 3.1).

Physical occlusion of the pore by the ancillary subunit
itself is not the only way in which access to the binding can
be altered. In order for the binding site to be accessible,
the channel must be in the open conformation, and the
conformation of the intracellular pore must enable the
drug to reach the binding site. Changes in channel gating
can result in a change of accessibility to the binding site
i.e. the amount of time the channel spends in the open
state. Deactivated, closed and resting channels usually have
an intracellular gate which precludes the entry of open
channel blockers to their S6 binding site (Holmgren et al.
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1998; del Camino & Yellen, 2001). Addition of extra closed
states increases the complexity of the opening process,
and can introduce a sigmoid delay between stimulus and
channel opening. A reduction in the time the channel is in
the open state can reduce the apparent binding affinity of
a drug for the channel.

C=C=C=0=B=BI Scheme (5)

Alternatively, addition of extra open states, which
have altered (or zero) affinity for the drug, will result
in a change in apparent binding affinity. In the case
where co-expression with an ancillary subunit results in
additional open states with altered affinity for the drug,
there cannot be an increase in the apparent affinity of the
drug for the channel without re-orientation of the residues
involved in creating the binding site.

C=0,=0,=0;=B=BI Scheme (6)
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Conversely, the presence of ancillary subunits can result
in a reduction in the number of states, which can result in
an increase in the ability of the drug to access the binding
site. The most dramatic form of this is when the channel
is not able to move in or out of the open state, and the
binding site is always accessible, as is approximated by the
case of KCNE3 interacting with KCNQ1 (see Section 3.3):

(@) Scheme (7)

If accessibility to the pore binding site is changed by either
physical block or changes in gating, there is a change in
the number of states present in the equivalent state model.
These changes will affect the rate at which the channel
can return to the drug-unbound closed state, and so will
usually affect the use dependence of the channel.

In summary, if the subunit modulates ion channel-drug
interactions by altering the ability of the drug to access the

A Post Binding
Closed Cpen Drug Binding Conformational Change
L v L
B Post Binding
Closed Open Drug Binding Confarmational Change

-0l

It

k)~ &,

Binding Site Blocked
by Subunit

Figure 2. Cartoon representation to indicate how an ancillary subunit can alter binding site accessibility
A, a channel with a binding site in the intracellular pore has to open before the drug can bind. Drug binding may
be followed by a post-binding conformational change in the channel. B, if the channel shown in A has a subunit
associated with it that can bind to the open pore, then, following pore opening, the subunit can block access of
the drug to the binding site, thus altering binding site accessibility.
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open pore binding site, there will be:

1. A change in the number of states in the Markov model
of the channel.

2. A change in the apparent affinity of the drug, but not
the actual affinity.

3. Changes in use dependence

Ancillary subunits can modulate the orientation
of residues (primarily on S6) which confer specificity
of drug binding

The traditional view of drug binding is often presented
in terms of a ‘lock and key type of interaction. The
lock and key hypothesis suggests that specific epitopes
on a drug (the key) interact with specific side chains of
pore-lining residues (the lock). This requires that the lock,
i.e. the pore-lining residues, is in a particular physical
orientation. However, the transmembrane segments of a
channel are composed of a mixture of rigid and hinged
structures which can adopt a number of different physical
orientations and therefore the pore-lining side chains are
able to adopt different physical conformations which still
form an open vestibule capable of conducting ions. This
is shown in Fig. 4A, which demonstrates how movement

A

Closed Open Inactivated
D E|
I
Drug Binding

J Physiol 586.4

(e.g. rotation) of the side chains on the S6 segment orients
the side chain residues to form the binding site in the open
state. If an ancillary subunit interferes with rotation of S6
during gating in such a situation, then the side chains which
form the lock can end up in altered relative orientations
(Fig. 4B). Changing the orientation of the binding site
residues can result in a binding site with either an increased
or decreased affinity for the drug. Examples of subunits
that increase affinity of a drug for the channel are the
KCNEs and KCNQI1 (see Section 3.3).

A schematicrepresentation of ancillary subunits altering
the binding site is shown in Fig. 5. There is no change
in the ability of the drug to access the binding site,
only a difference in the interaction between the drug
and the side chains forming the binding site. The only
transition affected is therefore that between the open and
the drug-bound state. The equivalent state model is:

A
C=0=B=BI
A

Scheme (8)

For a channel in which inactivation and drug binding
are competitive, the schematic depiction is given in Fig. 6.
Once again, the only transition affected is open to blocked

1

it

Open

Binding Site Blocked
by Subunit

Closed Inactivated

Wl

Figure 3. Cartoon representation of physical block of a channel with competitive inactivation

A, in some channels, inactivation and drug block are competitive processes. B, the presence of a subunit which
can block access to the binding site is the equivalent of introducing an extra subunit-bound state to the model.
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A 7 LD
Ak —%d
SB-&d

Figure 4. The binding site depends on residues on S6

A, channel opening involves rotation of S6, which aligns residues to form the binding site. B, ancillary subunits
can alter the energetic favourability of some conformations, and so rotation of S6 may result in an alteration of
the relative positions of the side chains which form the binding site. Such a mechanism has been demonstrated in
HERG by Chen et al. (2002).

states. The equivalent state model is: For the state model described in Schemes (8) and (9),
N there are no changes in the number of states in the model,
C=0=1 . . :
1 only a change in the rate at which the drug binds and
| Scheme (9) : . L.
B unbinds to the channel. This change can result in either
Closed Open Drug Binding Post Binding
Conformational Change
— —_—k —
L S T . i,
Closed Open Drug Binding Post Binding

Conformational Change

Figure 5. Cartoon representation of alteration in binding kinetics
If an ancillary subunit changes the ‘shape’ of the binding site, this will affect the transition rates between the open

and drug-bound states.
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an increase or a decrease in the affinity of the drug for the
channel.

Use dependence depends on the transition and drug
binding rates of the drug—channel combination relative
to the stimulation frequency. Changing the conformation
of the binding site can result in a dramatic increase or
decrease in the rate at which the drug binds and unbinds
to the channel. A subunit that increases the rate at which a
drug unbinds has the potential to reduce or eliminate use
dependence. Conversely, a subunit that decreases the rate
at which a drug unbinds from a channel has the potential
to increase use dependence. Experimental examples of this
include KChIP2b, which eliminates use dependence from
Kv4.3, and KCNEL1, which introduces use dependence to
KCNQI1 (see Sections 3.2 and 3.3).

In summary, a change in the orientation of the residues
lining the pore results in:

1. A change (either an increase or decrease) in the actual
affinity of the drug for the channel

2. No changes in the number of states

3. Any changes in use dependence will follow changes
in the on-rate and/or off-rate of drug binding

Ancillary subunits can modulate the ability of the
channel to undergo conformational changes (e.g.
inactivation and closure) following drug block

When a drug binds to the residues lining the pore, there
will be a release of energy as the drug and channel
interact. This drug-binding site interaction can result in
deformation of the channel, which can either promote or

A
Closed Open Inactivated
D Drug Binding

J Physiol 586.4

inhibit the normal conformational changes associated with
channel gating. In addition, the physical presence of the
drug can alter the ability of the channel to adopt certain
conformational changes it would otherwise undergo. For
example, the mere physical presence of a blocker in the
pore can prevent deactivation and normal closure of
the pore (for reviews see Rasmusson ef al. 1994; Bett &
Rasmusson, 2002). Alternatively, drug binding to the open
pore can compete with the N-terminal domain ‘ball and
chain’ binding, and result in a slowing of the development
of N-type inactivation (Rasmusson et al. 1994). These
‘foot in the door’ type of mechanisms of drug—channel
interactions (Armstrong, 1966) are relatively easy to
understand, and result in the relatively simple kinetic
predictions (Bett & Rasmusson, 2002). If a channel cannot
deactivate, close or inactivate in the presence of an open
channel blocking drug, then the drug-bound site becomes
an additional blocked state which only has transitions to
and from the open state.

For a growing number of channels and drugs it
is becoming clear that the presence of a drug bound
to an intracellular binding site can promote further
conformational changes that confer many of the time-
and use-dependent properties of drug action (Baukrowitz
& Yellen, 1996; Balser et al. 1996; Rasmusson et al.
1998; Bett & Rasmusson, 2002; Sandtner et al. 2004).
Lipophilic open channel blocking compounds can increase
the rate of development and stability of the C-type
inactivated state (Baukrowitz & Yellen, 1996; Wang et al.
2003; Bett & Rasmusson, 2004). Stabilization of the
C-type inactivated state can result in a very slowly
recovering open channel block, if the «-subunit has

B

Closed Open

-

Alla

@ @ Drug Binding

Figure 6. Alteration in binding kinetics in a competitive model
The ancillary subunit changes only the transition rates between the open and drug-bound states.
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slowly recovering C-type inactivation. Promotion of a
stable C-type inactivation mechanism in Kv1.4 is critically
dependent upon lipophilicinteractions and the movement
of S6 (Bett & Rasmusson, 2004). Drug binding that
causes allosteric interactions involving the pore mouth
and intra- and extracellular domains of S6 can create a
long-lived, combined drug-bound and C-type-inactivated
state which governs recovery and use dependence. A
general picture of binding to the open pore is emerging
in which drug binding properties are strongly dependent
on the rotational mobility and stability of S6. Movement
of S6 links key elements that govern the accessibility and
orientation of the high-affinity binding site in response to
both activation and inactivation. In addition, the induced
conformational changes that follow initial drug binding
are critically dependent upon the flexibility and movement
of Sé.

Any intervention which limits the ability of the
channel to adopt certain conformations following drug
block will therefore be predicted to alter drug—channel
relationships. An ancillary subunit can block post-binding
conformational changes either by physically preventing the
channel from adopting the conformation or by making
transitions less energetically favourable.

Figure 7 shows a schematic representation of the effects
of a subunit altering the post-binding conformational
changes following drug binding. There are no additional
states, and the affinity of the channel for the drug is not
affected. Only the transition from the drug-bound to the
drug-bound inactivated state is affected. The equivalent

A
Closed Open
—_— ik
—
B
Closed Open
S
=

Figure 7. Changes in post-binding transitions

I
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state model is given by:

A
C=0=B=BI
A

Scheme (10)

This model applies equally well to channels that can close
with the drug bound, i.e. exhibit trapping block:

A
C=0=B=BC
A

Scheme (11)

where BC is a blocked-closed (deactivated) state.

The changes to the transition rates shown in
Schemes (10) and (11) will affect the stability of
the blocked-inactivated or blocked-closed states. These
changes can affect properties such as apparent threshold
for activation, recovery from inactivation, and use
dependence. Channels that bind drugs which become
trapped in the deactivated or closed channel may require
a higher applied voltage to activate as the closed/trapped
state can become more stable relative to the open state.
This would appear as an apparent shift in the voltage
of activation. If the presence of a subunit makes the
transition to the drug-bound inactivated state less
energetically favourable, the inactivated state may be less
stable, and recovery from inactivation may be more rapid
than without the subunit.

The rate at which the channel recovers from the open
state is a key determinant of use dependence. If the subunit
creates a relatively unstable inactivated state with rapid

Drug Binding Post Binding

Conformational Change

Drug Binding Post Binding

Conformational Change

MH

Following drug binding, some channels undergo significant conformational changes. If the presence of a subunit
alters the ability of the channel to undergo these changes, there will be a change in the transition rates between

the drug-bound and drug-bound-inactivated states.
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recovery from inactivation, this would have the potential
to decrease use dependence. Conversely, a subunit that
promotes a stable slowly recovering inactivated state has
the potential to increase use dependence.

In summary, a change in the ability of the channel to
undergo conformational changes following drug binding:
(1) Does not affect actual initial binding/affinity; (2) Can
affect activation voltage; (3) Affects the stability of the
inactivated state; and (4) Affects use dependence

Experimental observations of modulation
of K* channel gating and pharmacology by
ancillary subunits

The three distinct mechanisms detailed above can co-exist
with each other in any channel-subunit pair. In this section
we review some experimental data on how drug—channel
interactions are modified by the presence of ancillary
subunits and test the applicability of the three components
of our biophysical model. Ancillary subunits interact with
their core -subunits in a variety of ways including altering
cell surface expression, acting as redox sensors, intra-
cellular calcium concentration sensors, etc. (for a review
see Patel & Campbell, 2005). For the analysis of the
biophysical model, we are only interested in how ancillary
subunits modify open channel drug binding.

Kv3-subunits and Kv1.X channels

The KvBs were the first family of voltage-gated K channels
ancillary subunits to be isolated (Rettig et al. 1994; Scott
et al. 1994; Morales et al. 1995; McCormack et al. 1995).
KvpB-subunits are relatively large protein structures, with
two functional domains: a core C-terminal domain, which
associates with the «-subunit domain, and an N-terminal
domain, which varies in length.

Kvgs interact with the Kv1.X family of voltage-gated
ion channels, which are homologs of the Shaker channels
from Drosophila. Kv1.5 and Kv1.4 «-subunits are thought
to be the molecular basis of the ultrarapid delayed rectifier
current in human atrium (Ix,,) (Wang et al. 1994; Li
et al. 1996; Yue et al. 1996; Feng et al. 1998) and a slowly
recovering transient outward Kt current in mammalian
endocardium (I, ;) (Brahmajothi et al. 1999), respectively.
In addition, Kvl.4 and Kvl.5 are thought to be the
molecular basis of A-type currents in tissues including
brain (Sheng et al. 1993; Chung et al. 2001) and smooth
muscle (Lu et al. 2001; Fergus et al. 2003; McGahon et al.
2007).

KvB-subunits assemble on the intracellular side
of Kvl1.X channels, and interact with both N- and
C-terminal domains. Most KvB-subunits induce a ‘ball
and chain’ binding to the open pore mechanism,
reminiscent of N-type inactivation in shaker-related
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channels (Heinemann et al. 1994; Rettig et al. 1994;
Morales et al. 1995, 1996; England et al. 1995; Heinemann
etal. 1995,1996). Thelipophilic domain of the N-terminus
of the B-subunit binds to the same region of the pore as
lipophilic channel blockers (Rettig et al. 1994; De Biasi
et al. 1997; Rasmusson et al. 1997; Zhou et al. 2001). The
addition of rapid N-type inactivation suggests that Kv8s
modulate drug binding via a competitive limitation of
open channel accessibility in a manner similar to Fig. 2
and Scheme (2).

The introduction of the extra subunit-bound state to
the Kv1.X channels predicts that the rate of development of
apparent current inactivation/block in the presence of the
KvB-subunits should be additive in nature, but of a lower
apparent affinity. This has been demonstrated for internal
block by bupivicaine, quinidine and the anthranilic acid
S0100176 in Kv1.5 channels with Kv1.3 (Gonzalez et al.
2002; Decher et al. 2005).

There may be additional interactions between Kvl
channels and KvB-subunits. The presence of Kvf slows
the rate of recovery from inactivation of Kv1.4, which
has an intrinsic N-terminal ‘ball and chain’ inactivation
mechanism, but does not affect recovery from inactivation
of Kvl.4 AN, which is a Kvl.4 construct with the
N-terminal removed (Castellino et al. 1995; Accili et al.
1998). This suggests that subunits may have some effect
on the inactivated state. The core domain of the 8-subunit
may interact with the a-subunit in an allosteric way
resulting in an alteration of the pore structure, and the
arrangement of the drug binding site. Such a possibility
is suggested by the ability of the core domain to shift the
activation kinetics of Kv1.5 channels (Uebele et al. 1996)
and by recent reports of the effects of the core domain
of KvB1 on inactivation rates of mutant Kvl channels
(Weng et al. 2006 but see Bahring et al. 2001b). However,
the dominant mechanism of modulation of drug binding
seems to be via competitive interaction in those §-subunits
possessing an intact ‘ball and chain’ mechanism.

In summary, Kvg-subunits may have some mild affect
on the orientation of residues forming the binding site
and the stability of the bound-inactivated state in Kvl
channels, but the primary mechanism of Kv regulation
of Kvl drug—channel interactions appears to be through
changes in the accessibility of the drug to the binding site
(see Section 2.1).

KChIPs and Kv4.X channels

Kv channel interacting proteins or KChIPs, are a diverse
group of proteins that are part of the large neuronal intra-
cellular calcium-sensing protein family (An et al. 2000;
Bahring et al. 2001a; Burgoyne & Weiss, 2001; Nakamura
et al. 2001; Jerng et al. 2004; Patel & Campbell, 2005).
KChIPs are thought to bind to the N-terminal of the Kv4
family of K* channels (An et al. 2000).
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The Kv4.X family of channels mediate a rapidly
recovering transient outward current (I, ) in the
myocardium (Brahmajothi et al. 1999; Tseng, 1999; Oudit
et al. 2001) and an A-type current (Isy) in the brain
(Jerng et al. 2004). The Kv4 channel family has been less
extensively studied than the Kvl family in part because
of the complex gating of this channel, which remains
the subject of debate. Kv4 channels have a complex
multi-exponential inactivation process, the molecular
basis of which is unclear (Jerng & Covarrubias, 1997; Jerng
et al. 1999; Nakamura et al. 2001; Wang et al. 2005). The
core o-subunits of the Kv4.X channels recapitulate many
of the properties of native I,  and Is4, but the gating of the
heterologously expressed cloned channels does not match
the native currents. Many of the differences in inactivation
and recovery between the Kv4s and the cardiac I, f can be
reconciled by co-expression of Kv4.3 with KChIP2b (Kuo
et al. 2001; Patel et al. 2002a,b; Shibata et al. 2003). In the
brain, the co-localization of KChIPs and Kv4 channels has
heterogeneous regional and cellular distribution (An et al.
2000; Rhodes et al. 2004).

The gating mechanisms underlying Kv4.X channel
activity remain highly controversial, as the molecular basis
for the components of Kv4.X inactivation do not match the
criteria for either the N- or C-type inactivation seen in Kv
channels (Rasmusson et al. 1998; Wang et al. 2005). The
effect of KChIPs on the inactivation rate of Kv4.3 channels
is modest, usually resulting in a mild decrease in the rate
of inactivation, depending on the particular KChIP splice
variant and the voltage (An et al. 2000; Beck et al. 2002;
Deschenes & Tomaselli, 2002; Van Hoorick et al. 2003;
Patel et al. 2004).

KChIPs also affect transitions from the inactivated
state, dramatically increasing the speed of recovery from
inactivation (An et al. 2000; Decher et al. 2001; Patel et al.
2002a; Deschenes & Tomaselli, 2002; Beck e al. 2002;
Boland et al. 2003). This suggests that the inactivated
state which the channel enters is less stable when the
KChIP is present. When recovery from inactivation is
measured in the presence of nifedipine, Kv4.3 channels
recover more slowly than without the drug. However, when
KChIPs are present, nifedipine has no effect on the rate
of recovery from inactivation (Bett et al. 2006b). This
suggests that not only do KChIPs make the inactivated
state less stable, but they also prevent the channel from
entering the longer lived drug-bound inactivated state.
In other words, KChIPs have altered the ability of Kv4
channels to undergo conformational changes subsequent
to drug binding. On a structural level, this could be
interpreted as KChIPs reducing the flexibility or ‘stiffening’
the channel, which inhibits the channel from developing
the slowly recovering inactivated and inactivated/blocked
states which Kv4.3 channels usually enter.

KChIPs affect the ability of several open channel
blockers to bind to Kv4 channels. KChIP co-expression
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results in a decreased sensitivity to Kv4 block by nifedipine,
nicardipine, bupivicaine and ropivicaine (Hatano et al.
2003; Friederich & Solth, 2004; Solth et al. 2005; Bett
et al. 2006b). If KChIPs modulate drug binding by altering
accessibility to the binding site, the fact that KChIPs
reduce the speed of inactivation would suggest that drugs
have more time to access the binding site, and so should
modestly increase the apparent affinity of the drug for the
channel. However, the decreased affinity for some drugs
suggest that changing the accessibility due to altered gating
is not the primary mechanism by which KChIPs modulate
drug—channel affinity.

Further evidence for KChIPs having a direct effect on
the binding site is the fact that although KChIP2.2 reduces
the rate of inactivation of Kv4.3 channels, with the result
that accessibility to the binding site is increased, the rate
of development of block by ropivicane and bupivacaine
are both slowed in the presence of KChIP2.2 (Friederich &
Solth, 2004; Solth et al. 2005). These changes to the rate at
which the drug binds are opposite to the changes predicted
by slowed inactivation gating, which suggests they are a
direct result of changes in the affinity of the drug for the
open pore binding site, as a consequence of a change in the
conformation of the binding site residues.

In summary, KChIPs appear to interact with Kv4
channels by two of the mechanisms in the biophysical
model: KChIPs appear to change the orientation of pore
residues, resulting in a change in the interaction between
drug and channel (see Section 2.2). In addition, KChIPs
may affect the stability of the inactivated state, and prevent
conformational changes of the channel subsequent to drug
binding (see Section 2.3).

KCNEs and KCNQ1

Although the KCNE subunit proteins are relatively small,
they have dramatic effects on activation of voltage-gated
channels. KCNE subunits are composed of 57—150 amino
acids that cross the membrane, with an intracellular
C-terminal and an extracellular N-terminal (McCrossan
& Abbott, 2004). KCNE subunits interact with KCNQ1
a-subunits.

KCNQI1 (Kv7.1 or KvLQT1) is a member of the KCNQ
K" channel gene family (Barhanin et al. 1996; Sanguinetti
et al. 1996; Wang et al. 1996; Yang & Sigworth, 1998).
KCNQ1 is found in an exceedingly diverse range of tissues
including the heart, neuronal tissue, kidney, colonic crypt
cells, pituitary, the stria vascularis and the vestibular dark
cells of the cochlea, stomach, small intestine, liver, thymus,
exocrine pancreas, prostate, skeletal muscle, airway
epithelia, ovarian tissue, testis, uterus and placenta (Vetter
et al. 1996; Wang et al. 1996; Brahmajothi et al. 1996;
Chouabe ef al. 1997; Neyroud et al. 1997; Yang et al.
1997; Gould & Pfeifer, 1998; Jentsch, 2000; Schroeder
et al. 2000; Wulfsen et al. 2000; Demolombe et al
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2001; Mason et al. 2002; Tsevi et al. 2005; Lan et al.
2005).

The tissue-specific characteristics of electro-
physiologically recorded KCNQI current are diverse, due
to strong modification of KCNQ1 by ancillary subunits.
In cardiac myocytes, KCNQI is co-expressed with a
small single transmembrane domain ancillary subunit,
KCNE1 (minK). KvLQT1-KCNE1 forms a K channel
that reproduces the slowly activating delayed-rectifier
current (Ig), responsible for repolarization of the cardiac
action potential (Sanguinetti et al. 1996). Mutations
in KCNQI1 and KCNEI have been linked to prolonged
QT of the cardiac EKG, and fatal arrhythmias (long QT
syndrome). KCNQ1-KCNEI1 results in currents with
greatly slowed kinetics of activation and deactivation,
and no voltage-dependent inactivation. In epithelial
tissues, KCNQ1 associates with the single transmembrane
domain subunit KCNE3 (Schroeder et al. 2000), which
produces a constitutively open, voltage-independent K+
current.

Chromanol 293B is a lipophilic drug that is thought to
bind to the open pore of KCNQI (Seebohm et al. 2001).
KCNE subunits have a dramatic effect on the affinity and
use dependence of drugs for KCNQ1 (Seebohm et al. 2001;
Bett et al. 2006a). The apparent affinities of chromanols
293B,HMR 1556, S5557, as well as azimilide, XE991 and 17
B-oestradiol are increased by over an order of magnitude
depending on subunit composition (Busch et al. 1997;
Wang et al. 2000; Lerche et al. 2000; Tinel et al. 2000;
Schroeder et al. 2000; MacVinish et al. 2001; Bett et al.
2006a).

KCNE3 appears to ‘lock’ the channel in an open
position, resulting in a constitutively open channel
(Schroeder et al. 2000; Melman et al. 2001). This suggests
that part of the increased affinity for KCNQI1-KCNE3
may be caused, at least in part, by increased access time
to the binding site when KCNE3 is present. Conversely,
KCNEL1 greatly increases the sigmoid delay in activation
of KCNQI, and appears to prevent the channel from
entering the inactivated state (Seebohm et al. 2005). The
net result is that KCNE1 decreases the amount of time
the channel spends in the open state, at most physio-
logically important potentials relative to KCNQ1 expressed
alone. However, in both cases, the presence of the subunit
greatly increases drug affinity. Therefore, the changes in
gating cannot account for changes in affinity. The KCNE
subunits probably also modify the orientation of
the residues which form the drug binding site. The
presence of this mechanism is further supported by
mutagenesis results which demonstrate that the kinetic
and affinity effects of KCNE3 and KCNE1 can be
changed independently (Bett et al 2006a). When
KCNQI1 channels are co-expressed with KCNE3 with
the valine at position 72 mutated to a threonine, the
channels are no longer constitutively open, but have
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voltage-dependent gating (Melman et al. 2002). Although
the KCNQ1-KCNE3[V72T] channel spends much less
time in the open state than the KCNQI1-KCNE3 channels,
the high affinity phenotype is retained. This suggests that
it is a structural change in the binding site rather than
the change in gating which is the dominant factor in
determining chromanol 293B affinity. KCNQ1 has been
reported to have multiple open states (Pusch et al. 2001),
so KCNE subunits may work by modifying the number
and/or stability of KCNQ1 open and closed states and the
ability of drugs to bind to these states. KCNQ1 alone has a
fast early activation which reaches a stable steady state. In
contrast, KCNQI1-KCNE] activation is relatively complex,
with a relatively slow sigmoid time course, and a second
very slowly developing component. The time-course of
open channel block in KCNQ1-KCNE1 channels occurs
relatively slowly following channel opening, and may
actually reflect a balance between multiple open states such
as those reported for the KCNQ1 channel alone (Pusch
etal. 2001). These multiple open states may be modulated
by KCNE subunits, and may have different affinities for
open channel blockers such as chromanol 293B (Bett et al.
2006a).

Rapid repetitive stimulation of KCNQI1-KCNE
channels results in a significant increase in channel block,
which is not seen in KCNQ1 channels (Seebohm et al.
2001; Bett et al. 2006a). The ability of KCNEL1 to introduce
use dependence to KCNQ1 channels, even though KCNE1
removes the KCNQI1 inactivated state is consistent
with the hypothesis that the KCNEI subunit alters the
conformational changes that the channel undergoes once
the drug has bound.

In summary, data currently available on KCNQI
support the notion that KCNE1 and KCNE3 appear to
modify the drug binding properties of KCNQ1 channel
by three distinct mechanisms: (1) changing binding site
accessibility (see Section 2.1); (2) changing the orientation
of pore lining residues thus modifying the binding
site (see Section 2.2); and (3) limiting the ability of
the channel to undergo gating conformational changes
secondary to drug binding (see Section 2.3). However,
the relationship between these components and specific
drug—channel-subunit interactions remains a current
topic of research.

KCNEs and HERG

In addition to interacting with the KCNQ1 channel, KCNE
subunits have been seen to interact with other Kv channels
including the HERG channel, or Kv11.1 (McDonald et al.
1997; Abbott et al. 1999; Schroeder et al. 2000; Mazhari
et al. 2001; Ohyama et al. 2001; Weerapura et al. 2002;
Lu et al. 2003). The HERG «-subunit is thought to
be the molecular basis of the voltage-gated K* channel
underlying cardiac Iy, (Warmke & Ganetzky, 1994;
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Trudeau et al. 1995; Sanguinetti et al. 1995). The drug
binding site in the intracellular pore has been well
described in the HERG channel. In particular, two
aromatic residues (tyrosine Y652 and phenylalanine F656)
on S6 are thought to play a critical role in drug—channel
interactions for several HERG open channel blockers
(Mitcheson et al. 2000). Drug binding to the open HERG
pore is thought to be highly conformation dependent (see
Sanguinetti & Tristani-Firouzi, 2006).

The HERG channel gating has some unique features
such as the rate of inactivation being faster than activation
at positive potentials. This makes state-dependent analysis
of channel activity difficult, and results can be influenced
by voltage protocols used to obtain them and the analysis
used to interpret the data. Data on the effect of KCNE2
(MiRP1) on HERG gating is therefore understandably
mixed. KCNE2 has been suggested to slow or speed the
rate at which HERG activates and speeds deactivation, or
have little effect at all (Abbott et al. 1999; Mazhari et al.
2001; Weerapura et al. 2002; Lu et al. 2003). The data on
the effects of KCNE2 on drug binding are equally mixed.
KCNE?2 increases the sensitivity of HERG for propranolol
(Dupuisetal. 2005). Inaddition, KCNE2 has been reported
to increase HERG sensitivity to E4031, and increase the
rate at which use dependence develops (Abbott et al
1999). Conversely, using a different voltage clamp protocol,
KCNE2 was shown to have no effect on E4031 binding
(Weerapura et al. 2002). The differences in the voltage
protocols used to study E4031 sensitivity suggest that
KCNE2 alters HERG conformations. When the protocol
involves holding the channel mainly in the open state
(0 mV) then briefly stepped to —110 mV for 25 ms, there
is no difference in the rate of development or the degree of
E4031 block whether KCNE2 is present or not (Weerapura
et al. 2002). In contrast, when the holding potential is
—80 mV (i.e. the channel is held in the closed state) and
stepped to +20 then —40 mV then there is a significant
difference in the rate of development and the affinity of
E4031 for HERG in the presence of KCNE2 (Abbott et al.
1999). This suggests that KCNE2 does not affect E4031
access to the binding site in the open state, but does modify
access of E4031 to the drug binding site in the closed state.
The orientation of the binding site residues will be different
in the open and closed states of the channels, so the affinity
for closed and open states should be different.

Not all HERG drug affinities appear to be affected by the
presence of KCNE2. There are several binding sites in the
HERG channels, and KCNE2 may not enable access to all
of this sites. In addition, some drugs have more restrictive
requirements for a binding site. Drugs which are reported
to have no change in affinity by KCNE2 include local
anaesthetics (Friederich et al. 2004), sulfamethoxazole
(Park et al. 2003), terfenadine (Scherer et al. 2002) and
vesnarinone (Kamiya et al. 2001). Terfenadine interacts
with Y652 and F656, but not the binding sites deeper
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within the pore V625, G648 and T623 (Mitcheson et al.
2000). Vesnarinone interacts with G648, F656 and V659
located in the S6 domain and T623, S624 and V625 located
at the base of the pore helix (Kamiya et al. 2001).

Insummary, the interaction between HERG and KCNE2
remains a subject of current research. However, KCNE2
appears to alter accessibility to the binding site for some
drugs, by enabling binding to the closed state.

Conclusions

Ancillary subunits strongly modulate open channel block
by drugs as well as modifying basic «-subunit gating. This
subunit-specific pharmacology suggests that drugs that are
targeted to specific -subunits in specific organs can be
made more specific by considering the characteristics of
associated subunits found in these tissues. Furthermore,
the kinetic differences in gating and the corresponding
differences in drug use dependence suggest that the
response of channels to a drug will depend on the
patterns of electrical activity of a particular organ or cell
type, providing the opportunity for additional specificity
of action or reduction in side-effects. However, the
drug-modifying properties of some subunits may be
very limited. Drugs which change the structure of the
binding site may alter the pharmacological profile of a
channel in a qualitative as well as quantitative fashion.
Conversely, subunits which act primarily by changing
binding site access time, may not confer altered specificity,
but may just raise or lower the apparent degree of
channel inhibition at a specific concentration or pattern
of electrical activity. Changing the relationship between
drug binding and conformational changes should strongly
alter use-dependent properties and may confer specific
inhibitory action to abnormal electrical behaviour, such
as seizures or arrhythmias. Better understanding of the
molecular properties of drug—subunit interactions will
help in the development of organ-specific pharmacological
therapies, and the reduction of adverse side-effects
associated with current pharmacological interventions.
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