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Preface

We are happy to see this volume of the Handbook of Experimental Pharmacology,
entitled “Pharmacology of Potassium Channels” to finally roll off the press, despite
all the setbacks and havoc of the COVID-19 global pandemic. We would like to
express our sincere gratitude to all the contributing authors whose commitment, hard
work, and enthusiasm for the potassium channel research have made this book
possible. With the ongoing worldwide efforts towards global vaccination, there is
finally a hope for the return to life, which gives room to communication, interaction,
and collaboration necessary to the scientific progress and development of new
therapeutics – the areas of human endeavor this book series is striving to promote.

The purpose of this volume is to provide academic and industrial scientists,
students, and interested public with a comprehensive introduction to the field of
potassium (K+) channels with specific focus on pharmacology and therapeutic
applications. K+ channels are the most ubiquitously expressed type of ion channel
in mammals and they are present in virtually all living organisms. Their functions
range from maintenance of resting membrane potential and regulation of excitability
in neurons and muscle cells, to secretion, cell volume regulation, metabolic control,
and cell cycle regulation. Genetic mutations in K+ channel genes or compromised
function of K+-channel-forming protein subunits causes a spectrum of severe human
diseases, including cardiac arrhythmias, epilepsies, ataxias, diabetes, deafness, and
many others. K+ channels are in a sharp focus of current drug discovery and
cardiovascular safety liability, thus understanding of K+ channel pharmacology is
a critical step within these processes. This knowledge is also important for the
development of basic understanding of human physiology and cell biology, as
well as for the identification and validation of future drug targets.

This volume aims to cover most members of K+ channel superfamily, including
voltage-gated K+ channels, Ca2+-activated K+ channels, inwardly rectifying K+

channels, and tandem pore domain K+ channels. Information on these major
subfamilies of K+ channels is organized according to the general themes used in
pharmacology classes, academic and industrial research communities: classification,
characterization of properties, atomic structures, channelopathies, and pharmacolog-
ical modulation by small molecules, toxins, and antibodies.

All chapters in this book are contributed by experts in their respective fields and
contain both the historic perspectives and current state of the art with a specific focus
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on emerging pharmacology and therapeutic targeting. Some chapters also include
the most recently solved K+ channel structures and discuss how this emerging wealth
of structural information can be used in drug design and development. A chapter
reviewing major classes of K+ channel auxiliary subunits and the ways these affect
channel properties is also included in the volume.

Although we aimed to provide both broad and in-depth coverage of the field,
due to the space limitations and time constrains not all the exciting recent
developments in K+ channel pharmacology were included in this edition. We
hope that this leaves us with an opportunity to update and revise the field in the
future editions. Comments about the current volume, as well as suggestions for the
future volumes are always welcome and should be directed to the publisher
(general information about the Handbook of Experimental Pharmacology and
contact details can be found at https://www.springer.com/series/164).

Finally, we wish to acknowledge all the great help and efforts of the editorial
staff at the Handbook of Experimental Pharmacology, with specific cordial thanks to
Ms. Susanne Dathe, Ms. Alamelu Damodharan, and Mr. Arunkumar Kathiravan.

Leeds, UK Nikita Gamper
Qingdao, China KeWei Wang
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Abstract

K+ channels enable potassium to flow across the membrane with great selectivity.
There are four K+ channel families: voltage-gated K (Kv), calcium-activated
(KCa), inwardly rectifying K (Kir), and two-pore domain potassium (K2P)
channels. All four K+ channels are formed by subunits assembling into a classic
tetrameric (4x1P ¼ 4P for the Kv, KCa, and Kir channels) or tetramer-like
(2x2P ¼ 4P for the K2P channels) architecture. These subunits can either be the
same (homomers) or different (heteromers), conferring great diversity to these
channels. They share a highly conserved selectivity filter within the pore but show
different gating mechanisms adapted for their function. K+ channels play essen-
tial roles in controlling neuronal excitability by shaping action potentials,
influencing the resting membrane potential, and responding to diverse
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physicochemical stimuli, such as a voltage change (Kv), intracellular calcium
oscillations (KCa), cellular mediators (Kir), or temperature (K2P).

Keywords

Calcium-activated · Conductivity · Gating · Inwardly rectifying K · Ion channel ·
Potassium channel · Selectivity · Two-pore domain potassium · Voltage-gated K

Abbreviations

EKG Electrocardiogram
GIRK G protein-gated inwardly rectifying potassium channel
KATP ATP-sensitive inwardly rectifying potassium channel
TALK Two-pore ALkaline-activated K+ channel
TASK Two-pore acid-sensitive K+ channel
THIK Two-pore halothane-inhibited K+ channel
TRAAK TWIK-related arachidonic acid-stimulated K+ channel
TREK TWIK-related K+ channel
TRESK TWIK-related spinal-cord K+ channel
TWIK Two-pore weak inward-rectifying K+ channel

1 Overview

A key property of all K+ channels is their ability to selectively allow permeation of
K+ across the membrane at near diffusion limited rates. That is, they discriminate
between K+ and other monovalent cations and anions, with high fidelity, providing a
conduit for K+ to flow in and out of cells. Built on the framework of K+ selectivity,
K+ channels have evolved different gating mechanisms (i.e., opening and closing)
and functions in a variety of cell types. In this chapter, we compare some of the
essential features of K+ channels across the different families and subfamilies.

The voltage-gated K+ channels (Kv) form the largest gene family in the K+

channel group, first described by Hodgkin and Huxley (1945) and cloned 36 years
ago (Noda et al. 1984). In mammals, Kv channels are encoded by 40 genes, with each
gene encoding a corresponding α subunit. Traditionally, Kv channels play a role in
cell excitability, where channel opening helps to repolarize excitable cells via efflux
of K+, such as during the action potential (Hille 1986). The Kv channel family is
divided into 12 subfamilies (A-González and Castrillo 2011; Abbott et al. 2001)
(Fig. 1), based on analyses of the hydrophobic domain containing the six transmem-
brane segments (S1-S6).

The first evidence of K+ currents activated by calcium was described by Gardos
over 60 years ago, who observed the activation of K+ selective conductance by
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intracellular free calcium in red blood cells (Gardos 1958). The family of calcium-
activated (KCa) channels encompasses a group of K+ channels with different physi-
ological and pharmacological properties. The calcium sensitivity characteristic of
KCa channels allows them to couple membrane potential changes during the action
potential with elevations in intracellular Ca2+ concentration ([Ca2+]i), contributing to
activation of the afterhyperpolarization (AHP) and regulation of the action potential
(Berkefeld et al. 2010). Based on their single-channel conductance, KCa channels
can be classified as small conductance (SK) KCa channels, which are KCa2.1-KCa2.3
(4–14 pS) (Kohler et al. 1996), intermediate conductance (IK) KCa channel, also
named as KCa3.1 (32–39 pS) (Ishii et al. 1997), and large conductance (big conduc-
tance, BK) KCa channel, also known as KCa1.1 or Slo1 (200–300 pS) (Butler et al.
1993; Kshatri et al. 2018). With a fair degree of sequence homology, the KCa channel
family includes the sodium-activated K+ channels KCa4.1 and KCa4.2 (also called
Slack/Slo2.1 and Slick/Slo2.2, respectively), as well as the pH-dependent KCa5.1
channels (also named as Slo3) (Fig. 1) (Wei et al. 2005).

Inwardly rectifying K (Kir) channels were first described over 70 years ago in
skeletal muscle fibers by Bernard Katz (1949), who observed an “anomalous”
rectifier inward current in the presence of different extracellular K+ concentrations.
Kir gating appeared to shift with the Nernst potential for K+. Years later, several

Fig. 1 Potassium channel tree. Dendrogram of the different families of potassium channels
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studies explained that the property of inward rectification arises from an asymmetric
blockade of the open channel pore by intracellular Mg2+ (Matsuda et al. 1987) and
polyamines (Lopatin et al. 1994; Oliver et al. 2000). This property of inward
rectification enables Kir channels to play a key role in the maintenance of the resting
membrane potential and the regulation of the action potential duration in excitable
cells (Hibino et al. 2010). The family of inwardly rectifying K+ channels comprises a
variety of channels classified in seven different subfamilies, from Kir1.x to Kir7.1
(Kubo et al. 2005) that are encoded by 15 different genes (Kubo et al. 2005) (Fig. 1).
From a functional perspective, Kir channels can be classified into four groups: (1) K

+

transport channels, including Kir1.1, Kir4.1-Kir4.2, Kir5.1, and Kir7.1; (2) Classical
Kir channels, comprising Kir2.1-Kir2.4 channels; (3) Kir3.x or G-protein-gated Kir

channels (GIRK), which encompass GIRK1–4; and (4) ATP-sensitive K+ channels
(KATP), which correspond to Kir6.1-Kir6.2 (Hibino et al. 2010; Kubo et al. 2005).
Due to their divergence in properties from other Kir channels, some are often referred
to by their functional name, i.e. GIRK for Kir3 and KATP for Kir6.2.

The first two-pore domain potassium (K2P) channel ever described was discov-
ered only 25 years ago in Saccharomyces cerevisiae, TOK1 (Ketchum et al. 1995).
A year later, dORK (K2P0) in Drosophila melanogaster (Goldstein et al. 1996)) and
finally TWIK1 (K2P1) in humans (Lesage et al. 1996) were discovered. K2P channels
contribute to a K+ leak current in excitable and non-excitable cells (Czirjak and
Enyedi 2002). This resting or background conductance is critical in motoneurons
(Berg et al. 2004; Talley et al. 2000), dorsal root ganglion neurons (Kang and Kim
2006; Pereira et al. 2014), or cerebellar granule neurons (Plant et al. 2002). Whereas
“leakage current” typically refers to a non-selective current following membrane
damage, K2P channels support a K

+-selective leak that is fairly voltage-independent.
At rest, open K2P channels enable K+ efflux due to K+ concentration gradient,
making the intracellular more negative, limiting further K+ efflux and suppressing
depolarization. Under physiological conditions, neurons display a resting membrane
potential (Vm) of �60 to �90 mV, while the equilibrium potential for K+ (EK) is
approx. �90 mV, with a K+ concentration of 5 mM outside and 140 mM inside at
37�C. Nevertheless, K+ leakage contributes more to the Vm. K2P channels affect the
frequency, duration, and amplitude of action potentials. K2P are tightly regulated by
splicing, post-translational modifications (phosphorylation, sumoylation, glycosyla-
tion) and numerous chemical (phospholipid composition, GPCR activation, second
messengers) and physical agents (extracellular and intracellular pH, mechanical
stretch, temperature) (Gada and Plant 2019; Goldstein et al. 2001; Niemeyer et al.
2016). Currently, the K2P family is composed of 15 different subunits (K2P1–15) and
encoded by genes numbered KCNK1–18 (no expression has been found for
KCNK8, KCNK11, or KCNK14). They have been historically grouped according
to structural and functional relatedness in six subfamilies: TREK1-TREK2-TRAAK
(K2P2-K2P10-K2P4), TALK1-TALK2 (K2P16-K2P17), TWIK1-TWIK2 (K2P1-
K2P6), TASK1-TASK2-TASK3-TASK5 (K2P3-K2P5-K2P9-K2P15), THIK1-THIK2
(K2P12-K2P13), and TRESK (K2P18). Like Kir channels, K2P channels are also
commonly referred to via their functional name.

4 J. Taura et al.



2 Subunits/Assembly/Topology

Potassium channels share many similarities when it comes to their topology, assem-
bly, and subunit composition. However, there are some key differences, which we
will explore here. For voltage-gated potassium channels each Kv channel is a
tetramer composed of similar or identical pore-forming α subunits, and in some
cases also contains auxiliary β subunits which can alter channel localization and/or
function (A-González and Castrillo 2011; Abbott et al. 2006). The α subunits are
arranged around a central axis that forms a pore (Coetzee et al. 1999). Each α subunit
is a polypeptide with 6 transmembrane domains (S1-S6) and five loops connecting
the segments (Fig. 2). The N- and C-terminal regions are cytoplasmic. The pore-
forming region of the channel is produced by the S5-S6 linker (P-loop) and contains
the K+ selectivity filter (Heginbotham et al. 1994). The voltage-sensing domain
(VSD) is formed by segments S1-S4 that control pore opening via the S4-S5
intracellular loop that is connected to the pore domain (Bezanilla 2000; Cui 2016;
Gandhi and Isacoff 2002; Schmidt and Mackinnon 2008). Within each subfamily
both homomeric and heteromeric channels may form with a range of biophysical
properties (Abbott et al. 2006; Albrecht et al. 1995), leading to a large diversity of
channels.

KCa channels basic topology is similar to that of Kv channels; in fact, both
families belong to the 6/7TM group of K+ channels (Gutman et al. 2005; Wei
et al. 2005). Cryo-EM structures of the full length KCa1.1 channel have provided
extensive information about its structure and gating (Hite et al. 2017; Tao et al. 2017)
(PDB: 5TJ6 and 5TJI, respectively). Importantly, small and large conductance
subfamilies of KCa channels have two main differences in their structure: KCa1.1
channels have an additional transmembrane domain, S0, and their S4 transmem-
brane domain is voltage-sensitive (Fig. 2) (Kshatri et al. 2018). Due to the S0, the
N-terminus is extracellular, and the large C-terminal domain that comprises around
two-thirds of the protein is intracellular (Meera et al. 1997). Like the Kv, the S1-S4
transmembrane segments of the KCa1.1 channel form the VSD (Diaz et al. 1998; Ma
et al. 2006) and the S5-S6 segments contain the P-loop with the K+ selectivity filter
(Meera et al. 1997). Another major difference between KCa1.1 channels and KCa2.x/
KCa3.1 is the cytoplasmic C-terminal domain, which in KCa1.1 channels contains
two regulating conductance of K+ (RCK) domains, RCK1 and RCK2 (Yuan et al.
2010). X-ray crystal structures of the isolated C-terminus of KCa1.1 have provided
valuable structural information about RCK1 and RCK2 (PDB: 3NAF) (Yuan et al.
2011). Both RCK domains possess a high affinity Ca2+-binding site: a string of
negatively-charged aspartate residues located at RCK2, labeled as the Ca2+-bowl
(Schreiber and Salkoff 1997), and a site containing the residues D362 and D376 in
RCK1 (Yuan et al. 2010). Four of these pore-forming subunits of KCa1.1 (α subunit)
assemble to form functional homotetramers (Shen et al. 1994).

KCa2.1-KCa2.3 and KCa3.1 channels share with Kv channels the six TM domain
(S1-S6) topology (Kohler et al. 1996), with the S5 and S6 TM pore-forming

Comparison of K+ Channel Families 5
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domains, and the N- and C-terminal domains facing the cytosol (Kshatri et al. 2018).
Unlike Kv and KCa1.1 channels, the S4 domain lacks voltage sensitivity, and
therefore gating is membrane potential independent (Hirschberg et al. 1999). In
the cytosolic C-terminal domain of small conductance KCa channels, a calmodulin
(CaM) binding domain (CaMBD) (Adelman 2016; Fanger et al. 1999) is located that
indirectly confers Ca2+ sensitivity (Xia et al. 1998). In general, KCa2.1-KCa2.3 and
KCa3.1 assemble in homotetramers to form functional channels (Kohler et al. 1996;
Sforna et al. 2018), but KCa2.1-KCa2.3 can also arrange in heterotetramers
(Strassmaier et al. 2005).

Kir channels share a relatively simple topology, as compared to Kv and KCa

channels (Fig. 2). They contain two transmembrane domains, TM1 and TM2,
separated by a linking pore-forming P-loop sequence that includes the K+ selectivity
filter (Heginbotham et al. 1994). The cytoplasmic N- and C-terminal domains form a
characteristic cytoplasmic extended pore structure (Fig. 2) (Nishida et al. 2007).
Four subunits associate to form functional homotetramers or heterotetramers. While
Kir1.1 and Kir7.1 can only form homotetramers (Kumar and Pattnaik 2014; Leng
et al. 2006), the majority of Kir channels assemble with subunits within the same
subfamily (Hibino et al. 2010). Kir4.x forms homotetramers (Pessia et al. 2001),
while the formation of functional Kir5.1 homotetramers has not been described yet
(Hibino et al. 2010). However, Kir5.1 can associate with Kir4.1-Kir4.2 to form
functional channels (Kir4.1-Kir5.1 or Kir4.2-Kir5.1) (Pessia et al. 2001).

Like Kir channels, K2P channels also contain a simplified topology, compared to
Kv and KCa channels (Fig. 2). K2P channels contain the two pore-forming P loops
(P1, P2), where the K+ selectivity filter can be found, and four transmembrane
helices (TM1-TM4). The first pore-forming P-loop sequence (P1) is located in
between TM1 and TM2, while the second one (P2) is found between TM3 and
TM4. The 2P/4TM topology (2P/8TM for TOK1) is unique among other K+

channels (1P/6TM for Kv or 1P/2TM for Kir). However, despite differences in the
topology, the overall K2P channel structure does not differ much from Kv, KCa, and
Kir channels, due to its pseudo tetrameric architecture. Each protomer (2P) will
assemble to form a dimer (2x2P ¼ 4P) to recreate a classic tetrameric K+ channels
configuration (4x1P ¼ 4P) (Gada and Plant 2019; Goldstein et al. 2001; Niemeyer
et al. 2016). The P1 and P2 loops share high homology with the Kv channel P-loop
(Fig. 3). K2P channels also possess an extracellular cap domain, constituted by the
external loop located in between TM1 and P1. The two subunits assemble their
helical caps to generate two lateral tunnels where the ions move from the exterior to
the pore (extracellular ion pathway). This assembly is stabilized in most K2P

channels by a disulfide bond (Lesage et al. 1996; Niemeyer et al. 2003). The cap
impedes direct ion transport between the pore and the extracellular medium.
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Fig. 3 Potassium channel selectivity filter. Sequence alignment of the P-loop from the indicated
human potassium channels
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3 K+ Selectivity

All four families of K+ channels are highly selective for K+. This is accomplished
through a structure referred to as the selectivity filter (SF), which allows for the
discrimination between K+ and other cations, in particular Na+ (Hille 1986) (Fig. 3).
Kv channels also contain a gate at the bundle crossing on the intracellular side of the
membrane, which is responsible for opening in response to a voltage stimulus.
Together, these determine when the channel conducts K+ (Liu et al. 2015). KCa1.1
channels are impermeable to Na+ and Li+ (Blatz and Magleby 1984; Tabcharani and
Misler 1989), while KCa2.x and KCa3.1 channels are slightly less selective, allowing
some Na+ and Li+ permeation (Shin et al. 2005). In some Kir channels, strict K

+

selectivity also involves residues outside the SF that contribute to keep its structure
(Makary et al. 2006; Yi et al. 2001). Particularly, Glu139 and Arg149 in GIRK1,
Glu152 in GIRK2, or Glu145 and Arg155 in GIRK4 are suggested to form a salt
bridge behind the selectivity filter that confers rigidity to its structure, and mutations
in these amino acids lead to a substantial loss of K+ selectivity (Makary et al. 2006).
However, Kir7.1 exhibits an unusual larger inward conductance of Rb+ over K+

(Wischmeyer et al. 2000). K2P channels are also highly selective for K+. However,
TWIK1 can alter its selectivity to Na+ under hypokalemia, which can lead to
depolarization (Chatelain et al. 2012; Ma et al. 2011). Moreover, TASK and
TWIK change ion selectivity in response to extracellular acidification (Ma et al.
2012).

The selectivity filter is comprised of a highly conserved region in the P-loop,
containing the T-I/V-G-Y/F-G consensus sequence (Bichet et al. 2003; Doyle et al.
1998; Heginbotham et al. 1994; Varma et al. 2011; Zhou et al. 2001b) (Fig. 3). This
signature sequence creates a narrow conduit that can accommodate multiple
unhydrated K+ ions (Nishida et al. 2007), which transit between the central cavity
of the channel and the extracellular solution. The geometry and polarity of these sites
mimic the dipoles of water and thermodynamically favor binding of K+ over Na+

(Åqvist and Luzhkov 2000; Bernèche and Roux 2001; Noskov et al. 2004; Roux
2005; Shrivastava et al. 2002). In this way, water molecules are stripped from K+,
which passes through in single file through the filter. Na+ remains bound to water
molecules (they have higher dehydration energy) and is energetically unfavorable
for passing through the selectivity filter.

Mutagenesis studies on Kv channels first revealed the importance of the selectiv-
ity filter (Heginbotham et al. 1994). Some members of the Kir channel family have
shown how alterations of the signature sequence lead to loss of K+ selectivity.
Particularly, a serine substitution at glycine-156 in Kir3.2 (GIRK2) channels
produces a loss of K+ selectivity, allowing Na+ entry and inappropriate cell depolar-
ization (Slesinger et al. 1996; Tong et al. 1996) that leads to death, and is responsible
for the weaver mouse phenotype (Patil et al. 1995). Recently, an L171R mutation
near the selectivity filter in human GIRK2 was reported for a patient with a severe
hyperkinetic disorder that also eliminated K+ selectivity (Horvath et al. 2018).

For K2P channels, the selectivity filter is located below the cap domain and is
disposed in a convergent fourfold symmetric configuration to emulate hydration of
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K+ ions. Despite some differences, K2P channels exhibit similar sequences to the T-I/
V-G-Y/F-G consensus sequence (Schewe et al. 2016) (Fig. 3). Interestingly, the
specific sequence composition can confer the channel a change in ion selectivity
under certain conditions. For example, the presence of a second threonine (Thr118)
within the selectivity filter of TWIK1 enables the channel to support Na+ leak
currents (Ma et al. 2011).

4 Gating Mechanisms

One of the areas where there is a large divergence in K+ channels is through their
different gating mechanisms. The Kv class of channels are voltage-dependent and
have evolved to use the power of the electric field that exists across excitable
membranes to move charged groups of ions crosswise across the membrane (Ishida
et al. 2015; Schmidt and Mackinnon 2008). Voltage-dependent gating of Kv

channels involves several molecular processes including: (1) detection of changes
in voltage across the membrane by the voltage-sensing domain (VSD). VSD activa-
tion results in conformational rearrangement leading to (2) propagation of VSD
movements to the ion conduction pore via a helical linker (Khalili-Araghi et al.
2006). Rearrangement of the pore, via VSD-pore coupling, results in (3) pore
opening and ion conduction into the cell (Cui 2016). The VSD can adopt a stable
conformation in the absence of the rest of the channel (PD) (Chakrapani et al. 2008;
Krepkiy et al. 2009). One of the first VSDs defined at the atomic level and
considered a native, non-altered structure was part of the mammalian Kv1.2 channel
(PDB: 2A79) (Long 2005). This structure showed that the VSD interacts with the
pore domain of an adjacent subunit where the voltage sensor is latched around the
pore of an adjacent subunit and voltage sensing in one subunit would affect the pore
region of another subunit (Long et al. 2007).

A key characteristic of the VSD is the presence of basic amino acids, including
positively charged arginine and lysine amino acids in the S4 segment, in a repeating
motif of one positive charge separated by two hydrophobic residues. The number of
positive charges is variable, with some Shaker related channels having as many as
seven (Zhou et al. 2001a). Most models of voltage-dependent gating suggest that as
transmembrane voltage changes polarity during depolarization, with the cytoplasmic
side becoming positive, the energy exerted on the S4 charges is altered and moves
the S4 segment. The S4 segment appears to translate and rotate counterclockwise
(Ahern and Horn 2005; Larsson et al. 1996). The C-terminal portion of the S4
segment is accessible to the intracellular solution at rest and as depolarization occurs,
the charged residues become less accessible to the intracellular solution and instead
become more accessible to the extracellular solution, resulting in the S4 segment
moving to an external position (Ahern and Horn 2004, 2005; Baker et al. 1998;
Broomand and Elinder 2008; Gandhi and Isacoff 2002; Larsson et al. 1996; Lin et al.
2011). The result is channel activation, leading to opening of the water-filled channel
and the flow of K+ down the electrochemical gradient out of the cell. As the
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membrane potential repolarizes, the VSD returns to the resting state, which in turn
closes the channel and terminates K+ permeability.

Kv channels can exhibit various types of inactivation, each involving distinct
mechanisms. In some channels, inactivation occurs soon after the channel is
activated. This fast inactivation, or N-type inactivation, is mainly due to an intracel-
lular block of the channel by the intracellular N-terminus, often referred to as the
inactivation particle (Aldrich 2001). A relatively slower form of inactivation termed
C-type occurs after tens or hundreds of milliseconds have elapsed following channel
activation (Pau et al. 2017). It appears that the pore structure of this class of channels
and the permeating ions play a pivotal role in this process; however, it remains the
subject of investigation (Hoshi and Armstrong 2013). Modulation of the inactivation
process conveys the ability to control the cellular availability of Kv channel currents.
In some cases, inactivation is sensitive to the cellular redox environment (Sahoo
et al. 2014). A structural component within the N-terminus has been identified that
serves as a sensor for the cytoplasmic redox potential (e.g., exposure to oxidizing
agents) and leads to inactivation of the channel (Finol-Urdaneta et al. 2006).

Two different gating mechanisms can be observed in KCa channels: voltage and
calcium-dependent gating for KCa1.1 channels, and calcium-dependent for small and
intermediate conductance KCa channels (Fakler and Adelman 2008). Large conduc-
tance KCa1.1 channels exhibit voltage sensitivity similar to Kv channels; membrane
depolarization and intracellular Ca2+ combine allosterically to activate the channel
and open the inner pore (Horrigan and Aldrich 2002). Four RCK1-RCK2 intracellu-
lar domains of the KCa1.1 tetrameric assembly comprise the gating ring (Hite et al.
2017; Yuan et al. 2011). Upon Ca2+ binding to the Ca2+-sensitive sites in the gating
ring, an aspartate string in RCK1 and the Ca2+ bowl in RCK2, the RCK1-RCK2
tandems rearrange to open the gating ring (Yuan et al. 2011). When Ca2+ binding to
the intracellular domain of the channel combines with the activation of the VSD by
membrane depolarization, the chemical and the electrical energies released addi-
tively fuel the conformational change of the PD from the closed to the open state
(Hite et al. 2017; Horrigan and Aldrich 2002), in a process that requires the
interaction of the gating ring with the VSD (Hite et al. 2017). As the membrane
voltage depolarizes, the intracellular Ca2+ concentration ([Ca2+]i) required to acti-
vate KCa1.1 decreases (Cui et al. 1997), ranging from 0.5 to 50 mM (Xia et al. 2002).
A regulatory Mg2+-binding site, located in RCK1, has also been described for
KCa1.1 channels (Shi and Cui 2001), through which Mg2+ contributes to channel
activation (Xia et al. 2002; Yang et al. 2008).

In contrast to KCa1.1 channels, gating is voltage-independent in KCa2.x and
KCa3.1 channels (Hirschberg et al. 1999). Ca2+ activates KCa2.x and KCa3.1
channels through binding to the highly Ca2+-sensitive protein calmodulin (CaM),
which is constitutively associated to α subunits of the channel (Fanger et al. 1999;
Sforna et al. 2018; Xia et al. 1998). The binding of Ca2+ to KCa2.x and KCa3.1
channels through CaM accounts for their elevated Ca2+ sensitivity compared to
submicromolar sensitivity of KCa1.1 channels (Adelman et al. 2012; Xia et al.
1998). KCa2.x and KCa3.1 channels interact with CaM through a highly conserved
CaM binding domain (CaMBD) (Adelman 2016; Fanger et al. 1999) in each α
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subunit of the channel, and it has been confirmed by cryo-EM (Lee and MacKinnon
2018). Ca2+ binding to the EF-hand domains in the N-lobe of CaM promotes the
rearrangement of two CaM-CaMBD dimers into a “dimer of dimers,” that leads to
the conformational change of the helices forming the pore required for channel
opening (Lee and MacKinnon 2018; Schumacher et al. 2001).

For Kir channels, the inward rectification is their most distinctive feature. In fact,
different levels of inward rectification can be described in Kir channels, ranging from
strong inward rectifiers, such as Kir2.1-Kir2.4, to medium, e.g. GIRK1-GIRK4, and
to weak, such as Kir1.1 and Kir6.1-Kir6.2 channels (Hibino et al. 2010; Walsh 2020).
Although Kir channels are not intrinsically voltage-dependent, since they lack the
voltage-sensing S4 domain (Hibino et al. 2010), the inward rectification shows an
apparent voltage sensitivity. Inward rectification is mediated by intracellular Mg2+

(Lu and MacKinnon 1994; Matsuda et al. 1987) and naturally occurring polyamines
(e.g., putrescine2+, spermidine3+, and spermine4+) (Lopatin et al. 1994; Nichols and
Lee 2018). At membrane potentials positive to the equilibrium potential of K+

(EK � �95 mV), Mg2+ and polyamines occlude the inner vestibule, only allowing
a small outward current. In contrast, at potentials negative to EK, Mg2+ and
polyamines flow out of the channel into the cell, allowing a large inward K+ current
(Lopatin et al. 1995). The affinity of Mg2+ and the polyamines for binding sites in the
pore-forming TM2 helix (Stanfield et al. 1994; Wible et al. 1994) and the cytoplas-
mic domain of Kir channels (Kubo and Murata 2001; Taglialatela et al. 1995)
dictates the strength of the inward rectification (Baronas and Kurata 2014; Clarke
et al. 2010). Besides Mg2+ and polyamines, Kir channels K+ conductance is also
influenced by extracellular K+ concentrations ([K+]o) (Lopatin and Nichols 1996),
being this conductance higher at increasing [K+]o (Hibino et al. 2010). Kir7.1 is an
exception and exhibits only a slight dependence on [K+]o due to the presence of a
methionine at position 125 in the pore domain, instead of the conserved arginine
found in the majority of Kir channels (Doring et al. 1998). The intrinsic gating of Kir

channels is controlled by two gating structures: the bundle-crossing region in the
TM2 of the transmembrane domain (Sadja et al. 2001; Yi et al. 2001) and the G loop
in the cytoplasmic domain (Pegan et al. 2005). The first Kir channel structures to be
resolved, involving bacterial Kir channels, such as KscA (Doyle et al. 1998) (PDB:
1BL8) and KirBac1.1 (Kuo et al. 2003) (PDB: 1P7B), pointed at TM1 and TM2 as
key players in the gating of Kir channels. The gating of some Kir channels depends
on other regulators, apart from Mg2+, polyamines, and [K+]o, such as pH, Na

+, ATP,
and/or G proteins (Hibino et al. 2010). For instance, changes in the intracellular pH
alter the gating of Kir1.1 (Schulte and Fakler 2000), Kir4.1-Kir4.2 (Pessia et al.
2001), and Kir5.1 (Tucker et al. 2000), which are closed upon intracellular acidifica-
tion, while Kir7.1 shows maximal response at pH 7.0 (Yuan et al. 2003). In fact,
homomeric Kir4.1 and Kir4.1/Kir5.1 channels exhibit different pH sensitivities
(Casamassima et al. 2003). In the case of Kir2.1-Kir2.4 channels, intracellular
alkalization activates Kir2.4 (Hughes et al. 2000), while either extracellular or
intracellular alkalization enhances Kir2.3 activity (Zhu et al. 1999). Kir6.1-Kir6.2
channels, also called KATP, are regulated by intracellular ATP, which leads to the
inactivation of the channel (Terzic et al. 1995), while intracellular nucleoside
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diphosphates, such as ADP, activate the channel through the interaction with SUR,
the auxiliary subunits of Kir6.1-Kir6.2 channels (Hibino et al. 2010; Matsuoka et al.
2000). G-protein gated Kir channels (GIRK) are opened by an interaction of the Gβγ
subunit with the βL-βM sheets in the cytoplasmic C-domain of GIRK (PDB: 4KFM)
(Finley et al. 2004; He et al. 1999; Ivanina et al. 2003; Whorton and MacKinnon
2013), producing a conformational change that opens the channel pore in a PIP2-
dependent process (Huang et al. 1998; Whorton and MacKinnon 2013). Moreover,
the gating of GIRK channels containing GIRK2 or GIRK4 subunits is also
influenced by intracellular Na+ (Ho and Murrell-Lagnado 1999), which promotes
the binding of PIP2 to the channel and activation (Rosenhouse-Dantsker et al. 2008).
The structural binding site for Na+ has been identified in a GIRK2 X-ray structure
(PDB: 3SYA) (Whorton and MacKinnon 2011). In this way, the intracellular Na+

increase after cell depolarization enhances the activity of GIRK channels, bringing
the cell back to the resting state.

Like Kv, KCa, and Kir channels, K2P possesses a gating hinge (Brohawn et al.
2012; Miller and Long 2012; Niemeyer et al. 2016). TM1 and TM3 are located on
the outer pore, while the inner helices, TM2 and TM4, play a crucial role in channel
activation. The TM4 helix motion, up and down (closer and farther TM2 helix), is a
pivotal determinant of the open-close configuration. The interfacial C helix is
adjacent to TM4 and movement is transferred to the TM2-TM4 hinge to support
pore widening and ion conduction (Brohawn et al. 2012; Miller and Long 2012;
Niemeyer et al. 2016). K2P channels are sensitive not only to cytosolic factors, but
also to membrane components (and/or alterations). K2P channels also possess
intramembrane openings that confer connections between lipid membrane and ion
pore. These openings, termed fenestrations, have been named for analogous side
portals present in prokaryotic voltage-dependent Na+ channels (Payandeh et al.
2011). They are located in between the TM2 of one protomer and the TM4 of the
other one. The two transmembrane cavities can accommodate acyl chains and
influence the channel conductivity (Brohawn et al. 2014).

Although many factors can modulate K2P gating, the extracellular pH (pHo) is
probably the best characterized. Many K2P channels have a histidine located at the
entrance of the selectivity filter (TM1-P1) that is protonated upon pHo decrease. In
TASK1 (His98), TASK3 (His98), TWIK1 (His122), and TREK1 (His126), histidine
protonation prevents the ion passage. Thus, channel closure is similar to C-type
inactivation in Kv channels (Chatelain et al. 2012; Cohen et al. 2008; Kim et al.
2000; Lopes et al. 2001; Rajan et al. 2000). Uniquely, extracellular acidification
induces channel activation in TREK2 (His151) and involves a region of the P2-TM4
extracellular loop (Sandoz et al. 2009). Interestingly, TWIK1 switches ion selectivity
upon a decrease in pHo (Ma et al. 2012). Histidine is not the only basic residue in K2P

channels that can operate as H+ sensor. TASK2 lacks the histidine sensor but has an
arginine (Arg224) at the second pore domain that confers selectivity filter pHo-
sensing as well. TASK2 is inhibited by acidic pHo, and surprisingly activated when
pHo increases. In this case, protonation/deprotonation of the side chain of the residue
alters the electrostatic stability on the selectivity filter (Niemeyer et al. 2007; Zuniga
et al. 2011). Additionally, some K2P channels respond to intracellular pH (pHi)
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alterations. Thereby, K2P channels such as TREK1 or TASK2 switch from low to
high activity upon intracellular acidification. The mechanism does not involve any
residue in the selectivity filter, but an acidic amino acid in the interfacial C helix (i.e.,
Glu306 in TREK1), working as an activation gate (Bagriantsev et al. 2011).

In addition to pH, the intracellular C-terminus also supports different gating
mechanisms. TREK1 possesses a group of positively charged residues in the C
helix that confers the channel the capacity to respond to phospholipids (Chemin et al.
2007). TREK1 also contains a phosphorylation site (Ser348) in the C-terminus that
alters channel gating properties, switching the channel from a voltage-independent
into a voltage-dependent phenotype (Bockenhauer et al. 2001). The interfacial C
helix is also modulated by GPCR activation. TASK2 is closed by direct G protein βγ
subunits binding at the Lysine 245 (Anazco et al. 2013; Niemeyer et al. 2016).
TASK1 and TASK3 are also closed by G protein α subunit induced diacylglycerol
(DAG) generation that is believed to bind the C-terminal domain (Wilke et al. 2014).
Physical stimuli such as pressure and temperature also influence K2P gating. Little is
known about the specific mechanism but surely involves the intracellular C-terminus
(Bagriantsev et al. 2011). For instance, partial deletion of the interfacial C helix in
TREK1 lowers heat-induced activation (Maingret et al. 2000). Besides the
C-terminus domain that operates as cytosolic gate, K2P channels show an inner
gate that modulates the pore conductivity by membrane composition. The current
hypothesis sustains that intramembrane fenestration determine TM4 position over
TM2, working as a gating hinge and affecting the selectivity filter. Thus, two
possible conformations exist: 1) when the lipid acyl chains penetrate into the
fenestration up to the cavity located below the selectivity filter, the TM4 helix is in
the down conformation and the ion transit is hindered, and 2) in contrast, when the
lipid fenestration is empty, TM4 moves up towards TM2 (up conformation), closing
the fenestration and releasing the selectivity filter, which can accommodate an extra
ion and facilitate ion conduction (Brohawn et al. 2014).

Recent structural determinations support some of these gating mechanisms.
TREK2 structure resolved with the inhibitor fluoxetine exhibits a down conforma-
tion (PDB: 4XDJ) (Dong et al. 2015). On the other hand, TRAAK crystallization in
the presence of the activator trichloroethanol shows the up conformation (PDB:
3UM7) (Brohawn et al. 2014). Moreover, artificially trapping TRAAK into the up
state, by a disulfide bridge between TM4 and TM2, induces the channel to a
reversible low activity profile. The least understood gating mechanism is the effect
of membrane voltage. Although K2P channels lack a specific voltage-sensing domain
(i.e., S4 in Kv) and the first leak K+ channels were initially described as a voltage-
independent outward rectifier K+ channels (Goldstein et al. 2001), some K2P (except
for the unphosphorylated TWIK1) can unequivocally alter their activity in response
to membrane potential changes. It has been recently proposed that a one-way “check
valve” mechanism, in which the selectivity filter acts as a voltage-gate, takes place.
Depolarization induces filter opening and outward K+

flow, whereas at membrane
potentials below EK the non-return valve promotes filter inactivation. The second
threonine (i.e., Thr157 in TREK1 or Thr103 in TRAAK) in the selectivity filter of P1
plays a major role in this mechanism. Thus, mutagenesis experiments in TREK1 and
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TRAAK turn them into a leak mode (Schewe et al. 2016). Interestingly, TREK1
voltage-gated mode is abolished upon pHi, pressure and PIP2 activation (Chemin
et al. 2005).

5 Role of Lipids/PIP2

It has been widely recognized that the lipid bilayer can modulate the function of K+

channels (Forte et al. 1981; Van Dalen and De Kruijff 2004). One such role is for
inactivation of Kv channels, where interaction with the membrane causes prolonged
channel closing (Schmidt et al. 2009; Schmidt and Mackinnon 2008). Using Kv1.2
as an example, the VSDs are embedded in the membrane, with S4 being mostly
shielded away from lipids (Long 2005). The top gating charges found in S4 have
been modeled to interact with lipid headgroups, making stable electrostatic
interactions with their negatively-charged phosphates (Cuello 2004; Lee and
Mackinnon 2004; Long et al. 2007). The mechanical properties of the membrane
are dictated by lipid composition, and interaction with the headgroups can facilitate
sensor movement and subsequently pore opening.

A version of the Kv channel, lacking a sensor region (PDB: 1K4C), exhibits four
immobilized lipids filling and surrounding a crevice between subunits on the extra-
cellular surface of the channel, suggesting affinity for lipids at this region (Santos
et al. 2012). Inclusion of lipids with headgroups that coat the extracellular
membrane-solution interface with hydroxyl groups (e.g., glycerol and
phosphoinositol) drastically increases the probability of finding the channel open
(Syeda et al. 2014), suggesting that the pore-forming region of the Kv channels may
be transformed into an open conductor of K+ through interaction with lipid
modulators that target either the bundle gate, via direct interaction, or the filter
gate, by destabilization of water structure. So, not only are lipids critical for proper
protein folding (Valiyaveetil et al. 2002), they also allow for modulation of channel
properties. An example of this would be the Kv7 channel, where channel opening
requires the membrane lipid PIP2, which serves as a cofactor that mediates coupling
of VSD with the pore gate (Zaydman and Cui 2014).

For KCa channels, several membrane and cholesterol-related lipids have been
shown to modulate the activity of some of these channels. For instance, the mem-
brane lipid phosphatidylinositol-4,5-bisphosphate (PIP2) influences the activity of
small and large conductance KCa channels. KCa1.1 channels can be either activated
or inhibited by PIP2, depending on the β auxiliary subunits to which they are
associated (Tian et al. 2015). Particularly, PIP2 has an inhibitory effect on KCa1.1
in the absence of auxiliary subunits and when they are in complex with γ1 subunits,
while PIP2 activates the channel when it is complexed with β1 or β4 subunits (Tian
et al. 2015). Small conductance KCa channels are also modulated by PIP2 (Zhang
et al. 2014). This phospholipid acts as a cofactor for KCa2.x channels activation by
CaM upon Ca2+ binding, whilst PIP2 removal leads to channel inhibition (Zhang
et al. 2014). Moreover, the regulation of KCa2.x by PIP2 is dependent on CaM
phosphorylation by casein Kinase 2 (CK2), which phosphorylates the amino acid
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T80 in CaM weakening the affinity of PIP2 for the CaM-KCa2.x complex (Zhang
et al. 2014).

Cholesterol is another membrane lipid that modulates KCa1.1 activity (Dopico
and Bukiya 2017). The cytosolic C-terminal domain of KCa1.1 channels presents a
cholesterol recognition amino acid consensus motif (CRAC4) that confers choles-
terol sensitivity to the channel (Singh et al. 2012). Cholesterol has shown to inhibit
KCa1.1 channels in heterologous expression systems (Wu et al. 2013), although the
in vivo effects of cholesterol enrichment or depletion on KCa1.1 channels activity are
in some cases contradictory, depending on the tissue where the channel is expressed
(Dopico and Bukiya 2017). KCa1.1 channel activity is modulated as well by certain
steroid hormones such as 17β-estradiol or dehydroepiandrosterone (DHEA). When
co-expressed with β1 auxiliary subunits, KCa1.1 channels are activated by 17-
β-estradiol, which exerts no effect on KCa1.1 α subunits alone (Valverde et al.
1999), nor when they are associated with β2 subunits (King et al. 2006). However,
the adrenal androgen DHEA is able to activate β2-associated KCa1.1 channels, an
effect also exerted by corticosterone (King et al. 2006). The bile acid lithocholate
and the non-steroid leukotriene LTB4 are also potentiators of KCa1.1 channels
activity in a β1-dependent manner (Bukiya et al. 2007, 2014). Lastly, the omega-3
lipid docosahexaenoic acid activates β1 and β4-associated KCa1.1 channels,
exhibiting no effect when the pore-forming α subunits are in complex with β2 or
γ1 subunits (Hoshi et al. 2013). The auxiliary subunit-dependent activation of
KCa1.1 channels exerted by some of these lipids could be contributing to vascular
smooth muscle relaxation and consequently to vasodilation (Latorre et al. 2017).

The activation of all Kir channels is also dependent on PIP2 (Hibino et al. 2010;
Rohacs et al. 2003). The structural mechanism of PIP2 binding has been elucidated
in two X-ray structures for Kir2.1 and GIRK2 (PDB: 3SPI and 3SYA, respectively)
(Hansen et al. 2011; Whorton and MacKinnon 2011). The presence of this mem-
brane phospholipid in the inner surface of the plasma membrane is essential for Kir

activation (Huang et al. 1998; Li et al. 1999), as well as for the activation mediated
by the different endogenous gating regulators of Kir channels (Du et al. 2004), like
Kir6.x activation by ATP (Baukrowitz et al. 1998) and GIRK activation by Na+ and
Gβγ (Huang et al. 1998; Rosenhouse-Dantsker et al. 2008). Cholesterol is another
membrane lipid that modulates the activity of some Kir channels, such as Kir2.x, that
become inactive at increasing concentrations of cholesterol (Romanenko et al.
2004), and GIRK channels, which in contrast are activated by cholesterol in a
PIP2-dependent and G-protein-independent manner (Glaaser and Slesinger 2017).
Other lipids are also involved in Kir activity modulation. For instance, arachidonic
acid has shown to increase the current flow through Kir2.3 containing channels (Liu
et al. 2001), and the intracellular increase of long-chain CoA esters has an opposite
effect on Kir2.1 and Kir6.x channels, inhibiting the former and activating the latter
(Shumilina et al. 2006).

K2P channels are also influenced by surrounding lipids, most likely through the
two lateral portals or fenestrations. Many K2P are activated by PIP2 (i.e., TASK1-
TASK3, TREK1, and TRAAK) leading to a leak K+ conductance mode. Stimulation
of Gq/G11 coupled receptors such as muscarinic M1 induces PIP2 hydrolysis and a
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subsequent inhibition of TASK1-TASK3, TREK1, and TREK2 (Lopes et al. 2005).
However, the relationship between phospholipids and K2P channels can be quite
complex in some cases. For example, PIP2 exerts a dual regulation in TREK1. In
transiently transfected cells, intracellular PIP2 stimulates TREK1 currents in half of
the patches and inhibits currents in the other half. Interestingly, pressure, intracellu-
lar acidification, and arachidonic acid induced activation are all blocked by the
presence of PIP2. The removal of the C-terminal domain abolished PIP2-inhibitory
capacity, suggesting the implication of this region on the PIP2-induced gating
regulation (Chemin et al. 2007).

6 Trafficking and Accessory Subunits

Kv channels exhibit subfamily-specific patterns of localization within cells (Vacher
et al. 2008). For example, in neurons Kv1 channels are expressed at the axon initial
segment (AIS). The AIS plays an important role in generating axonal action
potentials. Kv1 channels regulate action potential initiation and propagation (Kole
and Stuart 2012). Within this channel, specific amino acid sequence motifs act as
trafficking determinants (TDs) and direct the initiation, continuation of expression,
and localization of these channels to the AIS. TDs are located within the C-terminal
domain and act on different interacting proteins (Magidovich et al. 2006). The
C-terminal domains are highly conserved in mammalian channels and include a
specific motif within the extracellular loop between TM segments S1 and S2
(McKeown et al. 2008) and an acidic motif in the C-terminus of Kv1 α subunits
(Manganas et al. 2001). Some Kv subfamily members contain TDs with lower or
higher affinity for interacting proteins. The degree of affinity that different subfamily
members have for interacting protein leads to trafficking characteristics that are
sensitive to co-assembly (Manganas and Trimmer 2000), where localization depends
on the TD-interacting protein coupling. TDs also play a role in trafficking from the
endoplasmic reticulum (ER). The composition and stoichiometric assembly of Kv1
heterotetrameric channels produces interaction with different proteins and controls
ER export of the channel to different loci (Vacher et al. 2007). For example, Kv1.1
contains an ER retention signal in its extracellular pore domain that inhibits export
from the ER (Manganas and Trimmer 2000; Manganas et al. 2001; Zhu et al. 2001).
The retention signal overlaps with the binding site for the neurotoxin α dendrotoxin
(DTX), suggesting that Kv1.1 retention is due to a DTX-like prototoxin. Phosphory-
lation also regulates trafficking of Kv1.2, with phosphorylation of specific
C-terminal tyrosine residues triggering endocytosis of the channels (Nesti et al.
2004). In addition, phosphorylation at a different C-terminal tyrosine residue
regulates Kv1.2 clustering (Gu and Gu 2011; Smith et al. 2012) and serine phos-
phorylation sites regulate biogenic trafficking (Yang et al. 2007).

Initial biochemical studies on native Kv1 channels indicated the presence of
stoichiometric amounts of copurifying protein components that were initially pro-
posed to be β subunits (Parcej and Dolly 1989). In fact, the majority of Kv1 channels
in mammalian brain are associated with Kvβ subunits (Coleman et al. 1999; Rhodes
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et al. 1995, 1996, 1997). There are three genes that encode Kvβ subunits (Kvβ1-
Kvβ3), with various alternative splicing leading to a larger number of functionally
distinct isoforms (Pongs et al. 1999). Certain Kvβ subunits contain a domain in the
N-terminus region that confers the rapid “N-type” inactivation to Kv channels (Rettig
et al. 1994). The N-terminus region acts like the inactivation particle found in some
Kv channels that works to occlude the pore of the activated Kv1 channels.

For KCa channels, the stable association of the pore-forming α subunits with
auxiliary subunits confers versatility in their different physiological roles (Berkefeld
et al. 2010). The activity of KCa1.1 channel is regulated by several β and γ subunits,
which are expressed in different tissues and modify the biophysical and pharmaco-
logical properties of the channel (Latorre et al. 2017; Li and Yan 2016). Four
different β subunits, β1-β4, have been identified, all of them composed of two
transmembrane domains linked by an extracellular loop and with intracellular C-
and N-termini (Latorre et al. 2017). The stoichiometry of the association between α
and β subunits is generally considered to be 1:1 (Latorre et al. 2017), as revealed by
cryo-EM studies (PDB: 6 V22) (Tao and MacKinnon 2019). Interestingly, func-
tional channels can operate with less than four β subunits, exhibiting a proportional
modification of the channel properties as the number of β subunits increases (Wang
et al. 2002). β1 subunits are mainly expressed in the vascular smooth muscle (Knaus
et al. 1994a; Latorre et al. 2017) and enhance the apparent voltage and Ca2+-
sensitivity of the channel (McManus et al. 1995) and slow down activation and
deactivation kinetics (Dworetzky et al. 1996). In addition, β subunits provide KCa1.1
channel with distinct pharmacological properties, depending on the β subunit to
which they are associated (Latorre et al. 2017; Li and Yan 2016). Similarly to β1,
β2 subunits increase the apparent Ca2+-sensitivity in the KCa1.1 channel (Brenner
et al. 2000a) and decrease the gating kinetics rate (Brenner et al. 2000a). Moreover,
β2 subunits are responsible for KCa1.1 channel inactivation (Wallner et al. 1999; Xia
et al. 2003), in a process where the N-terminal domain of β2 behaves like a peptide
ball that occludes the KCa1.1 channel (Bentrop et al. 2001; Wallner et al. 1999),
resembling the ball-and-chain inactivation of Kv channels. In the case of β3 subunits,
four different isoforms have been identified (β3a-d) (Uebele et al. 2000), which do
not affect KCa1.1 channel Ca2+-sensitivity (Latorre et al. 2017). Alternately, β3a,
β3b, and β3c isoforms exert a partial inactivation of the channel (Uebele et al. 2000),
while β3b is also responsible for conferring an outward rectification via the extracel-
lular loop (Uebele et al. 2000; Zeng et al. 2003). On the other hand, β4 subunits are
mainly expressed in the brain (Weiger et al. 2000) and slow down the activation and
deactivation kinetics of KCa1.1 channels (Behrens et al. 2000; Weiger et al. 2000).
β4 subunits display a dual effect on Ca2+-sensitivity of KCa1.1 channels: it is reduced
in the presence of β4 at low [Ca2+]i, while β4 enhances channel Ca2+-sensitivity at
high [Ca2+]i conditions (Brenner et al. 2000a; Wang et al. 2006).

Four γ subunits have been described (γ1-γ4) (Latorre et al. 2017; Li and Yan
2016), each with a single transmembrane domain and large extracellular leucine-rich
repeat N-terminal domain (Yan and Aldrich 2012). Although the stoichiometry of γ
association with KCa1.1 subunits has not been yet fully elucidated (Latorre et al.
2017), experiments investigating different ratios indicate a single γ subunit can
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modulate the activity of the α-homotetramer (Gonzalez-Perez et al. 2014). γ1 is the
first subunit identified (Yan and Aldrich 2010) and produces a negative shift in the
voltage dependence of the activation of the channel (∿140 mV shift) (Yan and
Aldrich 2010), leading to the accelerated activation and slower deactivation kinetics,
with no effect on Ca2+-sensitivity (Yan and Aldrich 2010). The γ2, γ3, and γ4
subunits also shift the voltage dependence of activation to more negative potentials,
although less intensively than γ1 (∿101 mV shift for γ2, ∿51 mV for γ3, and
∿19 mV for γ4) (Yan and Aldrich 2012). Lastly, it has been recently shown that both
β2 and γ1 subunits can simultaneously assemble with KCa1.1 homotetramers,
endowing the channel with unique gating properties, being active at resting
potentials (Gonzalez-Perez et al. 2015).

Apart from the co-assembly with β and/or γ subunits, KCa1.1 channels co-localize
in the cell membrane with CaV channels forming multiprotein complexes (Berkefeld
et al. 2006, 2010; Grunnet and Kaufmann 2004). Given the Ca2+-sensitivity of these
channels, in the micromolar range (Berkefeld et al. 2006), they localize close to Ca2+

sources in the membrane to achieve these Ca2+ concentrations (Augustine et al.
2003; Berkefeld et al. 2006).

For KCa2.x and KCa3.1 channels, CaM is considered the β subunit of these
channels (Berkefeld et al. 2010). CaM is constitutively bound to the pore-forming
subunits of the channel with a 1:1 stoichiometry (Fanger et al. 1999) and has been
visualized with cryo-EM (PDB: 6CNM) (Lee and MacKinnon 2018). CaM is
responsible for KCa elevated Ca2+-sensitivity (Xia et al. 1998) and has also been
implicated in channel assembly and membrane trafficking (Joiner et al. 2001). Apart
from CaM, an additional pair of proteins assembles with the KCa2.x-CaM complexes
in the membrane to modulate channel activity: CK2 and protein phosphatase 2A
(PP2A) (Adelman et al. 2012; Berkefeld et al. 2010). CK2 and PP2A are constitu-
tively bound to KCa2.x channels, co-assembling with both the CaMBD and the KCa2.
x intracellular N-terminal domain, thus forming together with CaM a multiprotein
complex (Allen et al. 2007; Bildl et al. 2004). Instead of phosphorylating the KCa2.x
subunits, CK2 phosphorylates the amino acid T80 of CaM when the channel is
closed, decreasing Ca2+-sensitivity of the channel (Allen et al. 2007). On the other
hand, PP2A dephosphorylates CaM in the open state of the channel, allowing it to
recover its Ca2+-sensitivity (Allen et al. 2007). In terms of kinase modulation,
KCa3.1 activity is influenced by 5’AMP-activated protein kinase (AMPK), which
interacts through its γ1 subunit with a leucine zipper domain located in the
C-terminus of the channel (Klein et al. 2009).

Kir channels typically associate as homo or heterotetramers without accessory
subunits. However, Kir6.x channels function as octamers, composed of four pore-
forming Kir6.x subunits, and four auxiliary subunits of the sulfonylurea receptor
(SUR1, SUR2A, or SUR2A) (Clement et al. 1997; Shyng and Nichols 1997). The
combinations of Kir6.x and SUR auxiliary subunits found in different tissues account
for the distinct functional and pharmacological properties of the native channels
(Aguilar-Bryan et al. 1998). The intracellular trafficking of some Kir channels is also
subjected to protein regulation. Particularly, GIRK channel subunits present traffick-
ing motifs that result in different trafficking patterns of the homo or heterotetramers
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(Ma et al. 2002). For instance, GIRK2a (a splicing variant of GIRK2) and GRIK4
present an ER export motif in the N-terminal region and a surface-promoting motif
in the C-terminal domain that guide the endosomal exportation of GIRK channels
containing these subunits to the cell surface (Ma et al. 2002). In contrast, the
lysosomal targeting signal present in GIRK3 downregulates the membrane expres-
sion of GIRK3-containing channels (Ma et al. 2002). Sorting nexin 27 (SNX27) also
regulates the trafficking of GIRK channels, through the interaction of its PDZ
domain with the C-terminal domain of GIRK2c and GIRK3, promoting channel
trafficking (Lunn et al. 2007; Munoz and Slesinger 2014). Other PDZ-containing
proteins play a role in regulating the localization of some Kir receptors in polarized
cells, as is the case of Kir1.1 (Yoo et al. 2004), Kir2.3 (Olsen et al. 2002), and Kir4.1
(Tanemoto et al. 2005).

Few associated proteins have been identified for K2P. The first one is AKAP150,
which interacts with TREK channels, both TREK1 and 2. Interestingly, AKAP150 is
an A-kinase-anchoring protein, key in the native TREK1 environment that can
transform small outward TREK1 currents into big leak K+ conductance no longer
responsive to pressure, intracellular acidification and arachidonic acid induced
(Sandoz et al. 2006). New advances in proteomics will surely bring up new K2P
accessory proteins that might be key for its regulation at the activity and trafficking
levels. Regulation of K+ channels by auxiliary subunits is described in more detail in
chapter “Control of Biophysical and Pharmacological Properties of K+ Channels by
Auxiliary Subunits”.

7 Pharmacology: Blockers and Modulators

The structural and functional diversity among K+ channels accounts for the wide
variety of toxins and small molecules that modulate the activity of these channels.
Various toxins exploit different Kv channel characteristics to exert their actions on
the channel. One common class of toxins work by occluding the narrow pore of the
channel from its extracellular side preventing ion flow and are referred to as “pore
blockers.”Many of these toxins are composed of a positive lysine and a hydrophobic
tyrosine/phenylalanine in a dyad motif (Eriksson and Roux 2002; Gao and Garcia
2003; Miller 1995). With this arrangement the lysine residue occludes the Kv

channel selectivity filter and prevents K+ ions from entering the channel, at the
same time the hydrophobic portion of the dyad aids docking and toxin binding to the
channel (Dauplais et al. 1997; Gilquin et al. 2002; Savarin et al. 1998; Srinivasan
et al. 2002). Examples of this class of toxins include κM-RIIIK and ConK-S1 from
cone snails (Al-Sabi et al. 2004; Jouirou et al. 2004) and ShK from a sea anemone
(Finol-Urdaneta et al. 2020). Another distinct mechanism is exhibited by “gating
modifiers,” which bind to the extracellular exposed linker between the TM segments
S3 and S4 within the VSD. These toxins inhibit channel function, increasing the
energy required to open the channel by shifting the voltage dependence to more
depolarized potentials raising the activation threshold. An example of this class is the
HaTx toxin from spiders (Tudor et al. 1996). δ-dendrotoxin (DTX), isolated from the
green mamba snake venom, is another well-known blocker of Kv channels (Harvey
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and Anderson 1985; Harvey and Robertson 2004). Various toxins, in particular
conotoxins produced by marine cone snails, have been employed as molecular tools
for the study of Kv channels in mammalian targets (Teichert et al. 2015). You can
read more on K+ channel toxins in chapter “Peptide Toxins Targeting Kv Channels”.

In addition to toxins, work is currently being conducted to identify small mole-
cule modulators of Kv channels which could prove useful for treating various brain
disorders. For example, Kv channel activators could be used to dampen hyperexcit-
ability for treating epilepsy or attention deficit disorder (Wulff et al. 2009). Kv

channel inhibitors, on the other hand, could be used to increase excitability in
disorders involving reduced neuronal activity, such as multiple sclerosis (MS). For
a detailed review of the potential therapeutic utility of Kv modulators, see (Wulff
et al. 2009). One example is 4-aminopyridine (4-AP) which is a non-selective Kv

channel inhibitor (Wu et al. 2009) which has undergone phase III clinical trials for
the treatment of MS (Goodman et al. 2009; Korenke et al. 2008). Another example is
dofetilide, a class III antiarrhythmic and inhibitor of Kv11.1, that is efficacious in
reverting and preventing atrial fibrillation of the heart (Kamath and Mittal 2008).

For KCa channels, there are different modulators for large, intermediate, and small
conductance channels (Kshatri et al. 2018). For example, KCa1.1 channels are
blocked by tetraethylammonium (TEA) (Blatz and Magleby 1984; Villarroel et al.
1988), like many Kv channels (Bretschneider et al. 1999), whereas KCa2.x and
KCa3.1 are not affected by this quaternary amine. KCa subtypes also exhibit different
sensitivities to toxins (Kshatri et al. 2018). KCa1.1 channels are classically inhibited
by the scorpion venom peptide iberiotoxin (IbTX) (Galvez et al. 1990) and
charybdotoxin (ChTX) (Miller et al. 1985). The selectivity of ChTX and IbTX for
KCa1.1 channels depends on the type of β subunit associated with the α pore-forming
subunit, demonstrating how auxiliary subunits can modify the pharmacological
properties of the channel (Latorre et al. 2017). For example, association of KCa1.1
channels in complex with β2/3 or β4 subunits decreases the affinity for ChTX (Meera
et al. 2000; Xia et al. 1999), while channels associated with β1 are highly sensitive to
ChTX (Hanner et al. 1997). In the case of IbTX, β4-associated KCa1.1 channels are
resistant to the blockade by this toxin (Meera et al. 2000). Slotoxin (Garcia-Valdes
et al. 2001) and martentoxin (Shi et al. 2008), two scorpion venom toxins closely
related to ChTX and IbTX, are potent KCa1.1 blockers. Their affinity for the channel
is also dependent on the β subunit composition, with slotoxin weakly blocking
KCa1.1 channels assembled with β4 subunits (Garcia-Valdes et al. 2001), while
martentoxin exhibits an opposite behavior and selectively blocks α + β4 KCa1.1
(Shi et al. 2008). Other natural toxins that inhibit KCa1.1 channels are the scorpion
venom toxin BmP09 (Yao et al. 2005), and the fungal alkaloids paxilline, panitrem,
and lolitrem B, which have shown to block the channel at low nanomolar
concentrations (Imlach et al. 2009; Knaus et al. 1994b). KCa2.x channels are
characterized by their sensitivity to inhibition with the bee venom toxin apamin
(to which KCa1.1 are insensitive) (Grunnet et al. 2001; Weatherall et al. 2010). KCa2.
x channels are also inhibited by the scorpion venom toxin tamapin (Pedarzani et al.
2002). Lastly, like KCa1.1 channels, KCa3.1 are blocked by ChTX (Sforna et al.
2018; Wei et al. 2005) and by another scorpion venom peptide toxin, maurotoxin
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(Castle et al. 2003), the latter having a high affinity and selectivity for this subfamily
of KCa channels (Castle et al. 2003).

For small molecule modulators of KCa channels, several activators and inhibitors
have been described for the different subfamilies. For example, KCa1.1 channels are
activated by the synthetic compounds NS1608 (Strobaek et al. 1996) and
BMS-204352 (Gribkoff et al. 2001), which show promise in in vivo models for
the treating fragile X syndrome (Hebert et al. 2014). For KCa2.x channels, the
inhibitors UCL1684 (Strobaek et al. 2000) and NS8593 (Strobaek et al. 2006)
have been described. Regarding KCa2.x activators, CyPPA (Hougaard et al. 2007),
NS13001 (selective for KCa2.2/KCa2.3) (Kasumu et al. 2012), and NS309 (Strobaek
et al. 2004) are of notice, the latter acting by increasing the Ca2+-sensitivity of the
channel. Moreover, the KCa2.x activator EBIO (Devor et al. 1996) has shown in vivo
efficacy as an anticonvulsant (Anderson et al. 2006). Chlorzoxazone is a KCa2.2
activator (Cao et al. 2001) and muscle relaxant that has been approved for the
treatment of severe spasticity (Losin and McKean 1966). For KCa3.1 channels, the
antifungal drug clotrimazole is a classical small molecule blocker (Wulff et al.
2000), and has been used as scaffold for the development of KCa3.1 inhibitors
such as TRAM-34, which exhibits high selectivity for KCa3.1 (Wulff et al. 2000).
On the other hand, some KCa2.x activators also act on KCa3.1 channels to enhance
their activity, such as for the benzimidazolones EBIO (Devor et al. 1996), DCEBIO
(Singh et al. 2001), NS309 (Strobaek et al. 2004), and SKA-31 (Sankaranarayanan
et al. 2009). In short, the strategies that pursue the activation of KCa1.1 and KCa2.x
channels, or the inhibition of KCa3.1 channels, are the most important when it comes
to the treatment of diseases involving KCa channels (Kshatri et al. 2018).

While the biophysical features of Kir channels have been thoroughly studied, their
pharmacological modulation remains largely unexplored. Initially, inorganic cations
like Ba2+ and Cs+ were found to block the majority of Kir channels (Hagiwara et al.
1976, 1978), in a voltage- and [K+]o-dependent manner (Quayle et al. 1993).
Nevertheless, Kir7.1 shows a much lower sensitivity to the blockade by these cations
(Krapivinsky et al. 1998). Interestingly, the Kv channel blockers
tetraethylammonium (TEA) and 4-aminopyridine (4AP) have little effect on Kir

channels (Hagiwara et al. 1976; Oonuma et al. 2002). Several naturally occurring
toxins have been described as blockers of some Kir channels (Doupnik 2017). The
bee venom peptide toxin tertiapin is a Kir1.1 and GIRK channel blocker (Jin and Lu
1998; Kanjhan et al. 2005), as well as its synthetic oxidation-resistant derivative
tertiapin-Q (Jin and Lu 1999). Tertiapins are not effective blockers of Kir2.1
channels (Jin and Lu 1998). The scorpion venom peptide toxin Lq2, an isoform of
charybdotoxin (ChTX), is also a Kir1.1 blocker, and again has no inhibitory effect on
Kir2.1 (Lu and MacKinnon 1997). δ-dendrotoxin (DTX), isolated from the green
mamba snake venom, is a well-known blocker of Kv channels (Harvey and
Anderson 1985; Harvey and Robertson 2004) that is also a potent Kir1.1 inhibitor
(Imredy et al. 1998).

In addition to toxins, small chemical modulators have been isolated that activate
some Kir channels. GIRK channels are activated by small molecules such as the
ureas ML297 and GiGA1, which have shown promising anticonvulsant (Kaufmann
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et al. 2013; Zhao et al. 2020) and anxiolytic effects (Wydeven et al. 2014). Ethanol,
as well as other short-chain alcohols, also activates GIRK channels (Kobayashi et al.
1999), implicating these channels in alcohol motivational and addictive effects
(Rifkin et al. 2017). Activators and inhibitors of Kir6.x, through the interaction
with their SUR auxiliary subunits, have therapeutic applications in human (Hibino
et al. 2010). For example, sulfonylureas, such as tolbutamide (Ashfield et al. 1999),
glibenclamide (Schmid-Antomarchi et al. 1987), or glimepiride, block the Kir6.2/
SUR1 channel, stabilizing a conformation of SUR1 that prevents the pore opening
(Doyle and Egan 2003). The recent structural determination of the Kir6.2/SUR1
complex by cryo-EM (Lee et al. 2017; Martin et al. 2017) has helped in the
identification of the sulfonylurea glibenclamide binding site (PDB: 5TWV) (Martin
et al. 2017). These drugs have an important clinical use in the treatment of diabetes
mellitus II, since the blockade of Kir6.2/SUR1 expressed in pancreatic β cells
promotes insulin secretion (Ashcroft 2005). Potassium channel openers (KCO),
such as nicorandil (Horinaka 2011) and pinacidil (Muiesan et al. 1985), activate
Kir6.x channels upon SUR binding and are used in the treatment of myocardial
infarction, ischemia-reperfusion injury, and hypertension (Grover and Garlid 2000;
Mannhold 2004).

For K2P channels, many different halogenated anesthetics, such as isoflurane or
sevoflurane, stimulate the channels (i.e., TREK1, TASK1-TASK3, TRAAK, and
TRESK). These volatile anesthetics increase K2P channel open probability and K+

conductance, resulting in membrane hyperpolarization (Patel et al. 1999; Plant
2012). The mechanism of action, however, is not fully understood but some evi-
dence suggests it involves the C-terminal domain. In addition, halogenated
anesthetics could disrupt the inhibitory influence of the Gq/G11 (Chen et al. 2006).

Selective serotonin reuptake inhibitors (SSRI) fluoxetine and norfluoxetine
inhibit TREK1-TREK2 throughout the lateral portals, as visualized in the TREK2
structure (Dong et al. 2015). Interestingly, some clinical studies have described
analgesic activity as a side effect of these antidepressants, which can be explained
by their influence on K2P channels (Kennard et al. 2005), which is puzzling to
explain since the inhibition of K2P channels is expected to increase pain. For
example, fenamates are nonsteroidal anti-inflammatory drugs that selectively acti-
vate lipid-sensitive mechano-gated K2P channels, which is, together with the inhibi-
tion of pro-excitatory ion channels, the mechanism of analgesic action (Takahira
et al. 2005). Fenamates exert their influence by interacting with the N-terminus of
K2P channels (Veale et al. 2014). Finally, new compounds, like arylsulfonamide,
ML335 and the thiophene-carboxamide ML402, have been reported as activators of
TREK1,2/TRAAK (Lolicato et al. 2017).
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8 Physiology and Function

Potassium channels support a wide array of functions within the body and the brain.
Due to the extensive diversity of the K+ channel family, a discussion of the roles all
these channels play in physiology and function is beyond the scope of this chapter.
Instead, we will describe examples for each of the four general K+ channel families.

Kv channels most notably play a role in the excitability of neurons and help shape
action potentials. Kv1.1 is one of the most abundant Kv1 subunits expressed in
mammalian brain (Trimmer and Rhodes 2004) and often exists as part of a
heteromeric channel complex (Rhodes et al. 1997). Kv1.1 associates with Kv1.2 at
axon initial segments (Dodson et al. 2002; Inda et al. 2006; Van Wart et al. 2007),
where they control synaptic efficacy via modulation of the action potential (Kole
et al. 2007). The role of these channels in controlling neuronal excitability was
revealed using venom toxins such as dendrotoxin, which can elicit seizures in
rodents (Bagetta et al. 1992). In addition, mice lacking Kv1.1 are predisposed to
seizures and exhibit spontaneous seizures and changes in CNS structure (Smart et al.
1998). In humans, several loss-of-function mutations have been identified that have
been linked to episodic ataxia, myokymia disorders, and partial seizures (Zuberi
et al. 1999). In addition to direct loss of Kv1.1 channel function, mutations in a
protein that co-expresses with Kv1.1, the leucine-rich glioma-inactivated protein
1 (LGI1), have been associated with temporal lobe epilepsy (Schulte et al. 2006). In
these examples, errant changes in action potential firing frequency can lead to
various neurological and psychological disorders such as epilepsy. Targeting
Kv1.1 subunit containing channels with some form of intervention could rescue
the increased likelihood of seizures and epileptiform activity observed in humans
with loss-of-function mutations.

Kv11.1 channels, often referred to as human ether-a-go-go (hERG) channels
(Kaplan and Trout 3rd 1969), are particularly important in heart tissue. There are
two kinetically distinct components of the delayed rectifier potassium current
observed in cardiac myocytes, referred to as the rapid delayed rectifier (IKr) and
the slow delayed rectifier (IKs) (Noble and Tsien 1969a, b). These two components
are sufficient to account for cardiac repolarization (Noble and Tsien 1969b). IKr is
mediated by Kv11.1 and displays a telltale “hook” characteristic of these channels
when being recorded during deactivation (Shibasaki 1987). In cardiac cells, the slow
activation and deactivation kinetics of Kv11.1 coupled with rapid voltage-dependent
inactivation and recovery from inactivation make the current that passes through the
channels ideal for determining the duration of plateau phase of atrial and ventricular
myocyte action potentials (Sanguinetti et al. 1995; Smith et al. 1996) (Fig. 4). The
maintenance of this plateau is critical for ensuring sufficient time for Ca2+ release
from the sarcoplasm to enable cardiac contraction, and Kv11.1 current contributes to
pacemaking activity of the sinoatrial and atrioventricular node cells (Clark et al.
2004; Furukawa et al. 1999; Mitcheson and Hancox 1999). Kv11.1 is the molecular
target for most drugs that cause drug-induced arrhythmias (Sanguinetti et al. 1995),
many of which require channel opening prior to gaining access to receptor site within
the inner cavity of the channel pore (Carmeliet 1992; Kiehn et al. 1996; Yang et al.
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Fig. 4 Examples of physiological role of KV, KCa, Kir, and K2P channels. KV Mutant Kv11.1
(hERG) in cardiac myocytes (green) exhibits a rapid repolarization as compared to wild type (black)
Kv11.1 channels. Expression of Mutant Kv11.1 results in a change in IKr and a less sustained action
potential in cardiac tissue, an indication of short QT syndrome (SQTS). SQTS produced by the
expression of mutant Kv11.1 channels can lead to atrial fibrillation and sudden cardiac arrest. KCa

KCa1.1 (BK) channels in the suprachiasmatic nuclei (SCN) are essential for the maintenance of the
circadian rhythm. The expression of BK channels is enhanced at night, decreasing SNC neuronal
activity to keep an activity pattern (high SCN neuronal activity during daytime, and low at
nighttime) responsible for circadian rhythmicity. In KCNMA1�/�mice this neuronal activity pattern
is lost, with SNC neurons similarly active during day and night. This leads to an increased
locomotor activity of KCNMA1�/�mice during the day, due to the altered SCN pacemaker function
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1995). All clinical compounds developed need to be screened for off-target activity
on Kv11.1 channel, which could potentially result in arrhythmias. Mutations in the
KCNH2 gene that encodes Kv11.1 underlies chromosome 7-associated long QT
syndrome (LQTS type 2), accounting for roughly 40% of cases of genetically
confirmed LQTS (Fig. 4).

In all genotypes that produce long QT intervals there are some common traits:
they occur at an early onset and LQTS carries an increased risk for sudden cardiac
arrest (SCA) (Priori et al. 2003). Individuals with LQTS exhibit disruptions in
T-wave morphology that are characteristic for different subtypes of LQTS (type
1, 2, and 3) (Moss et al. 1995; Zhang et al. 2000). Disruptions in T-waves may not be
apparent at rest, especially in individuals with type 2 LQTS, who develop a bifid or
notched T-wave appearance during exercise (Takenaka et al. 2003). It is still
unknown why reduced Kv11.1 function presents with this bifid or notched T-wave
pattern; however, some initial evidence suggests this phenotype may be due to an
increase in transmural dispersion of repolarization in cardiac myocytes when Kv11.1
current is reduced (Shimizu and Antzelevitch 2000). With LQTS different behaviors
are most associated with negative cardiac events or SCA. For type 1, exercise is the
primary risk factor (62% of individuals), arousal is the primary trigger (43%) for
type 2, and rest or sleep is the most common trigger (49%) for type 3 (Schwartz et al.
2001). While risk factors have been well defined and tools like EKG (Fig. 4) can be
used to diagnose individuals, there is still limited understanding of the influence
common polymorphisms of the KCNH2 gene can play in the disorder.

In contrast to LQTS, short QT syndrome (SQTS) is a disorder with a shortened
duration of the QT interval on an electrocardiogram. This disorder is usually
accompanied by atrial fibrillation (Patel et al. 2010). Like LQTS, SQTS appears to
arise from mutations in the KCNH2 (Zhang et al. 2011) which result in reduced
inactivation and a greater current flow during the plateau of the cardiac potential
(Fig. 4), leading to the ventricular and atrial action potential having a shorter
duration and a shortening of the QT interval and predispose the individual to sudden
cardiac death (Brugada et al. 2004). More on cardiac K+ channels can be found in

Fig. 4 (continued) (Meredith et al. 2006; Montgomery et al. 2013). Kir Kir6.2 is expressed in
pancreatic β cells together with its auxiliary subunit SUR1, where it plays a key role in glucose
homeostasis: upon food intake and subsequent glucose and ATP increase, the latter inhibits Kir6.2/
SUR1 channels, promoting cell depolarization, Ca2+ intracellular increase, and insulin secretion.
The human gain of function mutation β-V59M in Kir6.2 leads to a type of neonatal diabetes. Mice
bearing this mutation reproduce the human phenotype, exhibiting decreased KATP currents and
glucose response (measured as intracellular Ca2+ increase) in β cells (Girard et al. 2009) and
impaired insulin secretion upon food intake (Brereton and Ashcroft 2013). K2P TREK2 increases
K+ outflow in response to heat, within the 24–42�C range. Nociceptive expresses TREK2, which
regulates non-aversive warmth perception. In a wild-type individual, heat-sensitive c-fibers increase
their firing activity gradually as they approach 42�C. The lack of TREK2 in mice significantly
increases the number of action potentials by 30% in the 30–40�C range compared to wild type.
TREK2�/� mice exhibit hyperalgesia, since tail flick latencies upon 40 and 42�C bath immersion
are reduced

26 J. Taura et al.



chapters “Cardiac K+ Channels and Channelopathies” and “Cardiac hERG K+

Channel as Safety and Pharmacological Target”.
KCa channels are widely expressed in both neuronal and non-neuronal tissues,

where they play a diversity of physiological roles that are based on their ability to
couple membrane potential and the intracellular Ca2+ concentration (Berkefeld et al.
2010). Increases in [Ca2+]i lead to an outward K+

flux through KCa channels that
contributes to cell hyperpolarization. This helps to maintain Ca2+ homeostasis,
limiting Ca2+ influx either through voltage-gated Ca2+ channel inactivation or
increasing the activity of Na+/Ca2+ exchangers (Fakler and Adelman 2008).
KCa1.1 channels (BK channels) are mainly expressed with β1 subunits in the
vascular smooth muscle (Latorre et al. 2017), where these play a key role in the
regulation of the vascular tone (Brenner et al. 2000b; Latorre et al. 2017). Ca2+

release from the sarcoplasmic reticulum forms Ca2+ sparks that activate BK
channels, inducing vasodilation (Latorre et al. 2017; Pluger et al. 2000). The
dysfunction of KCa1.1 channels or β1 mutations is involved in altered
vasoregulation, such as hypertension (Dogan et al. 2019; Latorre et al. 2017).
KCa1.1 expression has also been described in the intercalated cells of the kidney,
in complex with either β1 or β4 subunits, where they participate in K+ secretion
(Holtzclaw et al. 2011). Importantly, KCa1.1 channels are abundant and broadly
found in the CNS (Sausbier et al. 2006), where they mainly associate with β4
subunits (Weiger et al. 2000). In neurons, KCa1.1 channels contribute to different
processes involved in neuronal excitability, such as AP repolarization (Storm 1987),
mediation of the fast phase of the AHP (Gu et al. 2007; Lancaster and Nicoll 1987;
Storm 1987) and shaping the Ca2+ dendritic spikes (Golding et al. 1999), as well as
to the modulation of neurotransmitter release (Griguoli et al. 2016; Yazejian et al.
2000).

Of particular interest is the role of KCa1.1 channels expressed in the
suprachiasmatic nuclei (SCN) in the regulation of the circadian rhythm (Fig. 4)
(Meredith et al. 2006; Montgomery et al. 2013; Whitt et al. 2016). KCa1.1 expression
and outward currents are increased during nighttime (Montgomery et al. 2013),
decreasing SCN neuronal activity at night. This decrease in activity is essential to
maintain the high amplitude of the neural activity pattern in the SCN that restricts
locomotor activity to the appropriate phase (night) (Montgomery et al. 2013). In
KCNMA1 (gene encoding KCa1.1) knockout mice, the SCN neural activity ampli-
tude is lost, altering the SCN pacemaker function, and making mice more active
during daytime (Meredith et al. 2006) (Fig. 4).

KCa3.1 expression has been observed in diverse set of cells, including epithelial,
vascular endothelial, vascular smooth muscle cells (Wulff and Castle 2010),
hematopoietic cells, such as erythrocytes, lymphocytes, monocytes, and
macrophages (Logsdon et al. 1997), and in CNS-resident immune cells, namely
microglia (D’Alessandro et al. 2018; Ferreira et al. 2014). KCa3.1 plays an essential
role in regulating cellular volume (Sforna et al. 2018), mediating the Ca2 + -dependent
K+ efflux that is part of the regulatory volume decrease (RVD) that occurs upon cell
swelling (Sforna et al. 2018; Vandorpe et al. 1998). This regulation of cellular
volume links KCa3.1 channels with cell migration, since volume increases in one
edge for protrusion and decreases for retraction (D’Alessandro et al. 2018).

Comparison of K+ Channel Families 27



Interestingly, this role of KCa3.1 channels also accounts for their involvement in
glioblastoma multiforme, where KCa3.1 is necessary for cell infiltration, and which
expression correlates with worse prognosis (D’Alessandro et al. 2018; Turner et al.
2014).

Kir channels are widely expressed throughout the organism, playing a variety of
roles in different cells and tissues. Their characteristic inward rectification accounts
for their contribution not only to the maintenance of the resting membrane potential
in excitable cells (Hibino et al. 2010), but also to the preservation of ionic gradients
in renal tissues (Welling 2016). The ATP sensitivity of Kir6.x channels (Terzic et al.
1995) accounts for their physiological role, coupling the cellular metabolism with
the excitability of the membrane (Tinker et al. 2018). Several Kir6.x and SUR
subunits combinations are expressed in different tissues (Hibino et al. 2010). Cardiac
myocytes and skeletal muscle express Kir6.2/SUR2A, where they play a protective
role against ischemia-reperfusion (Suzuki et al. 2002) and as linkers to glucose
metabolism (Weik and Neumcke 1989), respectively. In vascular smooth muscle,
the predominant isoform is Kir6.1/SUR2B (Aziz et al. 2014), which participates in
the regulation of the vascular tone (Aziz et al. 2014). Kir6.2/SUR1 channels have
been described in hypothalamic neurons (Ashford et al. 1990), where they play a role
in coupling glucose metabolism to glucagon secretion (Miki et al. 2001), and also in
pancreatic β cells (Fig. 4). In these cells, Kir6.2/SUR1 are key players in glucose
homeostasis, linking glucose metabolism to insulin secretion (Ashcroft et al. 1984).
An increase in glucose levels elevates intracellular ATP, which binds to SUR1
closing Kir6.2 channel pore (Fig. 4) and promoting β cell depolarization, with the
subsequent increase of intracellular Ca2+ that leads to insulin secretion (Hibino et al.
2010). Importantly, mutations in Kir6.2 and SUR1 lead to a range of insulin secretion
disorders (Fig. 4) (Remedi and Koster 2010). Gain of function mutations are
responsible for different types of neonatal diabetes (Gloyn et al. 2004) (Tinker
et al. 2018), while loss of function mutations in both Kir6.2 and SUR1 cause
congenital hyperinsulinism and hypoglycemia (Nestorowicz et al. 1997; Tinker
et al. 2018). Sulfonylureas block Kir6.2 channels through their interaction with the
SUR subunits and are commonly used for the treatment of diabetes (Ashcroft 2005).

In the case of Kir4.x and Kir5.1 channels, Kir4.1 homotetramers and Kir4.1/Kir5.1
heterotetramers are abundantly expressed in astrocytes (Hibino et al. 2004a) and in
retinal Müller glial cells (Ishii et al. 2003), where they play an essential role in the
spatial buffering extracellular K+, helping maintain the osmotic balance (Hibino
et al. 2004a; Ishii et al. 2003). Kir4.1/Kir5.1 and Kir4.2/Kir5.1 channels have also
been found in the kidney, particularly in the basolateral surface of renal epithelial
cells (Lourdel et al. 2002; Tanemoto et al. 2000), where they contribute to the
maintenance of the driving force required for Na+ reabsorption by recycling K+

across the basolateral membrane (Huang et al. 2007; Palygin et al. 2017). Moreover,
Kir4.1/5.1 is also expressed in the cochlea of the inner ear (Hibino et al. 1997,
2004b), contributing to the generation of the endocochlear potential of the inner ear
endolymph (Hibino and Kurachi 2006). Mutations in Kir4.1 lead to the SeSAME
syndrome (Scholl et al. 2009), with a symptomatology characterized by seizures,
sensorineural deafness, ataxia, mental retardation, and electrolyte imbalance (SeS-
AME), that correlates with Kir4.1 expression in the organism (Scholl et al. 2009).
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K2P channels are expressed in motoneurons (Berg et al. 2004; Talley et al. 2000),
dorsal root ganglion (DRG) neurons (Kang and Kim 2006; Pereira et al. 2014),
cortical, hippocampal, hypothalamic neurons (Fink et al. 1996; Medhurst et al.
2001), cerebellar granule neurons (Plant et al. 2002) and cortical astrocytes (Hwang
et al. 2014). In particular, K2P channels in the DRG control the generation of an action
potential through thermal-gating of TREK2 (Fig. 4). TREK2 increases K+ outflow in
response to heat, within the 24–42�C range (Kang et al. 2005). Nociceptive neurons in
the DRGs that innervate most of the body surface express TREK2, which regulates
non-aversive warmth perception. In a wild-type individual, heat-sensitive c-fibers
increase their firing activity gradually as they approach 42�C, due to the activation
of mainly thermosensitive transient receptor potential (TRP) channels (Caterina et al.
1997). However, in mice lacking TREK2, the number of action potentials significantly
increases by 30% in the 30–40�C range compared to wild type. Additionally,
TREK2�/� mice exhibit hyperalgesia, since tail flick latencies upon 40 and 42�C
bath immersion are reduced (Pereira et al. 2014) (Fig. 4). Overall, the channel, neuron,
and animal behavior indicate the following: TREK2 by being active with heat
contributes to a hyperpolarizing environment in the nociceptive neurons which
dampen nociceptive signals upon non-aversive warmth.

K2P malfunctioning has been extensively associated to different pain
manifestations such as neuropathic pain or migraine. TRESK also contributes to
background current in DRG neurons (Plant 2012; Tulleuda et al. 2011). TRESK is
downregulated in spared nerve injury (SNI) model of chronic pain in rats. Interest-
ingly, the hyperalgesia and gliocytes activation are reduced after inducing recombi-
nant TRESK gene overexpression (Zhou et al. 2017). TWIK1 and TASK3 are also
reduced in SNI. However, their levels are restored after weeks in the case of TWIK1
and months for TASK3 (Pollema-Mays et al. 2013). Multiple TRESK mutations in
humans have been associated to migraine with aura (Lafreniere et al. 2010; Rainero
et al. 2014). Proximal point mutations in regions close to the pore (i.e., A34V and
C110R) lead to smaller TRESK currents (Andres-Enguix et al. 2012). TRESK
deletions display dominant-negative phenotype in heterologous systems when is
co-expressed with wild-type TRESK (Lafreniere and Rouleau 2011). Together,
these studies suggest TRESK as a target for new analgesics.

A noteworthy contribution of the K2P channels in the brain is their implication on
glutamate release from astrocytes. Classically, neurons have been exclusively
attributed for fast glutamatergic synaptic transmission. However, recent studies
have shown astrocytes induce slow and fast glutamate release, involving
mechanisms of neuron-like exocytosis or transporter/channel mediated. Astrocytes
display a leaky membrane with a low resistance, attributed to primarily the out-
wardly rectifier TREK1 (Fink et al. 1996). Activation of TREK1, either directly or
upon CB1 activation Gβγ to the N-terminal, induces astrocytic glutamate release
(Woo et al. 2012). TREK1 downregulation eliminates glutamate release fast mode
but does not affect the slow mode. Interestingly, the “non-functional” TWIK1 is also
expressed in astrocytes and forms a functional heteromer with TREK1 (Hwang et al.
2014).
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Potassium channels are present in every living cell and essential to setting up a
stable, non-zero transmembrane electrostatic potential which manifests the
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and regulation, such as the controlled release of hormones, the activation of
T-cells for immune response, the firing of action potential in muscle cells and
neurons, etc. Pharmacological reagents targeting potassium channels are impor-
tant for treating various human diseases linked to dysfunction of the channels.
High-resolution structures of these channels are very useful tools for delineating
the detailed chemical basis underlying channel functions and for structure-based
design and optimization of their pharmacological and pharmaceutical agents.
Structural studies of potassium channels have revolutionized biophysical
understandings of key concepts in the field – ion selectivity, conduction, channel
gating, and modulation, making them multi-modality targets of pharmacological
regulation. In this chapter, I will select a few high-resolution structures to
illustrate key structural insights, proposed allostery behind channel functions,
disagreements still open to debate, and channel–lipid interactions and
co-evolution. The known structural consensus allows the inference of conserved
molecular mechanisms shared among subfamilies of K+ channels and makes it
possible to develop channel-specific pharmaceutical agents.

Keywords

Activation, deactivation, and inactivation · Co-evolution of channels and lipids ·
Energetics and allostery · Ligand-gated K+ channels · Lipid-dependent gating ·
Pharmacological regulators and small molecule compounds · Structure-based
drug design · Voltage-gated K+ channels (Kv)

1 Importance of High-Resolution Structures
to Pharmacology of K+ Channels

Potassium channels are ubiquitously present in all three kingdoms of life because all
living cells utilize negative transmembrane electrostatic potential for material trans-
port and signal transduction (Iwasa and Marshall 2015). Setting up of negative
resting transmembrane potential relies on potassium channels that keep it close to
the Nernst potential of K+, which is set by a gradient of high intracellular [K+] and
low extracellular [K+] across plasma membranes maintained by ionic transporters.
Continued consumption of chemical energy drives such an off-equilibrium state at a
cost of net increase in total entropy. The need of K+ channels in plasma membranes
is thus intrinsic to all cells. Because cells vary in their lipid environments and their
functions, K+ channels must diversify and adapt to such changes in cellular
environments (Jiang 2018). With the cellular environments changing in space and
time, a cell may alter the expression level of different types of K+ channels in order to
satisfy its needs. Such a diversification of K+ channels in adaptation to cellular
environments makes them suitable targets for developing specific pharmaceutical
reagents that may treat human diseases caused by malfunctions of K+ channels
(Ashcroft 2000).

A specific type of cells may express their own subsets of K+ channels in their
membrane systems in order to satisfy their functional needs. For example, cerebellar
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Purkinje neurons are morphologically specialized in order to accept input from
thousands of neuronal cells, integrate signals from them, and send out uniquely
coded signals (Martina et al. 2007; Masoli et al. 2015). The expression of K+

channels in a Purkinje neuron is spatially and temporally regulated such that the
cell may fire a specific pattern of action potentials in order to coordinate or balance
the activities in its incumbent neural circuit between central and peripheral nervous
systems. Each Purkinje neuron expresses dozens of different types of ion channels,
including multiple K+ channels (Masoli et al. 2015). Pharmacological manipulation
of these channels may allow cell-specific regulation or modulation of physiological
activities at the systems level.

Structures of K+ channels are important not only to the basic understandings of
their functional determinants, but also to the development of channel-specific phar-
macological reagents including small molecule compounds. Due to the conserved
pore domains and diversified regulatory domains among K+ channels, it might be
preferential to develop chemical reagents targeting the regulatory domains to
achieve high channel-specificity. Understanding the structural basis defining the
functions of the pore and regulatory domains becomes an essential component for
pharmacology of K+ channels. Even though structural studies often only reveal static
snapshots of the channels ensnared in energetically favored states and it is still
debated whether some of the fundamental allostery behind the structural
rearrangements for channel functions is truly defined by structural snapshots or is
biased by structural interpretations, specific sites of action for channel pharmacology
are usually valid and channel structures in complex with the reagents can be obtained
for structure-guided drug design or optimization. In the next sections, I will highlight
some of the key chemical underpinnings for different types of K+ channels and
reveal conserved and diversified domains that may become suitable sites of action
for pharmacological regulation of K+ channels. A word of caution is that there is
always a gap between high-resolution structures and functional states of the channels
in their native environments even though structural biologists may always have the
best expectations on a genuine mapping between the two. Cell biologists and
molecular geneticists sometimes may argue whether the biophysical mechanisms
revealed by structural studies of K+ channels might be out of context, if not purely
artificial, or may state that structural studies of either soluble or membrane proteins
in crystallization conditions or by cryo-EM in many cases, if not leading to biophys-
ical artifacts, do not open new areas in biology. It suffices to say that most, if not all,
molecular structures reflect good approximations to physical states that are fre-
quently visited by functional channels in their native environments, which should
be sufficient for structure-based design or development of pharmaceutical agents and
justifies cautious tests of these agents for practical applications.
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2 Phylogenetic Subfamilies of K+ Channels and Their Typical
Structural Models

A typical tetrameric K+ channel has one pore domain in each subunit, four of which,
homotypically or heterotypically, together form the ion-conducting pore (Fig. 1a.I),
and whose selectivity segments are responsible for achieving high ion selectivity.
Regulatory domains of a K+ channel may be directly linked to either terminus of the
pore domain or in an accessory subunit (Fig. 1a.II and IV). A small number of K+

channels contain two pore domains in each subunit (Fig. 1a.III) such that two
subunits suffice to form a functional channel. Based on the number of pore domains
per subunit and the regulatory factors that modulate them, the K channels may be
classified into different phylogenetic subgroups as in Table 1.

Typical topology of the transmembrane domains of K+ channels is depicted in
Fig. 1a, which defines four main subfamilies. The pore domain of a K+ channel is
responsible for selective permeation of K+ ions at a diffusion-limited speed, which
means that the chemical structure for selecting K+ ions against other cations does not
introduce any energetic trap or barrier to slow down the crossing of ions through the
pore (Hille 2001). The regulatory domains of K+ channels include the

Fig. 1 Transmembrane topology and a simple gating scheme for K+ channels. (a) Each subunit
may have only the pore domain which is made of two transmembrane helices and a pore loop made
of a short pore helix and a selectivity loop afterwards (I). This is sometimes referred to as 1P
topology, whose duplication leads to the 2P topology in III. A typical Kv channel has a voltage-
sensing domain (VSD) attached to N-terminal side of a 1P domain (II). The Ca2+-activated K
channels may have an extra transmembrane helix (TM0 or S0) before its voltage-sensor domain
(IV). Other structural or functional domains may be attached to the N- and/or C-terminus or the
loops between transmembrane segments in some channels. (b) A channel can be switched among
closed states before reaching the open state (O), and both closed states (Co . . .Cx) and the open state
(O) can switch into the inactivated states (I1 and I2). Some channels may have multiple open states
and multiple routes to switch from closed states to the open ones. The structural studies presumably
catch channels in some of these gating states, which may leave uncertainty in the interpretation of
structural data
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voltage-sensing domains (VSDs) in voltage-gated potassium (Kv) channels, Ca2+-
sensitive domains, ATP/ADP-sensitive domains, Gβγ, PIP2-binding sites, etc. Some
ion channels are known to be sensitive to lipids or lipid-soluble components, such as
nonphospholipids, alcohol, heme, etc. (Jiang 2018, 2019). There are many high-
resolution structures of K+ channels available and Table 1 lists the PDB codes for
only a fraction of them. Instead of being inundated by detailed structural features, I
will discuss key structural components for the four typical subfamilies, which may
serve as the main themes for K-channel pharmacology. More detailed introductions
on using these structural components for developing pharmaceutical reagents will be
covered in later chapters.

3 A Simplified Gating Model for Different K+ Channels

A channel may essentially be in conductive or nonconductive states, quick switching
between them leading to intermediate states. A sodium pump is generally used by
eukaryotic cells to exchange sides of three sodium and two potassium ions per ATP.
For a typical K+ channel with a single channel conductance of say 20 pS, a
1-millisecond opening at 0 mV in a typical cell under physiological conditions

Table 1 Subfamilies of K channels

# Pore
domains Regulatory factors Typical channels

Typical structures (PDB
codes)

Two
(2P)

Temperature,
mechanical stretch,
lipids, anesthetic
agents, etc.

K2P subfamily include
TWIK; TREK; TASK;
TRAAK, TALK; THIK;
TRESK, etc.

3UKM, 4RUE, 4RUEF,
4I9W, 6V36, 6CQ6, 3UM7

One
(1P)

Voltage-sensor
domain (VSD)

Kv1–Kv12 Kv1.2chim (2R9R)

** Accessory
subunits for Kv
channels

Kvβ, minK, MiRP, KCNE,
KCNIP

2I2R, 2NZ0, 2EB3

Calcium activated
(KCa)

BK, SK, IK, MthK 6V3G, 6V38, 6A6E,
6UWN,6U5R, 6U6D,
6AEJ, 6AEF

ATP-sensitive KATP 6TWV, 6PZ9, 5WUA,
6JB1, 63CO,

GPCR activation GIRK 3SYA, 3SYP, 3SYO,
3SYQ,4KFM

PIP2 ROMK (Kir1.x); Kir2-6, Kv7 2QKS, 2WLN, 6M84,
3SPH, 6O9T

Nucleotide HERG (Kv11.1), Eag1, 5K7L,5VA1

Nonphospholipids Kv2, Kv4.3, KvAP, Kir 6UWM, 1ORQ

Others (temperature,
pH, alcohol, stretch,
etc.)

KcsA, BK, ROMK, NaK,
Kv, etc.

1BL8, 1K4C, 1R3J, 2IH1,
2HVJ, 2HVK, 3TEF,
6H8P, 3FB5, 3FB6, 3GB7,
2NFU

** Accessory subunits have no pore domains
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would allow 10,000 K+ to move out of the cell, which would require the consump-
tion of 5,000 ATP molecules to be moved back. It is therefore naturally important for
cells to let the K+ channels stay in the conductive state only transiently at transmem-
brane potentials deviating from the K+ Nernst potential. A process used to switch a
channel between conductive and nonconductive states is called gating. The open
(conductive) states of many channels are not stable and can go through a process
called inactivation to become nonconductive. It is thus possible to use a generic,
simplified model with multiple closed (nonconductive) states, one open state and
two nonconductive, inactivated states to describe schematically the gating of various
K+ channels and correlate their structures with these functional states (Fig. 1b) (Jiang
2018).

Pharmacological reagents may recognize channels in these states or in gating
states resembling any of them in order to maintain the channel pore either conductive
(channel openers or agonists) or nonconductive (channel blockers, inhibitors, or
antagonists). Structures of Kv channels in complex with these modulators will offer
accurate chemical insights to refine their binding poses and redesign them in order to
enhance their efficacies.

4 Structural Basis for Ion Selectivity of K+ Channels

The pore structure revealed the exquisite chemical coordination of K+ ions in the
pore domain. The first crystal structure of the bacterial KcsA channel made a deep
mark in history (Doyle et al. 1998; Morais-Cabral et al. 2001; Zhou et al. 2001)
(Fig. 2a) and revolutionized our understandings of the pore structure for the K+

channel family (Fig. 2b). The selectivity loops (TTVGYG) from four subunits
jointly form the structure of the selectivity filter (SF), which contains four main
K+-binding sites (called K1, K2, K3, and K4 sites; Fig. 2b). Each K+ in every one of
the four binding sites is stabilized by eight carbonyl oxygens of the peptide bonds in
the pore loops, whose partial negative charges neutralize at least in part the positive
charge of the K+ ion and stabilize it in the binding lattice. Structures in other
potassium channels corroborated the SF structure and the K+ binding sites
(Table 1 and next). Studies of the nonselective NaK and its mutants suggested all
four binding sites are required to achieve high selectivity (Alam and Jiang 2009a, b;
Linn et al. 2010; Derebe et al. 2011a). Molecular dynamics analysis also suggested
that destabilizing the K2 site would impair the selectivity significantly (Aqvist and
Luzhkov 2000; Berneche and Roux 2000). Together, these data showed that the
geometric arrangement of atoms in the SF and the chemical interactions are chiefly
responsible for K+ selectivity against smaller ions like Na+ and Li+ or larger ions like
Cs+ or Rb+. On the other hand, Tl+, being very close to K+ in radius (1.4 Å versus
1.33 Å), can move across the channel equally well as K+ does (Zhou and MacKinnon
2003). These suggest that the geometric factor be a decisive one in defining
selectivity, even though other factors, such as the electric field or the stability of
the SF structure, may be important as well.
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The refined occupancies of the four K+ binding sites, long-run molecular dynam-
ics simulations, and other data suggest two distinct models for K+ permeation across
the SF in a single profile fashion (Zhou and MacKinnon 2003; Kopfer et al. 2014;
Coates 2020). The main difference is on whether two K+ ions are able to occupy two
neighboring binding sites without an intervening water molecule (Fig. 2c vs. d).
First, the chemical nature of the pore structure at atomic resolutions and the
consideration of strong Coulombic repulsion between K+ led to a “throughput

Fig. 2 Structural basis for ion selectivity and fast permeation in a K+ channel. (a) Structural model
of the KcsA channel (PDB ID 1K4C), showing two transmembrane helices and the pore helix of
each subunit as blue ribbons and the selectivity loops in yellow. One subunit in the front is taken
away for presentation. K+ ions in the selectivity filter (SF) and the cavity are presented as green
balls. (b) Electronegative carbonyl oxygens (red) of the selectivity loops coordinate and stabilize the
K+ ions in four binding sites (K1-K4; here not using the usual S1-S4 labels). (c) Throughput cycle
of K+ ions switching between two different configurations in SF ([K2, K4] and [K1, K3]) for
outward flux. Always two K+ and two water molecules, denoted as green and small red balls,
respectively, are in the SF. This is named “soft knock-on” because of the separation of two
neighboring K+ ions by a water molecule. (d) Throughput cycle by a “hard knock-on” model
through three distinct configurations in SF for outward flux. The three depicted states all have one
pair of K+ ions in two neighboring binding sites without an intervening water. The knock-on of a K+

from the bottom of the SF (cavity site) into the two-ion state (left) would knock off the water
molecule in the K4 site such that no water flow would accompany the K+

flux. Figure panels
adapted from references (Morais-Cabral et al. 2001; Zhou et al. 2001; Kopfer et al. 2014; Kopec
et al. 2018) with permissions in accord with the PMC open access policy
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cycle” of K+ and water through the SF (Fig. 2c), which is also called the “soft knock-
on,” “water-mediated knock-on,” or “indirect knock-on” (Kopec et al. 2018). Fur-
ther, refinement of B-factor and ion occupancy from the anomalous data of Tl+ in the
KcsA crystals gave rise to a calibrated occupancy of ~0.5 for all four binding sites in
the SF, accounted for by the equal probability of K+ in [WKWK] and [KWKW]
configurations (Aqvist and Luzhkov 2000; Zhou and MacKinnon 2003). This model
predicted two water molecules in the SF and water permeation together with K+,
both of which were supported by experimentally measured streaming potential
(Alcayaga et al. 1989). IR spectroscopy and solid-state NMR analysis supported
the hydration of SF and mutational studies can catch the intermediate state of the
throughput cycle (Blasic et al. 2015; Kratochvil et al. 2016). Such ample amount of
evidence has cemented the “soft knock-on model” pretty well, which has been
generally accepted and is a textbook presentation (Iwasa and Marshall 2015).

However, in 2014 the de Groot group and their collaborators performed very long
molecular dynamics calculations to catch thousands of permeation events across the
SF of the KcsA and NaK2K channels and re-did the occupancy analysis of the Tl+

anomalous signal reported by Zhou et al. in 2003 (Kopfer et al. 2014; Kopec et al.
2018; Shi et al. 2018). They found that the absolute occupancy of K+ in KcsA (PDB
ID 1r3j) and MthK (PDB ID 3ldc) is nearly unity for all four sites. The intermediate
permeation steps suggested that there are always a pair of K+ ions in two neighboring
sites (Fig. 2d), and the knocking of a dehydrated K+ into the SF removes the H2O
(at the fourth site) and leads to a 0KKK configuration of three K+ ions in a row. The
resulted throughput cycle is called a “direct knock-on” mechanism for ion perme-
ation. It is also called “hard knock-on.” Brownian dynamics simulation and the
energetic profiling due to Coulombic interactions in the SF could account for the
high rate of ion permeation, much faster than the water-mediated “soft knock-on”
(Kopec et al. 2018). Further, reanalysis of the IR spectroscopy seemed to suggest
that the “direct knock-on mechanism” can explain the data equally well without
water permeation coupled with K+ crossing. Solid state NMR studies of the NaK2K
channel in membrane suggested that the SF was not hydrated, contradicting the
neutron diffraction/solid-state NMR data that supported the soft knock-on (Blasic
et al. 2015; Kopec et al. 2018; Oster et al. 2019).

In contrast, a careful check of the different populations of ion configurations in
the SF – 0KKK (47%), KK0K (28%), KKKK (14%), 0KK0 (5.0%), K0KK (4.0%),
and KKK0 (3.0%) from the simulated events reported by Kopec and colleagues [see
Fig. S3 in (Kopec et al. 2018)] suggested the relative occupancies of the four sites
(K1-K4) to be 0.49: 0.96: 0.73: 0.93, which contradict with the absolute occupancies
of near unity (0.92: 0.80: 1.0: 1.0) derived from the SHELXL/SHELXD analysis of
the anomalous signal from Tl+-soaked crystals (Kopfer et al. 2014). The
contradictions between the two models for ion permeation, the opposite
interpretations of the IR spectroscopic data, the anomalous X-ray scattering signals
and the NMR data, and the contradicting ion occupancies between the simulated
permeation events and the analysis of anomalous X-ray scattering data will need to
be fully examined and resolved before the “direct knock-on” mechanism will
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become a dominant model in the field because of more overwhelming evidence for
the soft knock-on (Fig. 2).

The pore of the K channels is believed to contain two different gating
mechanisms: one at the SF (called the SF gate) and the other at the intracellular
bottom of the inner helices (called the inner gate; Fig. 2a). Gating by definition
means a change in the pore that favors or disfavors energetically ion passing through
it. The gate could be a physical (geometric) block or a chemical block due to
environmental changes, such as increased hydrophobicity (dewetting or hydropho-
bic gate) or electro-positivity (electrostatic gate). In KcsA the inner gate is linked to
its pH-sensor in the intracellular side. In MthK, the inner gate is coupled to the
allostery of the RCK domains inside. In Kv channels, the inner gate is linked or
coupled to the structural rearrangements in the voltage-sensor domains (VSDs). In
BK channels, both the VSDs and the RCK domains may exert control to the
energetic changes of hydrated K+ ions near the inner gate. Pharmacological agents
may act on or around the SF or the inner gate in order to keep the pore open (opener)
or keep it closed (blocker). We will discuss the SF gate in the section on channel
inactivation.

5 Structural Diversity Among Voltage-Gated Potassium
(Kv) Channels and Differences in the Physical Movements
of the Voltage-Sensor Domains (VSDs)

Voltage-gated ion channels (VGICs) are present in all living cells (Hille 2001). Their
dysfunction causes severe diseases (Poolos 2005; Bjerregaard et al. 2006; Cox et al.
2006; Estevez 2006; Howard et al. 2007; Kordasiewicz and Gomez 2007;
Rajakulendran et al. 2007; Pietrobon 2010; Tremblay and Hamet 2010; Xie et al.
2010; Baig et al. 2011; Poolos and Johnston 2012; Shribman et al. 2013). Except
voltage-gated H+ (Hv) channels which have their ion-conducting pores within the
VSDs, all known VGICs contain four subunits/domains, each of which is made of
6 transmembrane α-helices (TMs; S1–S6 in Fig. 1a.II), and consist of a central pore
and four flanking VSDs (Fig. 3a). The first four TMs (S1–S4) form a helical bundle
and act as the voltage-sensing domain (VSD). The S5 and S6 of a Kv channel
correspond to the TM1 and TM2 of the KcsA channel, respectively (Fig. 2a). Their
gating means the switch of the VSDs or the pore between “down and up” or “closed
and open” states, respectively. A 4th TM (S4) in a VSD often contains four evenly-
spaced positively-charged residues (R1-R4) believed to move inside a gating pore
(Fig. 3b) that is divided into outer (or upper) and inner (or lower) crevices by a
“hydrophobic gasket” or the gating charge transfer center (Tao et al. 2010; Li et al.
2014a). Structures of multiple VSDs assigned to the “up” or “intermediate closed”
states reveal significant structural variations among them and in the coupling of
VSDs to PDs (Payandeh et al. 2011; Wu et al. 2015; Guo et al. 2016; Kintzer and
Stroud 2016; Whicher and MacKinnon 2016; Hite and MacKinnon 2017; Lee and
MacKinnon 2017; Wang and MacKinnon 2017b). Recently reported Kv structures
by cryo-EM further testified the structural diversity (Whicher and MacKinnon 2016;
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Lee and MacKinnon 2017; Sun and MacKinnon 2017; Wang and MacKinnon
2017a), which appears to have evolved for their diversified needs to function in
varying native lipid environments.

Past studies of VGICs in different membrane systems have revealed very impor-
tant mechanistic insights. Key residues for voltage sensing and chemical basis for
ion selectivity are established, revealing a range of gating charges per channel
(Schoppa et al. 1992; Heginbotham and MacKinnon 1993; Heginbotham et al.
1994; Aggarwal and MacKinnon 1996; Seoh et al. 1996; Schoppa and Sigworth
1998; Islas and Sigworth 1999, Islas and Sigworth 2001; Starace and Bezanilla
2001; Zhou and MacKinnon 2003, 2004; Payandeh et al. 2011; Tang et al. 2014).
Despite structural variations among VSDs (Fig. 3b), congruent structural features in
PDs ensure fast ion conduction and high ion selectivity. But coupling between VSDs
and PDs may vary markedly (Jiang et al. 2003a; Lee et al. 2005; Long et al. 2007;
Clayton et al. 2009; Tao et al. 2010; Payandeh et al. 2011, 2012; Zhang et al. 2012;
Catterall 2014; Takeshita et al. 2014; Tang et al. 2014; Whicher and MacKinnon
2016; Hite et al. 2017; Lee and MacKinnon 2017; Sun and MacKinnon 2017; Tao
et al. 2017; Wang and MacKinnon 2017a, b). The VSD in a Ciona voltage-sensitive
phosphatase (Ci-VSP) is not coupled to a PD, but instead to an enzyme. Its two states
showed a one-register movement (~5 Å translation and ~60� rotation) of its S4 and
minor changes in the other three α-helices, largely in accord with an intermediate

Fig. 3 Architecture of a Kv channel and structural variations among VSD structures. (a) A KvAP
structure modeled after the Kv1.2/2.1 chimera structure (PDB ID 2R9R) shows a central pore
domain (red circle) and four flanking VSDs. The S1/S2 are in gray and the S3/S4 in red. Four Arg
residues in the S4 are showed in blue balls. (b) Five different VSD structures aligned with S4 Arg
residues across the gating pores. Outer (upper) and inner (lower) crevices separated by a hydropho-
bic gasket (red dashed lines). In a resting (down) state, all four Arg residues (R1–R4) are expected
to be in the inner crevice and drive the pore domain into the closed state. Panels modified from
references (Long et al. 2007; Li et al. 2014a) with permissions following the PMC open access
policy
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“down” states reported in structures of NavAb and TPCs (Payandeh et al. 2011; Li
et al. 2014b; Guo et al. 2016; Kintzer and Stroud 2016) and agreeing with a short
vertical dislocation of the KvAP VS paddle in the gating pore (not in lipids), a
6–10 Å S4 shift in the focused-field model, a 310-helix sliding in the Rosetta
modeling of NavAb, or a toxin-induced motion of Nav1.7 VSD (Jiang et al.
2003a, b; Ahern and Horn 2005; Yarov-Yarovoy et al. 2006; Vargas et al. 2012;
Xu et al. 2019). Despite these appealing models, a structure of a canonical VGIC in
the fully resting state with four VSDs in a “down” state remains unknown,
disallowing direct comparisons of VSDs of the same channel in the “up” and
“down” states, which still await further structural investigations. Similarly,
structures of Kv’s expected to be in steady-state inactivation failed to exhibit such
a conformation, probably because experimental conditions did not enrich proteins in
the right state (Shin et al. 2004; Kurata and Fedida 2006; Long et al. 2007; Cuello
et al. 2010a; Cuello et al. 2010b; Li et al. 2017a, 2018; Matthies et al. 2018). These
two aspects highlight not only some uncertainty of structural studies in state assign-
ment, but also the importance of obtaining more structural information of the same
VGICs in distinct gating states in near-native environments.

The main open question on voltage-dependent gating is how the VSDs change
their structures in response to change in transmembrane electrostatic potential. There
are clear and sometimes strong structural variations among VSDs (Fig. 3b), which
might be a source for the observed differences in VSD rearrangements by different
groups. Adding more to structural variations, the spatial arrangement between VSDs
and PDs may be domain-swapped or non-swapped (Tao and MacKinnon 2019) and
the coupling between the two domains through the S4-S5 linkers could vary
substantially. Almost all the known VSD structures of various Kv channels differ
from each other, albeit they all are 4-helix bundles. All structural changes resolved
so far by X-ray and cryo-EM have only showed small local rearrangement of one or
two Arg residues. Although the structural variations may be difficult to reconcile in
order to reveal coherent structural basis for the VSD movement in voltage-gating,
such differences among VSD structures suggest a strikingly rich source and a solid
structural basis for VSD-targeting pharmacological agents that can modulate the
voltage-gating of a specific subtype of Kv channels.

6 Structural Basis Underlying the N-Type Inactivation

N-type inactivation refers to the fast inactivation of the channel (Fig. 1b) empowered
by a short peptide that inserts into the cavity of an open pore from the intracellular
side. It is also called the ball-and-chain inactivation (Zagotta et al. 1990; Keynes
1992; Gomez-Lagunas and Armstrong 1994). It was first demonstrated in the Shaker
K+ channel whose N-terminal sequence serves the ball (Zagotta et al. 1990;
MacKinnon et al. 1993). The inactivation peptide can also be presented by accessory
subunits (De Biasi et al. 1997; Yellen 1998). For the Kv-type channels the ball-and-
chain action on the channel pore has not been physically observed in structural
studies. Recently, in a MthK channel structure by single particle cryo-EM analysis
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(Fan et al. 2020), it was possible to catch the structure with the N-terminal peptide
inserted in the open pore (Fig. 4a, b), which was missing in the structure of a mutant
MthKΔ2-17 channel lacking the peptide (Fig. 4c).

7 Structure Determinants for Channels in a Steady-State
Inactivation

Besides the N-type inactivation, many channels undergo a steady-state inactivation
that was named the C-type inactivation because initially it was found to be
contributed by the C-terminal region, around the S6 helix (Hoshi et al. 1991;
Boland et al. 1994; Baukrowitz and Yellen 1995). The C-type inactivation reflects
an allosteric rearrangement of the pore structure in the open state that leads to the
closure of the ion-conducting pathway. It is believed by many in the field that there
are at least two different pathways leading to the C-type inactivation – one goes from
the open state and the other from the closed state(s) (Klemic et al. 2001; Kurata et al.
2005; Kurata and Fedida 2005). It is unclear whether these two pathways (Fig. 1b)
ultimately lead to the same structure of the inactivated channel. Although multiple
Kv channels at zero mV were expected to transit into an inactivated state, their
structures did not reveal distinct features of such a state, e.g., see Long et al. (2007);
Wang and MacKinnon (2017b). Instead, the structures were assigned to specific
states based on a generic gating mechanism for Shaker-like channels. For example,
Kv1.2 is expected to be inactivated, but its structures in detergents and phospholipid
nanodiscs are the same, both reflecting probably the open state (Long et al. 2007;
Matthies et al. 2018). The lipid-dependent gating of Kv channels suggests that these

Fig. 4 Structural evidence for the N-type ball-and-chain inactivation. (a) A cryo-EM structure of
the transmembrane part of the Ca2+-activated MthK channel in the open state with an N-terminal
ball peptide inside the cavity. Only two subunits are shown with the structural models as blue and
yellow ribbons in the map (gray). (b) Schematic cartoon shows the ball-and-chain relative to the two
subunits of the transmembrane pore region. The model from cryo-EM structure is in blue (subunit
B) and yellow (subunit D), and the overlaying model in beige is from the crystal structure (PDB ID
3LDC). (c) The cryo-EM structure co-responding to two subunits of the transmembrane domain of
the deletion mutant lacking the N-terminal ball peptide. Figure panels were reproduced from Fan
et al. (2020) with permissions following PMC open access policy
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channels may require nonphospholipid-rich environments for them to be at proper
energetic levels and in right states [(Jiang 2018, 2019); see Sect. 9].

In the transmembrane part, there are at two different ways to cause pore closure
by deactivation or inactivation – one at the SF and the other at or close to the inner
gate region (Fig. 2a). We still don’t have structures reflecting the putative
VSD-related inactivation, which likely is linked to structural changes at or near the
inner gate region. Instead, the structural basis for the pH-triggered activation and the
SF-based inactivation has been studied extensively in the pore domain of KcsA
(Cuello et al. 2010a; Ostmeyer et al. 2013; Li et al. 2018). Crystallographic studies of
KcsA suggested that the channel inactivates through the collapse of the SF (Cordero-
Morales et al. 2007; Cuello et al. 2010a) (Fig. 5). The two gates in combination give
rise to four different states, which essentially suggests that the opening of the inner
gate during activation is coupled to the collapsing (constriction) of the SF and
induces an inactivated state at the filter region through the flipping of the peptide
backbone and the destabilization of some of the ion-binding sites (Zhou et al. 2001;

Fig. 5 Possible structural basis for C-type inactivation. (a) Gating cycle of KcsA. The PDB codes
(1K4C, 1K4D, 5VK6, and 5VKE) represent structures of the wild-type channel in high (1K4C) and
low (1K4D) K+ solutions and its two mutants – (E71A) and Y82A. The latter two were assigned to
two different functional states. The C/O, O/O, O/I, and C/I pairs denote the state of the inner gate
(C or O in the first position) and that of the SF gate (O or I in the second position), respectively. The
collapse of the SF, affecting the K2 and K3 ion-binding sites in KcsA, correlates with SF
inactivation. (b) G77dA KcsA pore does not collapse in high or low K+, but it still inactivates as
the wild-type channel, suggesting that the SF collapse is not essential for inactivation. (c) SFs of the
hERG, hERG S631A, EAG1 and Kv1.2/2.1 chimera (KvChim) compared at a level corresponding
to the KcsA Y78. hERG C-type inactivation might result from a subtle movement of F627 in the SF,
which causes a slight reorientation of the carbonyl oxygens in the SF and may affect the K1 site. (d)
KvChim mutant V406W has low occupancy of K1 and inactivates quicker than the wild-type,
suggesting that small changes that affect the energetics of K+ ions in the site are sufficient to affect
inactivation. Panels were adapted from references (Cuello et al. 2010a; Matulef et al. 2016; Pau
et al. 2017; Wang and MacKinnon 2017a) with permissions following PMC public access policy
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Derebe et al. 2011b). For example, in Fig. 5a, the second and third ion-binding sites
were less stable in the O/I state as suggested by the KcsA Y82A structure.

The idea of the collapse or constriction of the SF region for C-type inactivation
faced some challenges. (1) In a semisynthetic channel – G77dA KcsA, which
contains a D-alanine at G77 position, the collapse of the SF was never experimen-
tally observed (Fig. 5b), even in 1.0 mM K+, but the channel inactivates normally as
the wild-type (Valiyaveetil et al. 2004, 2006; Devaraneni et al. 2013; Matulef et al.
2016). (2) The E71A KcsA showed two X-ray structures with normal and G77
flipped configures in the SF, but the E71A channel in membrane is almost always
open (Cordero-Morales et al. 2006, 2007). Given that crystallography tends to keep
the channels in the most stable states, it is puzzling that E71A does not visit the
collapsed state in membranes. (3) So far, all other reported structures of K+ channels
in high [K+] without introducing mutations to the SF regions have not showed the
collapsed configuration, although multiple of them were expected to inactivate
(Figs. 3a and 4a, c).

On the other hand, molecular dynamics simulation has suggested that the col-
lapsed state might be less stable under the cryogenic temperature, but could be
visited by the channel in membrane at physiological temperatures (Li et al. 2017a,
2018). Further, the HERG K+ channel has strong closed-state inactivation (Fig. 1b),
but its cryo-EM structure revealed no constriction of SF (Wang and MacKinnon
2017a). Subtle changes in the conserved F627, equivalent to Y82 of KcsA, were
proposed to destabilize the K1 ion-binding site and accelerate inactivation (Fig. 5c),
which was observed in a mutant Kv1.2 chimera (Fig. 5d) (Pau et al. 2017).
Furthermore, these subtle changes might still need more testing because destabiliza-
tion of the K1 site was expected to impair ion selectivity (Fig. 2c, d) (Derebe et al.
2011a; Matulef et al. 2016). The various mutants destabilizing the SF itself are
reminiscent of the W434F mutant in the Shaker channel, which introduced a faster
C-type-like inactivation (Yang et al. 1997). Similar to ion permeation across the SF
and the motion of the VSDs for voltage-gating, the disagreements on the C-type
inactivation in KcsA-like channels and VGICs await further experimental evidence
to settle.

8 Ligand-Gated Potassium Channels and the Structural Basis
for Their Gating

Ligand-gated K+ channels play critical regulatory roles among different cell types. A
lot of studies have been done, and multiple structures have been published. Due to
space limitation, I will only briefly describe key structural features and point the
readers to other cited articles that provided more detailed insights or analysis of
structural features. More details will also be discussed by others in this volume. The
K2P channels may form a separate subfamily, but are grouped here with the ligand-
gated channels because of their roles in integrating different regulatory signals.
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8.1 Ca2+-Activated Potassium (KCa) Channels

The importance of KCa resides in its connection to Ca2+ signaling inside different
cells, especially in cardiovascular system (McCobb et al. 1995; Cox et al. 1997;
Saito et al. 1997; Salkoff et al. 2006; Pyott et al. 2007; Singh et al. 2012; Zhou et al.
2017; Lingle et al. 2019). Some of these channels have an extra transmembrane
segment that sends its N-terminus to the extracellular side (Fig. 1a.IV). They have
functional voltage-sensor domains that harbor intrinsic gating charges much smaller
than the Shaker-like Kv channels (Contreras et al. 2012). The structural studies of
this family started with the crystal structures of the MthK (Jiang et al. 2002), a
bacterial Ca2+-regulated channel that has no VSDs, but contains relatively-
conserved intracellular C-terminal regulatory domains, called RCK domains, that
bear similarity to the C-terminal domains of eukaryotic BK channels and are known
to bind Ca2+. Initially the open pore structure of the MthK was proposed to close at
the inner gate. But in eukaryotic BK channels, mounting evidence suggested that the
inner gate remains largely open during different gating modes (Zhou et al. 2017).
The recent cryo-EM structures of the acBK and Slo2.2 channels in both Ca2+-free
and Ca2+-bound states showed that the inner gates remained open, despite some
minor changes at the interfaces between the RCK domains and the transmembrane
domain (Hite et al. 2015, 2017; Hite and MacKinnon 2017; Tao et al. 2017)
(Fig. 6a).

Certainly, lack of physical closure is not equivalent to lack of gating. Environ-
mental changes at the inner gate and/or inside the cavity might create a chemical
barrier (Jia et al. 2018) (Fig. 6b). The conformational changes in the SF might also
contribute to the gating process. Indeed, in recent cryo-EM structures of MthK in
nanodiscs, the channel was closed at the inner gate due to hydrophobic residues (L95
and I99; Fig. 6c) (Fan et al. 2020). A similar hydrophobic gating (dewetting) was
proposed for the Ca2+-free BK channel, whose cavity region is likely to become
more hydrophobic and prohibitive for K+ permeation (Fig. 6d). These data are not
sufficient to rule out a possible coupling of the slight inner helix motion to the
closure of the SF gate, which would make the pore nonconductive as proposed for
KcsA (Fig. 5a).

The KCa channels are good druggable targets for pharmacological modulations of
the physiological activities in their residing cells. Certain toxins have been identified
and extensively studied on these channels (Kaczorowski and Garcia 2016). It is
expected that the pore, the VSDs, and the RCK domains may all be druggable. High-
resolution structures by cryo-EM will become useful for structure-based drug design
in the near future.

8.2 Structures of KATP Channels

ATP is the energy currency in all cells. ATP-gated K+ channels (KATP) connect
cellular metabolism and energy level to the change in transmembrane potential,
cellular excitability and signaling. It is thus well expected that KATP plays important
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roles in different cells, especially in neuronal cells, which are exquisitely sensitive to
ATP-deficiency and O2-level. By cryo-EM three groups have worked on the
structures of Kir/SUR complexes and obtained 3D reconstructions at intermediate
to near-atomic resolutions (Lee et al. 2017; Li et al. 2017b; Martin et al. 2017; Ding
et al. 2019; Martin et al. 2019). Figure 7a shows a 3.3 Å map with the channel pore
surrounded by four SUR subunits. The structure was stabilized by ATPγS and
repaglinide (RPG). RPG is an inhibitor. In membrane, the SUR1 interacts with the
Kir6.2 via a hydrophobic interface (TMD0-L0) (Fig. 7b, c). The whole model for the
complex is presented in Fig. 7d. Under the experimental conditions the channel
structures showed a closed pore. An ATP-binding pocket on the surface of the Kir
part is located at the interface made of an N-terminal loop of one Kir subunit, the

Fig. 6 Structures of Ca2+-activated K channels and hydrophobic gating at the inner gate. (a)
Structure of acBK channel in high Ca2+/Mg2+. (b) Minor structural rearrangements of acBK from
the metal-bound (blue) to metal-free (red) state, showing that the inner gate is wide-open, and the
RCK domains experience some subtle changes that lead to small rearrangements at the interface
between the RCK domains (gating ring) and the transmembrane part, which are not enough to move
the inner gate. (c) Structure of the Ca2+-free MthK in nanodisc, showing a closed state at the inner
gate due to hydrophobic residues and the physical motion of the inner gate. (d) The proposed
hydrophobic gating of BK due to the switching of side chains of apolar residues (yellow arrow)
lining the cavity to make it less favorable for hydrated K+ ions to pass. Panels were adapted from
references (Hite et al. 2017; Tao et al. 2017; Jia et al. 2018; Fan et al. 2020) with permissions
following the PMC open access policy
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C-terminal (cytoplasmic) domain (CTD) of a neighboring Kir and a loop of the
SUR1 subunit (Fig. 7e). Key positively-charged residues contribute to ATP-binding,
and this ATP-binding site is right below the PIP2-binding site. The channel activa-
tion needs PIP2 to open the inner gate (Baukrowitz et al. 1998). The ATP-binding
makes the pore nonconductive, probably through a gate at the top of the CTD
(similar to what is shown in Fig. 8). The Mg-ADP/Mg-ATP binding to the canonical
binding site in the NBD1 of the SUR1 leads to partial reactivation of the channel.
The RPG-binding to the middle tunnel of the TMD1 domain of the SUR1 subunit
removes the Mg-ADP-induced partial reactivation and keeps the pore nonconduc-
tive, which then depolarizes the transmembrane potential in pancreatic β-cells and
augments the release of insulin-secretory granules to the blood stream (Gribble et al.
1998; Proks et al. 1999). Due to such physiological roles, KATP is connected
genetically to diabetes and has been a major drug target.

Fig. 7 Structure of the KATP channel. (a) Cryo-EM map of the Kir/SUR1 complex at 3.3. Å
showing the arrangement of density and binding sites for ATPγS and RPG relative to the mem-
brane. (b). Subunit arrangement viewed from the intracellular side. RPG binds inside the SUR1.
ATPγS binds to the NBD1 of the SUR1 as well as at the channel/SUR1 interface. (c). The TMD0-
L0 region of the SUR interfaces with the Kir subunit through hydrophobic interactions. (d) The
molecular model of the whole octameric complex with one SUR1 subunit close to the reader
removed for clarity. The white box locates the ATP-binding site at the Kir/SUR interface and is
expanded in (e) to show the key residues important for the ATP-binding sites. Panels adapted from
original publications (Li et al. 2017b; Ding et al. 2019; Martin et al. 2019) with permissions in
accord with the PMC public access policy
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8.3 GPCR-Coupled K+ Channels

Similar to KATP, other Kir channels form their own subgroups and may be regulated
by various factors. As an example, the GIRK channels are discussed here, partly due
to their possible connections to a large number of G-protein-coupled receptors
(GPCRs) (Logothetis et al. 1987). These channels integrate extracellular signals
with the change in transmembrane potential and cellular excitability. The inward
rectification of these channels is due to the intracellular cations, such as polyamines
and Mg2+, that can enter into the pore from the intracellular side when carried by an
outward flow. It is known that multiple Kir channels need PIP2 binding from the
inner leaflet in order to open the inner gate (Fig. 8a) (Whorton and MacKinnon
2011). The GIRK has a gate right underneath the PIP2-binding interface, called the
G-loop gate, which could be open transiently in the presence of Gβγ (Fig. 8b)
(Whorton and MacKinnon 2013). The binding of four Gβγ subunits causes a
counterclockwise rotation of the cytoplasmic domain (CTD) relative the transmem-
brane domain (viewed from inside), which pulls the G-loops, leading to a higher
probability for the gate to open (Po ~ 0.15) (Mullner et al. 2003). There is a Na+-
binding pocket at the interface next to the G-loop gate, which could explain the
increased opening of GIRK when local Na+ concentration increases due to cell
excitation and Na+ influx (not showed in Fig. 8) (Ho and Murrell-Lagnado 1999).
The role of SF gate in the GIRK channels is not clear, although it might also

Fig. 8 Structural basis for GIRK gating. (a) The structure of GIRK2 in a closed state (left; Kir3.2;
PDB ID 3SYO). The transmembrane domain forms the pore structure, resembling KcsA, which
would have both an SF gate and an inner helix gate. The beta-rich CTD domains form a tetramer
containing an ion-conducting tunnel in the middle that is pinched closed at the top of CTD with the
G-loop gate right under the presumed inner helix gate. Right: The two lower gates presumably may
open by splaying laterally the inner helices (top; PDB ID 3SYA) or the G-loops (bottom; PDB ID
3SYQ). (b) Opening of the two lower gates by PIP2 and Gβγ, respectively (PDB ID 4KFM). The
PIP2-binding drags the interfacial and inner helices laterally to pen the inner helix gate. The beta-
wheel of the Gβγ attached to the CTD laterally through both hydrophobic and electrostatic
interactions, causing the opening of the G-loop gate in a stochastic fashion and thus a higher Po
than in the absence of Gβγ. Panels adapted from original publications (Whorton and MacKinnon
2011, 2013) with permissions under the PMC public access
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contribute partially to the low single channel open probability in the presence of both
PIP2 and G-protein activation by the coupling of the inner gate opening to a possible
closure of the SF gate (Fig. 5a).

8.4 Two-Pore K+ Channels (K2P)

The K2P channels (KCNK subfamily with 15 known genes) contain two
concatenated pore domains with four helices and two pore loops such that two
copies of them together can form a functional channel (Figs. 1a.III and 9) (Ketchum
et al. 1995; Brohawn et al. 2012, 2014a; Miller and Long 2012; Lolicato et al. 2014,
2017; Bayliss et al. 2019). They are outward-rectifying probably due to high [K+]
inside and low [K+] outside the cell. So far, we have crystal structures of K2P1,
K2P2, and K2P4. There is a domain-swapping between the two subunits resolved in
the Fab-bound TRAAK (K2P4) structure (Brohawn et al. 2013, 2014a). These
channels have a cap region that is helix-rich and stabilized by disulfide bonds. The
apposition of the cap to the outer orifice of the SF (Fig. 9a) makes it necessary for the
outflowing K+ ions to move laterally (two red arrows) and also renders it impossible
for conventional pore blockers to approach the SF from right above. TEA, pore-
binding toxins, etc. thus fails to block K2P channels. The crystal structures reveal

Fig. 9 Structural features of the K2P channels. (a) The crystal structure of a K2P4 channel shows
the helical bundle in the cap region right above the SF (the top K0 ion-binding site), leading to two
lateral flux pathways marked by red arrows (PDB IDs: 4I9W, 4RUE, 4RUF). The SF is the same as
in Fig. 2a. The inner helices at the inner gate region are far away from each other such that the inner
gate might not be used to close the pore. There is domain-swapping between the two subunits in the
cap region. At the dimer interfaces there are two lateral portals that allow hydrophobic molecules to
access the cavity and block the pore. Upward movement of the inner helix 2 is likely to block the
lateral portals and relieves the channel from lipid-soluble blockers. (b) A view of the inner gate
region and the cavity from the intracellular side along the central axis. K+ ions are shown as purple
balls. Panels adapted from original publications (Brohawn et al. 2014a) with permissions under the
PMC public access policy
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two lateral portals at the two dimer interfaces, which allow acyl chains or hydropho-
bic lipid-chain-analogs to reach the cavity region from the inner leaflet of the
membrane and block ion conduction. The inner helix gate is wide-open (Fig. 9b),
making it less likely to gate the pore via physical motion. The arachidonic acid might
activate the channel by competing away the hydrophobic chains in the lateral portals,
but not blocking the channel pore. Alternatively, it might introduce changes in
mechanical stretch in the bilayer to open the channel (Brohawn et al. 2014a, b).
The SF gate might be coupled to the inner helix movement such that the up-down
motion of the inner helices (IH2) could lead to the C-type-like inactivation. The K2P
channels are thought to be regulated by lipids, neurotransmitter-activated second
messenger pathways, anesthetics, phosphorylation, SUMOylation, lipophilic drugs,
mechanical stretch in bilayer membranes as well as thermal fluctuations. How these
changes are integrated by different K2P channels remains unclear or controversial.
Recently, it was reported that the TRAAK channels are preferentially distributed to a
majority (~80%) of mammalian nodes of Ranvier in myelinated axons in both
central and peripheral nervous systems and serve as the long-known “leak” K+

conductance that is important for action potential firing at the nodes (Brohawn
et al. 2019). Whether the channels at the nodes of Ranvier are able to sense and
integrate various different regulatory factors remains a question for future
investigation.

9 Lipid-Dependent Gating of Kv Channels, and Lipid-Soluble
Pharmacological Agents

Kv channels function in cell membranes that contain both phospholipids (Group I)
and nonphospholipids (Group II). All major human lipid metabolic defects alter
nonphospholipid distribution in plasma membranes (Kolter and Sandhoff 2006) and
may cause severe neurological defects and early death (Bellettato and Scarpa 2010;
Bolsover et al. 2014; Cheng 2014). Some cases of neurodegenerative diseases are
linked to lipidomic changes (Mesa-Herrera et al. 2019). Chemical depletion of
cholesterol (CHOL) inhibits or stimulates VGICs (Hajdu et al. 2003; Bowles et al.
2004; Pouvreau et al. 2004; Xia et al. 2004; Heaps et al. 2005; Abi-Char et al. 2007;
Balijepalli et al. 2007; Pottosin et al. 2007; Guo et al. 2008; Chun et al. 2010; Finol-
Urdaneta et al. 2010; Huang et al. 2011; Purcell et al. 2011; Coyan et al. 2014;
Rudakova et al. 2015; Balajthy et al. 2016), probably due to complicated (intra)-
cellular effects of the chemical depletion and the heterogeneous lipid domains in cell
membranes. But chemical loading of CHOL invariably exerts inhibitory effects to
VGICs (Jiang 2019). My group has consistently observed that nonphospholipids in
homogeneous membranes favor KvAP in a resting state with its VSDs in the “down”
conformation. This state apparently is equivalent to the physiological “resting” state
driven by hyper-polarization of transmembrane electrostatic potential (Zheng et al.
2012). We named such a non-phospholipid-induced conformational change of the
VSDs as a steady-state “lipid-dependent gating.” The lipid-dependent gating can
account for all results from my lab as well as the partial immobilization of gating
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charges in different Kv channels after sphingomyelinase treatment of cell
membranes (Xu et al. 2008), the lack of activity from Kv channels clustered in
CHOL-rich domains (O’Connell et al. 2010), the gating charge immobilization of
Kv4.3 in midbrain dopamine neurons treated by endocannabinoids (besides change
in inactivation) (Gantz and Bean 2017), CHOL-induced change of Nav1.9 activity in
DRG neurons and pain sensation (Amsalem et al. 2018), and the allosteric changes
of a bacterial Nav channel (MVP) in Group II lipids (Randich et al. 2014). We hence
proposed that lipid-dependent gating may mediate more general inhibitory effects of
nonphospholipids on VGICs. Lipid-dependent gating may be less strong for certain
eukaryotic voltage-gated Na+ (Nav) or Ca2+ (Cav) channels (Hajdu et al. 2003;
Bowles et al. 2004; Pouvreau et al. 2004; Xia et al. 2004; Heaps et al. 2005;
Abi-Char et al. 2007; Balijepalli et al. 2007; Pottosin et al. 2007; Guo et al. 2008;
Chun et al. 2010; Finol-Urdaneta et al. 2010; Huang et al. 2011; Purcell et al. 2011;
Coyan et al. 2014; Rudakova et al. 2015; Balajthy et al. 2016), probably because
their four VSDs differ in function and could be shielded (at least partially) from
annular lipids by auxiliary transmembrane subunits (Catterall 1988; Calhoun and
Isom 2014; Hofmann et al. 2015; Wu et al. 2015).

These observations support the idea that in membranes of different lipid
compositions, the voltage-gated channels may change their VSD conformations
and switch into different gating states (Fig. 1b). Further, different Kv channels are
known to be distributed into specific locations in a cell, say a neuron with many
processes, and function in a local environment with specific lipid composition or
lipid domains. In this sense, we believe that the K+ channels have evolved together
with the lipid organization/distribution in cell membranes where these channels are
delivered to function. The distribution of Kv2.1, Nav1.6, and TRAAK in
the paranodes and nodes of Ranvier is a recent example (Brohawn et al. 2019).
The lipid compositions of the axonal membranes in the nodes, the paranodes, and the
juxtaparanodes are pretty different such that the K+ channels are foreseeably
regulated by the local lipid molecules.

Following the same line of thinking, we expect that unconventional lipid
molecules, which are not well-studied or characterized in different membrane
domains, may have specific gating effects on K+ channels. PIP2 and its analogs are
well demonstrated to be important for multiple Kir and Kv7 channels. Gangliosides,
glycosphingolipids, plasmalogen lipids, lysolipids, long-chain fatty acids,
cannabinoids, and analogs, etc. are less studied examples.

10 Unresolved Questions on the Structural Bases of K+

Channels and Future Directions

Structural analysis of the DNA double helix led the way to modern Molecular Cell
Biology and has raised many new biological and biomedical questions, whose
solutions drove scientists to achieve better mechanistic understandings and offer
more accurate physical descriptions of biological processes. It is probably safe to say
that the same has happened to the K+ channels in the past two decades or so. The
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pioneering studies of KcsA have provided a succinct, precise description of the
conserved structural features for high K+ selectivity against other smaller or larger
cations and in the meantime achieving high permeation rate. The studies of Kv,
ligand-gated K+ channels, and K2P channels have unlocked many secrets on the
gating and regulation of these channels. There are still multiple open questions on
the differences between the soft knock-on and hard knock-on models, the
discrepancies on whether SF constriction and destabilization of ion-binding sites
are an essential and universal mechanism behind C-type inactivation, and the
proposed roles of environmental changes at or near the inner gate region besides
the physical constrictions (closure) being the conventional (activation-) gating of the
channels. The voltage-dependent gating has encountered equal or more
disagreements because different biophysical methods have revealed different models
for the VSD movement in membranes, and different calibrations have yielded
varying dimensional changes from a few to dozens of angstroms. Almost all VSD
structures from different proteins have taken slight or much more variations (Fig. 3b)
and the obtained structures assigned to different states have revealed local
rearrangements of one or two charged residues, rather than what was expected
from the canonical displacement of all four charged S4 residues, from one side of
the gating pore to the other. Lack of the same Kv channel in three or more distinct
conformational states as depicted in Fig. 1b has been a major limiting factor (Tao
et al. 2010). It might be essential to implement new strategies to satisfy this need or
utilize reconstituted Kv channels in vesicles to enable voltage-jump and recapitulate
the gating process for cryo-EM studies (Jiang et al. 2001; Jensen et al. 2016). The
gating of ligand-gated K+ channels and the K2P channels still have a lot of
unknowns. Reconstituting the gating processes on cryo-EM grids other than in the
milieu for growing 3D crystals might be a better strategy for addressing these open
questions (Lee et al. 2013; Llaguno et al. 2014).

With the development of new digital electron counting devices, better energy
filters and phase plates, cryo-EM studies of all four main groups of K+ channels
(Table 1) will be advanced to approach truly atomic resolutions (~1.2 Å or better).
Using chemically functionalized ultrathin carbon (ChemiC) films (Llaguno et al.
2014), we expect to be able to control and synchronize K+ channels along the
reaction coordinates for their gating process such that individual channel molecules
will be frozen in motion and their structures would be easier to be matched with
particular gating states.

From a pharmaceutical standpoint, gaining deeper structural insights and
performing structure-based drug design all need preferentially structures at atomic
resolutions and in well-defined physiological states. The structural studies of the K+

channels together with their molecular modulators will expectedly unleash the
secrets needed for developing better treatment for many human diseases caused by
dysfunctions of K+ channels. Many investigators have been working in these areas
as exemplified in the other chapters of this volume.
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Abstract

In this review, we consider the pharmacology of potassium channels from the
perspective of these channels as therapeutic targets. Firstly, we describe the three
main families of potassium channels in humans and disease states where they are
implicated. Secondly, we describe the existing therapeutic agents which act on
potassium channels and outline why these channels represent an under-exploited
therapeutic target with potential for future drug development. Thirdly, we con-
sider the evidence desired in order to embark on a drug discovery programme
targeting a particular potassium channel. We have chosen two “case studies”:
activators of the two-pore domain potassium (K2P) channel TREK-2 (K2P10.1),
for the treatment of pain and inhibitors of the voltage-gated potassium channel
KV1.3, for use in autoimmune diseases such as multiple sclerosis. We describe
the evidence base to suggest why these are viable therapeutic targets. Finally, we
detail the main technical approaches available to characterise the pharmacology
of potassium channels and identify novel regulatory compounds. We draw
particular attention to the Comprehensive in vitro Proarrhythmia Assay initiative
(CiPA, https://cipaproject.org) project for cardiac safety, as an example of what
might be both desirable and possible in the future, for ion channel regulator
discovery projects.

Keywords

CiPA · hERG · Kv1.3 · Patch-clamp electrophysiology · Potassium channel ·
TREK-2

1 Potassium Channel Families

Potassium selective ion channels are pore-forming proteins that allow the flow of
potassium ions across membranes, primarily, but not exclusively, the plasma mem-
brane. Potassium channels regulate cell excitability, control cell resting membrane
potential and determine the shape of the action potential waveform in cells that use
action potentials such as neurons and cardiac cells. However, potassium channels are
present in virtually all cells within the body, influencing a wide range of diverse
processes.

Potassium channels are the largest class of mammalian ion channel proteins. The
human genome contains over 75 genes that encode for the primary (alpha)-subunits
of potassium channel proteins. These genes are divided into either three or four
(Taura et al. 2021) distinct families in mammals (see Fig. 1) that encode pore-
forming subunits based on their structural and functional properties.
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The number of different, functioning ion channel proteins is, potentially, much
greater than this because of the formation of heteromeric channel subunit
combinations. Diversity is further enhanced by subunit variation due to alternative
splicing, alternative translation initiation (ATI) and by co-assembly with accessory
proteins. A standardised nomenclature for potassium channels has been proposed by
NC-IUPHAR (Adelman et al. 2019; Aldrich et al. 2019; Attali et al. 2019; Bayliss
et al. 2019). Nomenclature of K channels, however, remains a divisive topic. Whilst
formal classification exists (KV1.x, Kir1.x, K2P1.x, etc.,), there is an established and
entrenched literature which utilises the more familiar potassium channel names such
as hERG, BKCa, KATP, TWIK, KCNQ1, etc., that are often much more recognisable
to researchers both within and outside the field. In this review, we have attempted to
accommodate both positions by using either nomenclature where appropriate.

An introduction to potassium channels is given in Taura et al. (2021) and a
comprehensive description of each channel subtype and its pharmacology is given
by NC-IUPHAR’s Guide to Pharmacology: (http://www.guidetopharmacology.org/
GRAC/FamilyDisplayForward?familyId¼696).

An up-to-date snapshot of current K channel pharmacology, in particular a
tabulated summary of the important properties of each subfamily of K channels, is
provided by the related Concise Guide to Pharmacology (Alexander et al. 2019).

Fig. 1 Potassium channel families

Pharmacological Approaches to Studying Potassium Channels 85

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=696
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=696
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=696


1.1 6TM Potassium Channels

The six transmembrane domain (6TM), family of K channels is the largest of the K
channel families and is made up of the voltage-gated KV subfamilies, the KCNQ
subfamily (which includes KCNQ1 channels, KV7.1), the EAG subfamily (which
includes hERG channels, KV11.1), the Ca

2+ activated KCa subfamilies and the Na+

activated KNa subfamilies. Sometimes, the latter two subfamilies are classified in a
separate family (Taura et al. 2021). There are 40 human voltage-gated potassium
channel genes belonging to 12 “KV” subfamilies. In nerve cells and cardiac cells, KV

channels regulate the waveform and firing pattern of action potentials. They may
also regulate the cell volume, proliferation, and migration of a wide range of cell
types.

Each KV channel contains four pore-forming α-subunits and may also contain
auxiliary β-subunits that affect the channel function and/or localisation (Gonzalez
et al. 2012; Vacher et al. 2008). Each pore-forming subunit of KV channels contains
six transmembrane segments (S1-S6, hence 6TM), with the first four transmembrane
segments (S1-S4) constituting the voltage sensor and the last two transmembrane
segments flanking a pore loop (S5-P-S6) as the pore (P) domain. The P domain for
all K channels contains the sequence T/SxxTxGxG which is termed the K selectivity
sequence. Within each of the KV subfamilies, homomeric and heteromeric channels
may form with a range of functional properties (González et al. 2012; Johnston et al.
2010).

KV channel modulators may inhibit channel activity either by occluding the
channel permeation pathway, as in the case of pore-blocking toxins and inner pore
blockers, or through interacting with the voltage sensor to stabilise the closed state of
the channel, as in the case of gating modifier toxins. Some small molecules act by
binding to the gating machinery as gating modifiers, or by interacting with the
interface between the α- and β-subunits to alter channel activity (Wulff et al.
2009). Mutations of KV channel genes may cause neurological diseases such as
episodic ataxia and epilepsies, heart diseases and deafness (Lehmann-Horn and
Jurkat-Rott 1999; Kullmann and Hanna 2002; Abriel and Zaklyazminskaya 2013;
Villa and Combi 2016).

1.2 2TM Potassium Channels

The 2TM domain family of K channels is also known as the inward-rectifier K
channel family (Kir). Seven structurally distinct subfamilies of the Kir family have
been identified in mammals. This family includes the strong inward-rectifier K
channels (Kir2.x) that are constitutively active, the G-protein-activated inward-
rectifier K channels (Kir3.x) and the ATP-sensitive K channels (Kir6.x, which
combines with sulphonylurea receptors to form the functional channel complex).
The pore-forming α subunits form tetramers, and heteromeric channels may be
formed within subfamilies (e.g. Kir3.2 with Kir3.3). KIR channels play central roles
in control of cellular excitability and K+ ion homeostasis. KIR channels possess only
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two membrane-spanning helices and have evolved distinct voltage-independent
mechanisms for opening and closing, including gating by G proteins, pH and ATP.

Mutations in Kir channels cause a range of diseases including Bartter syndrome
(Simon et al. 1996), Andersen-Tawil syndrome leading to ventricular arrhythmias
(Plaster et al. 2001), epilepsy (Buono et al. 2004; Ferraro et al. 2004), vasospastic
angina (Miki et al. 2002) and neonatal diabetes (Gloyn et al. 2004). Loss of Kir4.1
expression abolishes endo-cochlear membrane potential and causes deafness in
Pendred syndrome (Wangemann et al. 2010).

1.3 4TM Potassium Channels

The 4TM family of K channels (K2P) underlies background currents, which are
expressed throughout the body. They are open across the physiological voltage-
range and are regulated by many neurotransmitters and physiological mediators. The
pore-forming α-subunit contains two pore loop (P) domains and so two subunits
assemble as dimers to form one pore lined by four P domains in the functional
channel. Some of the K2P subunits can form heterodimers across subfamilies
(e.g. K2P3.1 with K2P9.1).

K2P channel subtypes have emerging roles in a multitude of physiological
responses and pathological conditions (Mathie et al. 2021a), including action poten-
tial propagation in myelinated axons (Brohawn et al. 2019; Kanda et al. 2019),
microglial surveillance (Madry et al. 2018), inflammation (Bittner et al. 2009),
cancer (Pei et al. 2003; Mu et al. 2003; Sun et al. 2016), cardiac arrhythmias
(Decher et al. 2017) and pain (Alloui et al. 2006; Devilliers et al. 2013; Vivier
et al. 2017).

2 Classical Pharmacology of Potassium Channels

At least some of us will have taken, or will take in the future, drugs that produce their
effects through an action on potassium channels. These include certain oral
hypoglycaemic agents, such as gliclazide which block ATP-sensitive K channels
(Kir6.x) in pancreatic beta cells; openers of the same ATP-sensitive K channels such
as nicorandil which hyperpolarise vascular smooth muscle cells leading to vasodila-
tion and are used in the treatment of angina; and blockers of KV11.1 (hERG)
channels such as amiodarone which delay the repolarisation phase of cardiac action
potentials and are used in the treatment of atrial and ventricular fibrillation. All of the
above compounds are listed in the WHO model list of essential medicines: (https://
www.who.int/groups/expert-committee-on-selection-and-use-of-essential-
medicines/essential-medicines-lists).

Each of these drugs has been in clinical use for decades but, perhaps surprisingly,
there are no recent additions to this list of essential drugs which activate or block
potassium channels as their primary mechanism. However, a small number of new
drugs which target potassium channels, such as fampridine, a formulation of
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4-aminopyridine (4-AP, see below) used in multiple sclerosis, have been introduced.
These older drugs are not particularly potent, nor are they particularly selective for
their primary target. As a result, the doses used can be high and can be associated
with undesirable side effects.

It is difficult to obtain precise numbers regarding the relative importance of
different proteins as current drug targets, not least because it is often unclear what
the primary target of an existing therapeutic agent actually is. Nevertheless, rela-
tively recent estimates suggest that existing drugs target just a few hundred proteins
(667 human plus 189 pathogen proteins, or protein families, Overington et al. 2006;
Santos et al. 2017 but see Imming et al. 2006). Nineteen per cent of these (or around
160 proteins) are ion channels. To consider this from the perspective of existing
drugs, there are around 1,600 distinct approved drugs on the market today of which
18% (or around 300 drugs) target ion channels, making them the second largest gene
family targeted by existing drugs, behind G protein coupled receptors (GPCRs).

Early identified pharmacological agents that act on K channels are the “classical”
K channel blockers, tetraethylammonium ions (TEA) and 4-AP, which block a range
of KV channels to different degrees but are largely ineffective against Kir or K2P

channels. There are also a number of naturally occurring toxins which bind potently
and selectively to particular potassium channels, such as charybdotoxin, iberiotoxin
and apamin (certain KCa potassium channels), ShK toxin (from the sea anemone,
Stichodactyla helianthus; KV1.3 channels) and guangxitoxin (KV2.1 and KV2.2
channels) (Matsumura et al. 2021). These toxins have provided considerable insight,
both into how channels function and into potential sites of action for the develop-
ment of novel therapeutics. Furthermore, naturally occurring compounds such as
hydroxy-α-sanshool (from Szechuan peppers), which blocks certain two-pore
domain potassium channels, including TRESK channels (Bautista et al. 2008; see
also Mathie 2010) have revealed the potential importance of these channels as
therapeutic targets in the treatment of pain.

The pharmaceutical industry has not yet exploited potassium channels fully as a
drug target despite the introduction of novel, faster screening techniques for
compounds acting on potassium channels, although there are several compounds
currently in different stages of clinical trials (https://www.ionchannellibrary.com/
drugs-in-clinical-trials/). The amino acid sequence homology among potassium
channel subfamily members can be quite high (>70%), and this can often make it
challenging to both identify and develop subtype-selective compounds. Neverthe-
less, there is ample opportunity to discover and develop novel “first-in class”
molecules targeting potassium channels, as considered later in this review.

3 Identifying K Channel Pharmacological Targets

Embarking on a drug discovery programme focussing on a novel ion channel target
is an expensive and time-consuming operation. It is not something that is entered
into lightly or without the potential of a profitable (drug-to-market) outcome. A
pharmaceutical company would expect to see a portfolio of evidence from a range of
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different scientific and technical approaches in order to be persuaded that a particular
potassium channel is a viable therapeutic target.

At a very fundamental level, knowledge of the exact subunit composition of
potassium channels in different cell types and tissues is incomplete and this can be
complicated further when channel subunit expression levels are altered in disease.
As such the precise subunit composition of potassium channels and what auxiliary
subunits may (or may not) be associated with them is often unknown for particular
disease states.

Even if one is confident of the potassium channel subtype underlying a particular
disease phenotype, there is a paucity of existing pharmacological tools to aid the
development of useful assays. Furthermore, despite the resolution of some potas-
sium channel structures and the increased understanding of their function that has
resulted from this, there is a lack of resolved structures of potassium channels in
complex with channel activators or inhibitors (but see Dong et al. 2015; Lolicato
et al. 2017) which restricts identification of pharmacophores for rational drug design
(McGivern and Ding 2020). When selective pharmacological tools or structural
insights are not available, additional information can be obtained from human
genetic data, which show correlations between loss or gain of function mutations
in ion channel subunits and disease phenotypes, when selecting which targets to
pursue. However, genetic association of a mutation with a disease does not prove
causation of the disease (McGivern and Ding 2020).

In the sections below, we outline the key information that might be needed for
identifying a disease-associated ion channel target. In most cases, the availability of
this information is fragmented or incomplete and one has to make a judgement call
as to whether the channel is indeed a viable target. To illustrate this, we pick two
examples of different K channels and outline the existing evidence (and evidence
gaps) that suggest they may be viable therapeutic targets.

3.1 Physiological and Pathophysiological Role of the Channel
of Interest

A detailed knowledge of the physiological and pathophysiological roles of the
potassium channel of interest is critical but this is often lacking detail. Fundamental
questions such as “do we want to enhance or inhibit the current?” rely on an
understanding of the physiological roles of particular ion channels and how this
might change in pathophysiology. For example, there is good evidence that KV2.1
channels are important in regulating the neuronal firing in motoneurons where they
can either maintain or suppress repetitive firing depending on the existing activity of
the neurons (Romer et al. 2019; see also Liu and Bean 2014). Loss of function of
these channels can lead to decreased firing and neuro-developmental epileptic
disorders (de Kovel et al. 2017). Some mutations of KV2.1 channels cause a loss
of ion selectivity for K+ ions over Na+ ions which will have complex effects on
firing, depending on the degree of synaptic activity. Furthermore, gain of function
mutations can, paradoxically, still lead to epilepsy phenotypes (Niday and

Pharmacological Approaches to Studying Potassium Channels 89



Tzingounis 2018). So, depending on both the underlying pathophysiology and the
level of tonic firing activity (Romer et al. 2019) opposing therapeutic approaches
might be desirable.

Perhaps an alternative way to consider this is to seek to restore optimum/normal
levels of activity of the channel target. For example, there is a strong genetic linkage
between loss of function mutations of TASK-1 K2P channels and the development of
pulmonary hypertension (Ma et al. 2013; Olschewski et al. 2017; Cunningham et al.
2019). More recent studies suggest that reduced TASK-1 channel activity is a more
general condition seen not just in genetic pulmonary hypertension but also in the
idiopathic condition (Antigny et al. 2016). As such, restoration of “normal” channel
function may be a more widely applicable therapeutic intervention in this and other
situations.

3.2 Knowledge of Distribution Channel mRNA and Protein
Expression in the Appropriate Places in the Body

A fundamental component of the evidence base for suggesting a particular ion
channel target is the knowledge that the channels are actually expressed (and
functional) in the cells or organs of the body that are relevant. This is exemplified
in the case studies below for TREK-2 and KV1.3 channels as therapeutic targets,
where there is good evidence that these channels are both expressed and functional
in the cells that matter and, indeed, that expression and/or function is then altered in
disease states.

3.3 Are There Species Differences? This May Be Important
for Extrapolation from Preclinical Physiology and/or
Pharmacology Studies

Since much preclinical research occurs on rodent models, it is extremely important
to consider species differences between channel protein structures and whether this
alters responsiveness to drugs. One example of this is where the respiratory stimu-
lant, doxapram, was found to be a more selective inhibitor of TASK-1 than TASK-3
K2P channels in rodents (Cotten et al. 2006), but this channel specificity is lost for
human TASK-1 and TASK-3 channels where doxapram is an equipotent inhibitor of
both channel types (Cunningham et al. 2020).

3.4 Evidence from Diseases States of Channel Up- or
Down-Regulation

Channelopathies provide important information about the roles of ion channels and
have contributed to identification of novel ion channel targets in disease. Mutations
in different ion channel genes can give rise to disease states such as episodic ataxias,
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epilepsy, diabetes, cardiac arrhythmias, Birk Barel mental retardation syndrome and
cystic fibrosis (see Ashcroft 2006; Catterall et al. 2008, Veale et al. 2014b). Many of
these channelopathies result from mutations in the coding regions, leading to a gain
or loss of channel function or from mutations in the promoter regions leading to
over- or under-expression of ion channels. Similarly, genetic ablation studies with
knockout animals have confirmed the potential importance of ion channels in disease
states but have also provided novel and surprising insights into new roles for specific
ion channels in physiological processes, which might be targeted in the future (see
Mathie 2010).

3.5 Case Study 1: TREK-2 Channel Activators for Pain

Over 1.5 billion people worldwide suffer from chronic pain. Existing first-line drugs
for treatment of chronic pain, including cyclooxygenase inhibitors (non-steroidal
anti-inflammatory agents, NSAIDs) and opioid receptor modulators, do not alleviate
pain completely and, in certain situations including neuropathic pain, do not work
well except at high doses (Mathie and Veale 2015). Furthermore, tolerance and
addiction to opioids, particularly if used chronically, is a major current health issue.

Chronic pain conditions are often characterised by persistent over-excitability of
peripheral nociceptors brought about by changes in ion channel organisation and/or
activity. Increasing evidence points to an important contribution from a number of
different potassium channels (see Du and Gamper 2013; Tsantoulas and McMahon
2014; Waxman and Zamponi 2014), including K2P channels (Alloui et al. 2006;
Woolf and Ma 2007; Noel et al. 2009; Mathie et al. 2010; Gada and Plant 2018), in
pain processing. Among K2P channels, the strongest body of evidence from expres-
sion and functional studies highlights the importance of TREK-1, TREK-2 (and also
TRESK) channels (see Mathie and Veale 2015).

TREK channels are expressed in both human (mRNA) and rodent (mRNA/
protein) small/medium sized dorsal root ganglion (DRG) neurons which relay
painful stimuli to the CNS. In these neurons TREKs are often co-localised with
excitatory TRPV1 channels (Maingret et al. 2000; Medhurst et al. 2001; Talley et al.
2001; Alloui et al. 2006; Dedman et al. 2008; Loucif et al. 2018). Recent
immunohistochemistry studies, using selective commercially available antibodies,
also show the expression of all three TREK channels (TREK-1, TREK-2 and
TRAAK) in small sized rat DRG neurons (Viatchenko-Karpinski et al. 2018, Acosta
et al. 2014). Given the high expression levels of these channels in nociceptive
neurons, activation of these channels would be predicted to reduce nociceptor firing,
thereby reducing pain.

Despite its broad CNS expression, studies of TREK-2 KO mice did not observe
any major behavioural abnormalities (Mirkovic et al. 2012). In humans, initial
TaqMan RT-PCR assays showed that there are very low levels of expression of
TREK-2 (or TREK-1) channel mRNA in the heart (Medhurst et al. 2001), suggesting
low risk of cardiac side effects in humans.
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It has been suggested that TREK-2 contributes 69% (Kang and Kim 2006) and
59% (Acosta et al. 2014) of the resting potassium current in neonatal rat small DRGs
and rat small IB4+ DRG neurons, respectively. In contrast, TREK-1 and TRESK
channels contributed just 12% and 16%, respectively (Kang and Kim 2006). TREK-
2 channel activity therefore has a significant impact on the resting membrane
potential – and so excitability – of these cells.

TREK-2 channels have been implicated in regulating somatosensory nociceptive
neuron excitability. After CFA-induced inflammation, spontaneous pain, measured
as spontaneous foot lifting, was increased by siRNA-induced TREK-2 knockdown
in vivo (Acosta et al. 2014); furthermore, TREK-2 KO mice were more sensitive to
von Frey filaments (Pereira et al. 2014).

There is a wealth of structural information from a variety of different potassium
channel subunits, which has formed the basis of our understanding of how all ion
channels function. Following the original publications of crystal structures of
TWIK-1 and TRAAK (Brohawn et al. 2012; Miller and Long 2012), more recent
work has identified a number of different structural forms of TRAAK and TREK-2,
which purport to correspond to different open and closed conformations of the
TREK family of K2P channels (Brohawn et al. 2014; Lolicato et al. 2014; Dong
et al. 2015).

It has been shown that the TREK family of channels are subject to a process
known as alternative translation initiation (ATI). For TREK-2 there are three poten-
tial translational (ATG or methionine) sites in its N-terminus, thus allowing for the
possible generation of three different TREK-2 proteins (Staudacher et al. 2011;
Simkin et al. 2008). Furthermore, it has been shown that different isoforms of
TREK channels generated by ATI can cause an alteration in drug sensitivity (Eckert
et al. 2011; Kisselbach et al. 2014; Veale et al. 2014a).

As well as ATI, the TREK family has also been shown to be subject to alternative
exon splicing. For TREK-2, the three isoforms identified do not differ hugely, in
terms of their functional properties; however, they are differentially expressed in
various tissues. TREK-2a is strongly expressed in the brain, pancreas and kidney,
whilst TREK-2b is expressed in the proximal tubule of the kidney and in the
pancreas and TREK-2c is expressed mainly in the brain (Gu et al. 2002). It is not
known which subtype predominates in DRG neurons.

At least in expression systems, there is accumulating evidence to suggest that all
three TREK channels (TREK-1, TREK-2 and TRAAK) can form functional
heterodimeric channels with each other (Blin et al. 2016; Lengyel et al. 2016;
Levitz et al. 2016) resulting in unique functional properties. Functional recordings
of currents with properties suggestive of the formation of TREK-1/TREK-
2 heteromeric channels were also demonstrated in native DRG neurons indicating
that hetero-dimerisation of TREK channels may occur in native cells to provide
greater diversity of leak potassium conductances (Lengyel et al. 2016). A recent
study provides convincing evidence for TREK-2 and TRESK heterodimer channels
in native trigeminal ganglion neurons (Lengyel et al. 2020).

There are, however, several gaps in the evidence in favour of TREK-2 channels as
a therapeutic target for pain. Firstly, there is no direct genetic linkage at this stage

92 A. Mathie et al.



between TREK-2 channels and pain. Therefore, it is not possible to select patients on
the basis of genotype. It is also not practically possible to select patients based upon
TREK-2 expression levels in neurons. Nevertheless, this is not a unique problem as,
in general, the pain therapeutic field suffers from a lack of predictive/efficacy and
patient stratification biomarkers.

Secondly, there has not been satisfactory pharmacological validation of TREK-
2 activators in vivo due to the non-selectivity of tool compounds. Therefore, it is not
clear whether TREK-2 activation alone will have sufficient analgesic effects or
co-activation of TREK-1/TRAAK will also be required. Thirdly, the side effects
of TREK-2 channel activation are not known and therefore, it is not clear whether
selectivity for TREK-2 over TREK-1 will avoid drug related side effects.

3.6 Case Study 2: KV1.3 Channel Blockers in Autoimmune
Disorders

The voltage-gated potassium channel, KV1.3 regulates the membrane potential of
lymphocytes (DeCoursey et al. 1984; Wulff and Zhorov 2008; Chiang et al. 2017)
which is critical for the activation of these immune cells (Veytia-Bucheli et al. 2018).

Several studies have confirmed that KV1.3 is highly expressed in macrophages,
microglia and T cells, suggesting that KV1.3 plays a crucial role in immune and
inflammatory responses to human diseases such as multiple sclerosis (MS), rheuma-
toid arthritis, type 1 diabetes mellitus and asthma (Toldi et al. 2010; Huang et al.
2017; Tanner et al. 2017; Zhou et al. 2018). In these conditions, the expression levels
of KV1.3 channels are significantly elevated (Rangaraju et al. 2009).

The pathogenesis of autoimmune diseases involves activation and proliferation of
effector memory T cells (TEM cells) and persistence of autoantigens (Devarajan and
Chen 2013). During the activation of TEM cells, the expression of the KV1.3
channel was up-regulated significantly (Cahalan and Chandy 2009). Accumulated
data for KV1.3 showed higher expression levels in myelin-reactive T cells from the
peripheral blood (PB) of MS patients compared to healthy controls (Wulff et al.
2003). Also, in an animal model of experimental autoimmune encephalomyelitis
(EAE), it has been confirmed that expression of KV1.3 is significantly elevated (Rus
et al. 2005).

Taken together, these data suggest that KV1.3 channels are an attractive thera-
peutic target for immunomodulation (Beeton et al. 2006; Wulff and Zhorov 2008). In
patients with multiple sclerosis (MS), type 1 diabetes mellitus, rheumatoid arthritis,
psoriasis, or chronic asthma, disease-associated T cells are KV1.3-dependent TEM
cells. Selective KV1.3 inhibitors suppress the proliferation and cytokine production
of these cells (Cahalan and Chandy 2009). There is also a growing body of evidence
suggesting that KV1.3 channel blockers have beneficial therapeutic effect on rheu-
matoid arthritis, autoimmune encephalitis and other autoimmune diseases (see
Chang et al. 2018, Wang et al. 2020).

KV1.3 channel blockers have been found to alleviate disease symptoms in animal
autoimmune diseases, chronic inflammatory diseases and metabolic disease models
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without obvious side effects (Perez-Verdaguer et al. 2016). Importantly, positive
results have been shown in preclinical trials (see below, also Prentis et al. 2018).
Therefore, KV1.3 channel blockers have the potential to be developed as effective
drugs for the treatment of MS and EAE (Rangaraju et al. 2009).

Toxin blockers of KV1.3 and other potassium channels have been found in the
venom of numerous animals, including the venom of sea anemone (Wulff et al.
2019). In 1995, an effective blocker was extracted from the Caribbean sea anemone
(Stichodactyla helianthus) by Castaneda et al. (1995) subsequently named ShK toxin
(Wulff and Zhorov 2008). ShK and subsequent derivatives of it (see below and
Lanigan et al. 2001) reduce the inflammatory response of autoimmune diseases by
maintaining the integrity of the blood brain barrier (BBB) (Huang et al. 2017),
reducing activation of TEM cells (Beeton et al. 2006) and eliminating respiratory
bursts in activated microglia and subsequent secondary damage of neurons by
microglia (Fordyce et al. 2005).

The structures of several ShK and ShK-like toxins have been determined, all of
which have been reported to modulate ion channels (Chhabra et al. 2014). Like many
K channel blocking toxins, they are polypeptides of between 34 and 75 amino acids,
characterised by six cysteine motifs (forming 3 disulphide bonds) and a functional
lysine residue which enters and blocks the pore of the channels at the selectivity
filter. The novel analog ShK-186 (dalazatide) has a 100-fold improvement of
selectivity for KV1.3 over KV1.1 and 1,000-fold over KV1.4 as well as KV1.6
(Pennington et al. 2009) compared to the natural ShK toxin. ShK-186 and its analogs
had strong therapeutic actions in animal models of human autoimmune diseases
including MS and rheumatoid arthritis (Beeton et al. 2001). Unexpectedly, ShK-186
was found to have a long half-life if given by sub-cutaneous injection leading to a
sustained concentration, at pM levels, in plasma. This, in turn, gave a prolonged
therapeutic efficacy (Tarcha et al. 2012). ShK-186 completed Phase 1a and 1b trials
in healthy volunteers in 2016 and was believed to enter phase 2 trials in 2018/2019
(Wang et al. 2020).

Despite these encouraging data, there are still challenges for ShK to be used to the
treatment of neuroinflammatory diseases. The first problem underlying the applica-
tion of these peptides is that they cannot be taken orally, mainly because they have
difficulty penetrating the intestinal mucosa. Furthermore, due to the polypeptide’s
molecular size, hydrophobicity and polarity, the cell membrane penetration of ShK
is poor. The second obstacle is that ShK cannot cross the BBB in most
neuroinflammatory diseases where this barrier is not compromised by the condition
(Li et al. 2015). Thus, there is scope for the development of novel, pharmaco-
logically active agents, either polypeptides or small molecules, to selectively target
and block KV1.3 channels in humans.
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4 Techniques to Study the Pharmacology of K Channels

Ion channel drug discovery traditionally involves the use of model assay systems,
often utilising a recombinant channel expressed in cell lines (see Mathie et al.
2021b). These assays support the identification of active compounds and the
characterisation and optimisation of these lead series. Promising lead candidate
molecules can then be tested in models of disease before entering clinical trials
(see McGivern and Ding 2020; Walsh 2020). The preferred ion channel assay is
often a cell line that transiently or stably expresses the appropriate combination of
channel α- and auxiliary subunits (if known) and that yields relevant functional and
pharmacological responses on (semi) high throughput assay platforms. There is an
underlying assumption that the channel of interest expressed in an assay cell line
should perform consistently over time, when tested using different methodological
approaches and when used in different laboratories (see CiPA study below).

The gold standard approach for studying ion channels remains the manual patch-
clamp method. This is, however, an extremely low-throughput technique where
single cells are studied one at a time but, with appropriate expertise, this technique
allows the collection of both high-quality data and potential mechanistic insight,
unsurpassed by other methods. Used in isolation, this technique is unlikely to
generate sufficient novel drug candidates to satisfy the demands of either the
pharmaceutical industry or therapeutic need (McGivern and Ding 2020).

Accordingly, a range of different assay technologies have been developed and
refined to address, primarily, the issue of high throughput. An excellent review of the
range of available technologies, from the perspective of Kir channels has recently
been published by Walsh (2020, see also McGivern and Ding 2020) and has helped
shape our thinking in this section of this review. Walsh (2020) analyses the pros and
cons of a number of assay technologies that have been used for screening Kir

channels, including membrane potential-based fluorescent dye assays, using either
fast-response fluorescence resonance energy transfer (FRET) probes or slow-
response probes, thallium-sensitive fluorescent assays, radiometric and
nonradiometric rubidium (Rb+) flux assays, automated patch-clamp assays, a cell-
free ion flux assay that uses Kir channel-containing liposomes, and a K+-dependent
yeast growth assay.

In the sections below, we describe some of the key technological approaches that
can be utilised to advance discovery of new therapeutic agents targeting K channels.
Although these technologies have been used successfully for screening compound
libraries against different K channels, each technology has its own limitations in
parameters such as sensitivity, specificity, cost and physiological relevance (Walsh
2020). Therefore, there is a need for continued development of ion channel screening
technologies.

Pharmacological Approaches to Studying Potassium Channels 95



4.1 Improved Structural Information for Ion Channels

High resolution elucidation of the structure of ion channels using X-ray crystallog-
raphy was led by the outstanding work on bacterial, and later mammalian, potassium
channels by MacKinnon and colleagues (e.g. Doyle et al. 1998; Jiang et al. 2002,
2003). These structures have led to rapid advances in our understanding of ion
channel function and the identification of regions of channels that are important for
determining channel function and drug binding. Knowing regions of the channel
important for drug binding, or pharmacophores, it is then possible to use these
pharmacophores as templates for the design of novel therapeutic agents (Mathie
et al. 2021a).

The fact that ion channels are present in lipid membranes coupled with the
dynamic nature of ion channel proteins has made resolution of structures difficult.
Consequently still relatively few ion channels have been resolved using
crystallography-based techniques. However, recent advancements in the field of
Cryo-EM have led to significant improvements in the observed resolution and a
substantial increase in the number of published structures. The recent development
of direct electron detector cameras alongside improvements in computational
processing has allowed greater resolution of structures, down to the atomic level
(see Nakane et al. 2020). For example, many tens of Cryo-EM structures for the
transient receptor potential (TRP) channel family have been published in the last few
years (Renaud et al. 2018). The recently published human β3 GABAA receptor
structure (Nakane et al. 2020) is (at 1.7 Å), the highest resolution membrane-
spanning protein structure obtained to date from cryo-EM studies, which is signifi-
cantly better than the accepted resolution of at least 2.5 Å required to model drug–
protein interactions (Renaud et al. 2018). Improved structural images from cryo-EM
techniques will undoubtedly lead to significant advances in the development of
selective ion channel blockers and activators and, hopefully, an increase in useful
drugs targeting ion channels. Readers are also directed to (Jiang 2021) for discussion
of recent progress in structural biology of K+ channels.

4.2 Flux Assays

Ion channel high throughput screening programs have mainly used either radiomet-
ric Rb+ assays (e.g. Loucif et al. 2018) or fluorescence-based assays of ion flux in
stable cell lines (using, for example, Tl+, Ca2+ or Na+ dyes) to measure permeation of
the channel.

4.2.1 Thallium (Tl+) Flux Assay
Perhaps the most common of these flux-assay approaches, at present, is the thallium
(Tl+) flux assay which takes advantage of the high permeability of K channels to Tl+

ions in order to measure Tl+ flux as a surrogate of ion channel activity. The Tl+-
sensitive, fluorescent-based assay for multi-well plate screening of K channels was
introduced by Weaver et al. (2004). In this high throughput assay, cells are loaded
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with a Tl+-sensitive, membrane-permeant reporter dye. K channel modulators can be
rapidly screened by monitoring changes in the Tl+-induced fluorescent signal.

In our own research, in collaboration with colleagues at LifeArc (Wright et al.
2017, 2019), cells transiently expressing K channels of interest were generated by
using U-2 OS cells and a BacMam baculovirus transfection method. Generation of
cell lines stably expressing ion channels can be challenging for a number of reasons
including inherent toxicity. Moreover, the ability to identify channel activators can
be compromised by systems in which the target is over-expressed at high levels due,
for example, to saturation of the dye. Conversely, ion channel inhibitors can be hard
to detect when expression, and therefore signal, is low. To minimise these issues
BacMam can be used to deliver ion channels into mammalian cells. BacMam confers
a number of advantages, including safety and reduced time compared to generating
stable cell lines but, primarily, it allows the precise titratable expression of the gene
of interest (Wright et al. 2013, 2017, 2019, see Fig. 2). In our work with K2P

channels this enabled us to generate cell systems in which we were able to intricately
and robustly select a level of K channel expression, functionally optimised for the
identification of channel activators. Another advantage of the BacMam system is
that it allows screening against parental cells in the absence of the heterologous
expressed ion channel. The use of a high throughput, fluorescence-based assay also
allows the possibility of a “target class” approach to drug discovery (Barnash et al.
2017; McCoull et al. 2021). This approach allows the simultaneous prosecution of
multiple targets from a target family. Knowledge accumulated from one program can
be leveraged across multiple potential therapeutic targets (McCoull et al. 2021).

Fig. 2 Thallium flux assays of TREK-2 channel activators using “BacMam” baculovirus transfec-
tion. (a) Titration of BacMam. As BacMam levels increase (%v/v present in media), there is an
increase in the rate of fluorescence change between 13 and 19 s after the addition of thallium, error
bars denote S.E.M. This is proportional to increased TREK-2 activity in the assay. (b) Pharmacol-
ogy of TREK-2 activators. Exemplar data showing activity of BL-1249, 11-deoxy prostaglandin
F2a (PGF-2a), GI-530159, PMA, Pranlukast and TPA (adapted from Wright PD, McCoull D,
Walsh Y, Large JM, Hadrys BW, Gauritcikaite E et al. Pranlukast Is a novel small molecule
activator of the two-pore domain potassium channel TREK2. Biochem Biophys Res Commun.
2019; 520: 35–40 with permission)
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One major limitation to the Tl+ assay is that some cells contain endogenous Tl+

transport pathways that can interfere with the K channel efflux under study and cause
a higher than acceptable rate of “false-positive” hits. Furthermore, ion flux fluores-
cent assays often require expensive instrumentation such as FLIPR or FDSS
workstations that combine sophisticated liquid handling microfluidics with fluores-
cent imaging. In addition, biosafety and disposal of a toxic heavy metal such as Tl+ is
an issue.

A further technical drawback of plate-based, fluorescence assays is that the
activating or inhibiting agent, once added, cannot be removed easily, so it is difficult
to study the reversibility of the compound’s effects on channel activity. Furthermore,
potencies of ion channel modulators from fluorescence assays do not always corre-
late with manual or automated patch-clamp electrophysiological measurements.

4.2.2 Liposome Flux Assay
The liposome flux assay (LFA) described by Su et al. (2016) is a cell-free assay
which provides a putative alternative high throughput screening system for K
channel drug discovery. In this procedure, K channels are purified and reconstituted
into lipid vesicles. A concentration gradient for K+ efflux is established by adding
the vesicles into a NaCl solution. K+ efflux is initiated by the addition of a proton
ionophore, such as carbonyl cyanide m-chlorophenylhydrazone (CCCP), which
allows the influx of protons to balance the efflux of K+ (Walsh 2020). The efflux
of K+ is quantified indirectly by monitoring the proton-dependent quenching of a
fluorescent dye. In the original description of LFA, a library of 100,000 compounds
was screened to identify both inhibitors and activators of GIRK2 (Kir3.2) channels,
hERG channels, TRAAK K2P channels and KCa channels (Su et al. 2016). LFA
potentially provides an efficient and low-cost method for K channel screening.
However, the technique is not yet widely used and drug potencies obtained using
LFA will need to be compared with values obtained using more established ion flux
and automated patch-clamp systems before LFA becomes a widely used K channel
high throughput method (Walsh 2020).

4.3 Electrophysiological Approaches

Until quite recently, the study and development of new drugs that act on ion channels
has been restricted by the lack of high throughput screens that measure current
directly passing through the ion channels using electrophysiological approaches.
Manual patch-clamp recording techniques (Hamill et al. 1981) allow exquisite
resolution of electrical activity but are restricted by the number of recordings that
can be made in a given time and the level of technical expertise required to achieve
these recordings. They do, however, remain critical for exploring the complex
biophysical properties of ion channels and, in detail, the mechanisms of how lead
compounds might work. For example, information arising from structural studies
can be harnessed to explore the site and mechanism of drug action through site-
directed mutagenesis of the ion channel under investigation.
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Now, however, in large part driven by the need for pharmaceutical companies to
screen compounds against hERG channels (see below), higher throughput screening
technologies have been introduced and continue to be refined and optimised.
Automated patch-clamp increases throughput and ease of use compared to the
conventional patch-clamp technique making it accessible to a wider audience. The
automation of the patch-clamp method was made possible with the development of
chip-based planar patch-clamp technology (Fig. 3). Multi-well planar arrays give
higher throughput screens by allowing multiple recordings in parallel. Most
automated patch-clamp (APC) systems utilise a planar array which contains
micron-sized apertures in silicon-based chips. Cells are added in suspension to a
multi-well recording plate and, in a similar fashion to forming a seal using a
microelectrode in manual parch-clamp recordings, negative pressure is applied to
attract cells to the apertures. Further application of negative pressure causes the patch
of membrane immediately beneath the aperture to rupture, thus establishing the
whole-cell configuration. Alternatively, electrical access to the cell can be obtained
using a pore-forming antibiotic such as nystatin or amphotericin B.

A range of different systems now exist, and an excellent analyses of the
advantages and disadvantages of the evolving versions of each system have been
provided by Dunlop et al. (2008) and, more recently, by Bell and Dallas (2018).
Each system allows significant up-scaling of activity when compared with conven-
tional patch-clamp electrophysiological methods or two-electrode voltage clamp
from oocytes, increasing output from single digit to hundreds or even thousands of
drug data points per day (Bell and Dallas 2018).

Fig. 3 Schematic representation of conventional patch clamp recording versus high throughput
automated patch recording. Adapted and redrawn from an original schematic by Nanion
Technologies: https://www.nanion.de/en/technology/technology-explained.html
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In the last few years, and in particular following the development of high-quality
miniaturised amplifiers, automated, 384-well plate-based electrophysiology
platforms have emerged, ranging from the perforated-patch-based IonWorks Barra-
cuda (Molecular Devices, Sunnyvale, CA) to the latest generation, giga-seal-based
instruments such as Qube (Sophion Bioscience), SyncroPatch (Nanion
Technologies) and Ionflux (Fluxion). Coupled with this, storage and analysis of
data have vastly improved, enabling large amounts of data to be recorded and
analysed in a comparatively short space of time (Obergrussberger et al. 2020).
These recent whole-cell patch-clamp platforms offer much higher throughput than
earlier versions. They incorporate microfluidic networks and temperature control
and are capable of recording currents from populations of individual cells, which
increases the likelihood of obtaining useful data from each well of an assay plate.
This latter feature also allows K+ current averaging to compensate for cell-to-cell
variations in current amplitudes and kinetics. They have been used in screening
campaigns for libraries approaching 200,000 compounds.

Automated electrophysiology now provides high-quality data-rich information
for driving structure–activity relationship (SAR) and an ability to explore mecha-
nism of action early in screening. Initially developed and used for recombinant ion
channels, either stably or transiently transfected into cell lines such as CHO cells and
HEK293 cells, the use of these techniques is now being expanded into mammalian
cells such as neurons or smooth muscle cells, either freshly isolated or maintained in
primary culture (Milligan et al. 2009). In the near future, there is interest in applying
high throughput, automated patch-clamp to native cells and human induced pluripo-
tent stem cells (see below). The development of dynamic clamp on an APC
instrument, where “currents” of choice may be introduced electronically (Goversen
et al. 2018), may prove to be a major breakthrough in the use of this technology to
study more physiologically relevant channel properties and regulation
(Obergrussberger et al. 2020).

There are still areas for consideration. For example, for the most part, stably
transfected cell lines work best in these systems and there can be issues with
expression levels and cost associated with this. Furthermore, the sheer volume of
data generated requires consideration when deciding how best to analyse and display
this. While many APC systems now provide high-quality voltage clamp data that
approach traditional whole-cell patch-clamp currents, some instruments have
sacrificed data quality in exchange for higher screening throughput
(Obergrussberger et al. 2018). In addition, as in the case with fluorescent plate
readers (above), the high initial start-up price and consumable costs involved in
using APC systems often limit their application to large academic and pharmaceuti-
cal research facilities. As such, there remains considerable value in the continued
development of lower-throughput, higher fidelity automated systems.

Impressively, the major commercial suppliers of these devices (Sophion, Nanion,
Fluxion) have developed advanced programmes to reach out to academic and
pharmaceutical researchers in order to develop and expand the range of devices
and resources available to make them appropriate to as many needs as possible. The
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CiPA initiative described below exemplifies the potential value of such open and
constructive collaboration.

5 Quantification and Standardisation of Drug Action on K
Channels

For pharmacologists, there is a desire to quantify the effects of agents which regulate
receptor or ion channel activity in order to fully define their selectivity and their
usefulness as tool compounds or therapeutic agents (Mathie et al. 2021a). It is also
critical that measurements can be obtained that are as consistent as possible between
different platforms and different research groups. In this regard, there are
considerations around quantification and characterisation of pharmacologically
active compounds on potassium channels which might enhance our understanding
of how these channels function and are regulated and enable us to obtain more
consistent and reliable measurements across studies.

Practically, for all of the techniques described above, there are issues around
resting K channel activity. The activity and regulation of K channels can vary
depending on the recording method used (flux assay versus patch-clamp electro-
physiology; mammalian cell versus oocyte expression system). It may also vary
between different channel isoforms (generated through splice variants or alternative
translation initiation) or between wild type and mutated channels or channels from
different species (see above, also Mathie et al. 2021a). It is important, therefore, that
these variables are documented carefully between studies and varied as little as
possible from one study to another.

When it comes to quantification of effect, again as much standardisation as
possible is desirable. For example, for K channel activating compounds, should
efficacy (measured as the percentage increase or absolute maximum increase in
current evoked) or potency (measured as a calculated EC50 value) or both, be used
as a quantitative measure of drug activity? If different measurements are used by
different groups, comparisons are difficult. One possible solution, regardless of how
the measurement is obtained or quantified, is to compare the effects of novel
compounds with a known, well-characterised “standard”. For example, in our
studies of TREK-2 channel activators (see above), we routinely use BL-1249 as a
standard activator of these channels and express the effects of other compounds both
in absolute terms and in comparison with the effects of a defined concentration of
BL-1249. However, this may not be so appropriate for compounds with a different
site of action where the degree of tonic channel activity may influence the activity of
a compound acting at one site more than a compound acting at a different site on the
channel.

The need for consistent and robust quantification of the effects of drugs on ion
channels has, perhaps paradoxically, been addressed best by the need to minimise
the risks caused by drugs modifying the activity of ion channels in the heart.
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5.1 hERG Channels and the CiPA Initiative

Inhibition of hERG (KV11.1) potassium channels by drugs can lead to a
concentration-dependent prolongation of the QT interval, a condition described as
long QT syndrome and associated with an increased risk of cardiac proarrhythmia
(Sanguinetti and Tristani-Firouzi 2006). A number of drugs have been withdrawn
from use or had their indications severely limited in many countries because of their
propensity to inhibit hERG channels. These include astemizole (an antihistamine),
terfenadine (also an antihistamine) and cisapride (which stimulates gastrointestinal
motility) (Mathie 2010). hERG channels are also inhibited by a wide range of
commonly used drugs such as chlorpromazine, imipramine and amitriptyline
(Redfern et al. 2003). As such, pharmaceutical companies have been compelled to
introduce preclinical testing of all new chemical entities for hERG-channel blocking
activity during preclinical trials (Redfern et al. 2003, but see Kramer et al. 2013).
This includes the incorporation of higher throughput screens for ion channels.

More recently, based on a more comprehensive understanding of cardiac electro-
physiology and cellular mechanisms underlying the drug-induced abnormal heart-
beat, torsade de pointes (TdP), the Comprehensive in vitro Proarrhythmia Assay
(CiPA) initiative was established with the aim of integrating multi-ion channel
pharmacology measured in vitro into in silico models to assess TdP risk (Sager
et al. 2014; Brinkwirth et al. 2020; Kramer et al. 2020; Ridder et al. 2020). If
successful, this programme may facilitate the use of nonclinical data as part of an
integrated risk assessment strategy to inform clinical decision making, improve
accuracy and reduce costs in predicting cardiac liability of new drug candidates.
The programme has three primary strands. The first is to characterise and quantify,
in vitro, the effects of drugs on multiple cardiac ion channels, the second to
accurately reconstruct the cardiac action potential in silico. The third strand is to
confirm predictions made using the in silico model using human stem cell derived
cardiac myocytes (Su et al. 2021).

As a result, this initiative has brought together a consortium of commercial and
academic laboratories, including several CROs, to extend and integrate the use of
electrophysiology-based cardiac ion channel screening on six primary cardiac ion
channels, including four potassium channels: hERG (KV11.1), KCNQ1
(KV7.1) + KCNE1, Kir2.1 and KV4.3 (see Fig. 4).

An important component of this initiative was an attempt to quantify cross-site
and cross-platform variability in the study of hERG (KV11.1) channels (Kramer et al.
2020). It is clear that despite best attempts to minimise variability, differences in
experimental protocols, instruments and procedures introduce variability and affect
IC50 values characterising the effects of drugs. The study utilised 12 centrally-
supplied, blinded drugs and tested them against hERG and two other non-K channels
involved in the cardiac action potential at multiple (17) sites using five APC
platforms but using, as far as possible, a standard operating protocol. Whilst many
of the results were similar across sites and platforms, there were some notable
differences. For example, there was a 10.4-fold variance in IC50 for dofetilide
block of hERG channels (12–103 nM) across 14 sites, four platforms. This is a
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potential issue because the whole tenet of the CiPA programme is to develop in silico
modelling based on reliable and reproducible IC50 values from APCs.

There are a number of potential explanations for variability in the data. The
kinetics of block are often important when considering hERG blockers. This
depends on the protocols chosen which may have shown subtle variability across
platforms, despite the fact that certain quality control parameters (Rm, leak current,
baseline current) were applied across all platforms and sites and a standard fitting
process used for all concentration response relationships. Other suggested sources of
inconsistency include equilibration times, variability in drug forms and
concentrations, expressed versus background currents, intracellular buffer and tem-
perature. Temperature, in particular, may be a wider problem for the CiPA
programme as experiments are primarily done at room temperature. For example,
Lo and Kuo (2019) have described the temperature dependence of amiodarone block
of hERG channels and found it to be much more voltage sensitive at 37�C compared
to 22�C. This may be an important consideration when extrapolating the CiPA
in vitro data for drugs on ion channels collected at room temperature compared to
the situation in patients at body temperature.

Despite these sources of variability, the CiPA project represents by far the best
attempt to date to obtain reliable and consistent quantitative data of the effects of
drugs on ion channels. The project consistently measures and collates these
differences and makes strenuous efforts to eliminate or minimise them or at least
take them into consideration when evaluating drug action. As such, in our view, the
CiPA project, despite having the primary aim of minimising the adverse effects of

Fig. 4 Ion channel currents investigated in the CiPA protocol. Four different potassium channel
currents are studied as part of this protocol: hERG (KV11.1), KCNQ1 (KV7.1) co-expressed with
KCNE1, Kir2.1 and KV4.3. Other channels that form part of the study are the voltage-gated sodium
channel, NaV1.5 and the voltage-gated calcium channel, CaV1.2. Figure kindly provided by
Dr. John Ridley, Dr. Andrew Southan, Dr. Robert Kirby, Dr. Marc Rogers and their colleagues at
Metrion Biosciences
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drugs, sets an outstanding example for future research models aimed at developing
novel therapeutic drugs acting on ion channels.
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Abstract

The physiological heart function is controlled by a well-orchestrated interplay of
different ion channels conducting Na+, Ca2+ and K+. Cardiac K+ channels are key
players of cardiac repolarization counteracting depolarizating Na+ and Ca2+

currents. In contrast to Na+ and Ca2+, K+ is conducted by many different channels
that differ in activation/deactivation kinetics as well as in their contribution to
different phases of the action potential. Together with modulatory subunits these
K+ channel α-subunits provide a wide range of repolarizing currents with specific
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characteristics. Moreover, due to expression differences, K+ channels strongly
influence the time course of the action potentials in different heart regions. On the
other hand, the variety of different K+ channels increase the number of possible
disease-causing mutations. Up to now, a plethora of gain- as well as loss-of-
function mutations in K+ channel forming or modulating proteins are known that
cause severe congenital cardiac diseases like the long-QT-syndrome, the short-
QT-syndrome, the Brugada syndrome and/or different types of atrial
tachyarrhythmias. In this chapter we provide a comprehensive overview of
different K+ channels in cardiac physiology and pathophysiology.

Keywords

Disease · Heart · Inherited · Mutation · Rhythm

1 Function of Cardiac Potassium Channels

The physiological cardiac function is controlled by a tightly balanced electrochemi-
cal cycle resulting from the interplay of Na+, Ca2+, and K+ ion channels. The mainly
voltage-controlled operation of divergent channels produces a periodic change of
membrane potential characteristic of the cardiac action potentials (AP). Depending
on the cell type and the localization in the heart the AP of a cell has a specific
appearance. The sequential activation, inactivation, and deactivation of ion channels
lead to a recurring course of the membrane potential. The shape of this course and
the duration of the different phases are determined by the ion channel expression
pattern characteristic for the respective cardiac cell subtypes and differ among
sinoatrial, atrial or the ventricular myocardium (Rudy 2008). While only a few
specific subtypes of Na+ and Ca2+ channels are involved, a broad variety of different
potassium channels contribute to different phases of the AP. Potassium channels are
built by pore forming α-subunits and they can be modulated by auxiliary subunits
(β-subunits) as well as by intracellular interacting proteins (Pongs et al. 1999). The
potassium channel derived currents can be subdivided into two groups: outward
rectifying currents like the slow, rapid and ultra-rapid currents IKs, IKr or IKur, that are
controlled by the opening and closing of voltage-gated potassium channels at
distinct membrane potentials, and inward rectifying currents like the IK1 (see
below) (Deal et al. 1996). In addition to outward and inward rectifying channels,
background K+ currents conducted by K2P channels like TASK1 were identified as
important factors in atria as well (Kim et al. 1999).

In general, the ventricular AP can be subdivided in phases from 0 to 4, that are
characterized by specific inward and outward currents (I) resulting from ion channel
opening (Fig. 1) (Shih 1994). Phase 0 is dominated by a fast rise of the membrane
potential to more positive voltages mostly caused by the inward directed INa through
voltage-gated Nav1.5 channels (Maroni et al. 2019). In Phase 1 the rise of membrane
potential is stopped and partially reversed by the opposed directed ITof and ITos, that
result from the fast and slow transient outward K+ currents through voltage-gated
Kv4.2, Kv4.3/KChIP (ITof) (An et al. 2000) and Kv1.4 (ITos) channels (Johnson et al.
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2018). The depolarized membrane potential leads to the opening of voltage-gated
L-Type Ca2+ channels (α1-subunit Cav1.2). In addition to the α-subunit, the L-type
Ca2+ channels contain 4 different subunits, the α2, δ, β and γ subunits (Bodi et al.
2005). The α2, δ and β subunits modulate channel trafficking and biophysical
properties of the α1 subunit. Together with opening of the classical components of
IK Kv7.1/KCNE1 (IKs) (Barhanin et al. 1996; Sanguinetti et al. 1996) and Kv11.1/
KCNE2 (IKr) channels (Abbott et al. 1999), a plateau phase is generated by balanced
activity of the inward directed ICa,L and the outward directed delayed rectifier K+

currents IKs and IKr (Phase 2) (Sanguinetti and Jurkiewicz 1990). The return to
negative potential is driven by the subsequent inactivation of Ca2+ channels, while
delayed rectifier K+ channels Kv7.1/KCNE1 and Kv11.1/KCNE2 stay open or even
activate to a larger extent (Phase 3). Further opening of inward rectifying K+

channels producing the IK1 (Kir2.1, Kir2.2, Kir2.3) additionally repolarizes the
membrane, until the resting potential is reached again (Phase 4) (Liu et al. 2001;
Grunnet 2010).

Compared to the classical AP of ventricular cells, the AP of atrial cells in the
sinoatrial node (SAN) shows a spontaneous depolarization in the Phase 4 that is
caused by the auto-depolarization of the so-called pacemaker cells (Fig. 2) (Fenske
et al. 2020). Moreover, the AP does not have a Phase 1 or 2 and the Phase 0 is mostly
caused by the activation of L-Type Ca2+ channels and the subsequent release of Ca2+

from the sarcoplasmic reticulum instead of opening Nav1.5 channels (Lyashkov

Fig. 1 Schematic depiction of a ventricular AP subdivided into Phases 0–4. The dominating
potassium current as well as the contributing pore forming (α-subunits) and modulating proteins
(β-subunit) is named for each phase of the AP
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et al. 2018). In addition to the IKs and IKr forming K+ channels, the Phase 3 of atrial
cells is dominated by the ultra-rapid outward current IKur produced by Kv1.5
channels (Wettwer et al. 2004). The most obvious change in the action of pacemaker
cells from the atrial myocard is the reduced resting potential and the auto-
depolarization in phase 4 caused by reduced expression of IK1 and high expression
of hyperpolarization-activated cyclic nucleotide-gated channels (HCN), that gener-
ate the “funny” current If. Although four members of HCN channels are known
(HCN1-4), HCN4 is mostly responsible for the If in human SAN pacemaker cells
(Li et al. 2015). This nonselective cation channel conducts Na+ and K+ at
hyperpolarized membrane potentials leading to the slow spontaneous depolarization,
that is needed for the activation of Cav1.2-channel complex (Sartiani et al. 2017).
HCN4 may associate with KCNE2 to form the cardiac channel (Decher et al. 2003).

To summarize, cardiac potassium channels contribute to nearly all phases of the
action potential and become dominant in the later AP phases. Therefore, inherited
dysfunctions of cardiac potassium channels can cause severe and life-threatening
diseases. Depending on the affected channel type as well as the resulting increase or
decrease of the affected current, characteristic phenotypes can be observed. In this
chapter the most frequently observed inherited as well as acquired (drug induced)
potassium channelopathies are discussed.

Fig. 2 Schematic depiction of a sinoatrial AP subdivided into Phases 0–4. The dominating
potassium current as well as the contributing pore forming (α-subunits) and modulating proteins
(β-subunit) is presented for each phase of the AP

116 J. A. Schreiber and G. Seebohm



2 Characteristics and History of Congenital Long QT
Syndromes

The long QT syndrome (LQTS) is named by the prolongation of the QT interval in a
12-lead electrocardiogram (ECG) (Fig. 3). The ECG of a healthy person shows
characteristic signals that are named P wave, QRS complex, T wave and U wave.
These deflections from the isoelectric line are caused by the sequential depolariza-
tion starting from the sinoatrial node in the atrium (P wave), the repolarization of
atria and depolarization of ventricles (QRS complex) and the subsequent repolariza-
tion of the ventricle (T wave). After the T wave another wave of low amplitude
(U wave) can be seen in a few ECGs at lower heart rate (Draghici and Taylor 2016).
Together these components from the P to the U wave represent a single heartbeat that
is controlled by the sequential excitation of neighbouring cells from the sinoatrial
node through the atrium to the atrioventricular node that transfers the excitation
through the bundles of HIS to the Purkinje fibres through the whole ventricle
(Stephenson et al. 2017). The direction of normal cardiac excitation is fixed by a
refractory phase, whereby cardiomyocytes that were just excited cannot be
re-stimulated. However, if repolarization time is longer than this refractory phase,
re-entry or circular excitation and arrhythmias are possible (Kimrey et al. 2020).

Prolongation of the ventricular depolarization/repolarization process
(QT interval) can lead to re-entry or circular excitation in the ventricle that subse-
quently reduces the cardiac efficiency and causes severe ventricular arrhythmia
Torsades de Pointes (TdP) which can eventually result in sudden cardiac death
(Wilders and Verkerk 2018). TdPs are often observed after physical or emotional
cardiovascular stress that leads to an increased heart rate. TdPs are characterized by
undulating electrical activity around the isoelectric baseline. Under physiological
conditions the heart rate is increased by a shortening of the depolarization/repolari-
zation process that facilitates the possibility of circular excitation especially in
patients with altered ion channel functions that result in delayed repolarization. A
prolonged QT interval exists if the heart rate corrected Q wave to T wave duration is
�450 ms (male) or �460 ms (female) (Rautaharju et al. 2009).

The long QT syndrome (LQTS) can be caused by the use of different drugs or
electrolyte disturbance (acquired forms; aLQTS) or as a result of genetic variants

Fig. 3 Schematic depiction
of an ECG subdivided into P
wave, PQ interval, QRS
complex, ST interval, T wave
and U wave
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(congenital forms; cLQTS) (Sugrue et al. 2017). The congenital forms of the LQT
syndrome can manifest as a life-threatening disease that can cause severe patho-
physiological symptoms up to sudden cardiac death in early lifetime. The prevalence
of cLQTS is approximately 1:2000 (Schwartz et al. 2009). However, the symptoms
as well as the severity of the disease are remarkably diverse. Therefore, clinical
diagnostic is based on the ECG, the corrected QT time as well as the clinical
Schwartz score (Table 1; Priori et al. 2013). LQTS is diagnosed in presence of a
Schwartz risk score �3.5 or/and genetic analysis identifying a pathogenic mutation,
that is associated with LQTS.

The first congenital LQTS was discovered in 1957 by Anton Jervell and Fred
Lange-Nielsen, which described a combination of congenital deafness, fainting
attacks (syncope) and prolonged QT intervals in four siblings, whereas three of
them died at young age of sudden cardiac death (Jervell and Lange-Nielsen 1957).
With a small delay, Cesarino Romano and Owen Conor Ward report similar
symptoms among patients without deafness (Romano et al. 1963; Ward 1964).
These findings represent the starting point for the characterization of the autosomal
recessive Jervell-Lange-Nielsen syndrome (JLNS) as well as the autosomal domi-
nant Romano-Ward syndrome. The Jervell-Lange-Nielson syndrome (JLNS) is
created by mutations in the KCNQ1 (JLNS1) or KCNE1 (JLNS2) genes. These
mutations lead to a loss of function of the Kv7.1/KCNE1 channel, which conducts
the repolarizing outward IKs current. In contrast to the JLNS, the Romano-Ward
syndrome (RWS) is an autosomal dominant disease that can be caused by mutations
in the genes encoding for KCNQ1, KCNE1, hERG or Nav1.5 (Faridi et al. 2018).

Table 1 LQTS diagnostic Schwartz score (Priori et al. 2013)

Electrocardiographic findings

A Corrected QT (Bazett formula; male)

�480 ms 3

460–479 ms 2

450–459 ms 1

B Corrected QT fourth minute of recovery from exercise stress test �480 ms 1

C Torsades-de-pointes 2

D T-wave alternans 1

E Notched T wave in 3 leads 1

F Low heart rate for age 0.5

Clinical history

A Syncope with stress 2

Syncope without stress 1

B Congenital deafness 0.5

Family history

A Family members with definite LQTS 1

B Unexplained sudden cardiac death younger than age 30 among immediate family
members

0.5
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Beside the classical JLNS and RWS other LQTS are known. The nomenclature is
based on the mutation’s location in genes coding for ion channel pore forming or
modulating proteins. These mutations lead to a reduction of the repolarizing IKs, IKr,
or IK1 or an increment of INa or ICa,L prolonging the depolarizing Phase 2 of the
action potential (Fig. 4) (Giudicessi et al. 2018). Approximately 80% of the
mutations underlying clinical LQTS cases are located in the genes KCNQ1
(LQT1), KCNH2 (LQT2) and SCN5A (LQT3) (Altmann et al. 2015). These genes
are coding for pore forming α subunits of the channels Kv7.1, Kv11.1 and Nav1.5,
respectively. LQT1 and LQT2 are caused by loss of function mutations resulting in
reduced IKs or IKr currents, which lead to a prolonged Phase 2 of the AP. On the
contrary, LQT3 is caused by gain of function mutations resulting in elevated INa
currents, that lead to stronger depolarization in Phase 0 and subsequently prolonged
repolarization time (Wang et al. 1995). After the identification of the three major
LQTS even more mutations in other ion channel pore-forming or modulatory
proteins were identified (LQT4–LQT16). However, LQT4–LQT16 are called
minor LQT syndromes since their prevalence is extremely low (Table 2) (Schwartz
et al. 2012).

In LQTS both, early afterdepolarizations (EADs) and delayed
afterdepolarizations (DADs) occur. DADs occur after full repolarization. They
emerge spontaneously and are characterized by a relatively small amplitude.
DADs bear the potential to initiate ectopic firing. DADs are facilitated in a setting
of abnormal Ca2+ handling, such as anomalous spontaneous or excessive Ca2+

release from the sarcoplasmic reticulum (SR) via Ryanodine receptors 2 (RyR2)
during AP phase 4. The excessive intracellular Ca2+ activates the Na+/Ca2+

exchanger NCX which in turn increases Na+ influx and thus creates a characteristic
depolarizing current producing the DAD (Nattel et al. 2008; Dobrev et al. 2011;
Wakili et al. 2011). EADs are produced by extended cardiac APs observed in LQTS;
these allow L-type Ca2+ channels to reactivate and produce a depolarization during
the late action potential phase 2/early action potential phase 3. These EADs can
trigger ectopic activity as well (Zeng and Rudy 1995; Nattel et al. 2008).

Fig. 4 Schematic depiction of a normal ventricular AP (black) vs. a typical ventricular AP from
patients with LQTS. The prolonged Phase 2 can be caused by reduced K+ channel activity or
increased Na+- or Ca2+ channel activity
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3 Congenital Long QT Syndromes Associated with IKs: LQT1,
5, 11

Loss of function mutations influencing the IKs current are the most common basis of
cLQTS (Kannampuzha et al. 2018). To generate a physiological IKs current, the
association of the homotetrameric Kv7.1 channel with one or more modulating
β-subunits KCNE1 as well as the association with the A-kinase anchoring protein
9 (AKAP9) is required. The slow activated potassium outward current (IKs) is named
by this typical behaviour of the Kv7.1/KCNE1 channel complex: The depolarization
in phase 1 of the cardiac action potential leads to opening of the channel complex
with a slowly rising current amplitude that reached its maximum at the end of phase
3. A reduction or complete loss of this outward potassium current prolongs the
plateau in phase 2 and stretches repolarization phase 3 of the AP dramatically
(Kojima et al. 2020). A reduction of IKs can be caused by two separate mechanisms:
First, mutated α- or β-subunits can assemble as IKs producing channels with reduced
conductance or altered kinetics (Duggal et al. 1998; Seebohm et al. 2001; Henrion
et al. 2009). Second, the assembly of the Kv7.1/KCNE1 complex can be disturbed
leading to insufficient expression of functional IKs channels at the plasma membrane

Table 2 Nomenclature of LQT and JLN syndromes (Giudicessi et al. 2018)

Gene Protein Functional effect Freq.

LQT1 KCNQ1 Kv7.1 Reduced IKs 30–
35%

LQT2 KCNH2 Kv11.1 Reduced IKr 25–
30%

LQT3 SCN5A Nav1.5 Increased INa 5–10%

LQT4 ANK2 Ankyrin B Aberrant ion channel/transporter
localization

<1%

LQT5 KCNE1 KCNE1 Reduced IKs <1%

LQT6 KCNE2 KCNE2 Reduced IKr <1%

LQT7 KCNJ2 Kir2.1 Reduced IK1 <1%

LQT8 CACNA1C Cav1.2 Increased ICa,L <1%

LQT9 CAV3 Caveolin 3 Increased INa <1%

LQT10 SCN4B Nav1.5/β4-
subunit

Increased INa <1%

LQT11 AKAP9 Yotiao Reduced IKs <1%

LQT12 SNTA1 Syntrophin-α1 Increased INa <1%

LQT13 KCNJ5 Kir3.4 Reduced IK,Ach <1%

LQT14 CALM1 Calmodulin 1 Increased ICa,L <1%

LQT15 CALM2 Calmodulin 2 Increased ICa,L <1%

LQT16 CALM3 Calmodulin 3 Increased ICa,L <1%

JLNS1 KCNQ1 Kv7.1 Reduced IKs <1%

JLNS2 KCNE1 KCNE1 Reduced IKs <1%
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surface (Moss et al. 2007). Mutants with altered trafficking were reported for Kv7.1
as well as KCNE1 (Harmer and Tinker 2007; Seebohm et al. 2008).

Among the clinically confirmed congenital LQT syndrome cases approximately
35% are associated with mutations in the pore forming α-subunit of the Kv7.1
channel (LQT1). The α-subunit encompasses 676 amino acids and contains an
N-terminal domain, six transmembrane domains (S1–S6), that can be subdivided
into the outer voltage sensor domain (VSD, S1–S4) and the inner pore forming
domain (PD, S5–S6) and a C-terminal domain (Wang et al. 2012). Reader can find
additional information about KCNQ channels in chapter “Kv7 Channels and
Excitability Disorders” (Jones et al. 2021). More than 250 different mutations of
the KCNQ1 gene causing LQT1 are described in literature (Hedley et al. 2009).
These mutations are distributed over the complete protein. However, LQT1 causing
mutations are more frequently located in the transmembrane region or in the
C-terminal region rather than in the N-Terminal-region (Kapa et al. 2009). The
location inside the protein sequence can influence the severity of the LQT
symptoms. It was found that mutations within the transmembrane domains more
often cause pronounced cQT prolongation than mutations in other domains leading
to more cardiac events at younger age (Shimizu et al. 2004). Especially mutations in
the pore region or mutations near the cytoplasmatic loops are known to cause severe
loss of functions and subsequently long cQT intervals (Splawski et al. 2000;
Barsheshet et al. 2012).

It is not surprising that beside mutations in the pore forming α-subunit (LQT1),
reduction of IKs can also be caused by mutations within the modulating β-subunit
KCNE1 (LQT5). Mutations in KCNE1 causing LQT5 are exceedingly rare and
belong to the minor LQTS (LQT4–LQT16). According to recent studies, the preva-
lence of LQT5 is approximately 1–2% of the diagnosed LQTS patients (Roberts
et al. 2020). However, the results also suggest that KCNE1 loss-of-function variants
are only weakly penetrant and that LQT5 patients usually possess additional risk
factors for prolonged cQT intervals.

Often LQTS1 is exacerbated under stress conditions as the IKs channel is
facilitated under acute (β-adrenergic) or chronic (cortisol mediated) physiological
stress to counteract excessive calcium influx via ICa,L (Kurokawa et al. 2004;
Seebohm et al. 2007; Dvir et al. 2014). AKAP9 binds to the C-terminus of
KCNQ1 and mediates channel modulation by several stress-related effector proteins
like the protein kinase A (PKA) or protein phosphatase 1 (PP1) or even PIP2 (Dvir
et al. 2014). Thus, it is not surprising that mutations within the AKAP9 (Yotiao)
cause another form of LQTS (LQTS11) (Kurokawa et al. 2004).

Marx and colleagues showed that stimulation of Gs-coupled β1 receptors activates
PKA and PP1 that subsequently phosphorylate the Kv7.1 subunit mediated by the
Yotiao protein (Marx et al. 2002). The phosphorylation of the channel leads to an
increased IKs shortening the plateau phase of the AP and, thereby, allowing
accelerated heart rate. The stimulation of IKs is due to kinetic effects and increased
RAB4 dependent exocytosis leading to increased plasma membrane abundance of
IKs (Piccini et al. 2017). However, mutations like Yotiao S1570L disturb the
phosphorylation of KCNQ1 by the PKA/PP1 system resulting in prolonged cQT
intervals especially under β-adrenergic stimulations (Chen et al. 2007). The
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β-adrenergic adaption of the IKs channel can be disturbed by loss of function
mutations in the KCNQ1 or KCNE1 subunit as well. Beside acute physical or
emotional stress, chronic stress mediated by cortisol leads to RAB11 mediated IKs
channel exocytosis that is disrupted in specific mutations contributing to loss of IKs
function (Seebohm et al. 2007, 2012).

Recent studies suggest that directed and selective modulation of the IKs or IKr is a
promising strategy for pharmacological rescue especially in JLNS. While patients
with normal LQTS are often responsive to β-blocker therapy, the treatment of JLNS
patients with β-blockers is often not sufficient. These patients could benefit from a
selective activation of IKr compensating the underdeveloped IKs component in the
AP (Zhang et al. 2014a).

4 IKr Associated Congenital Long QT Syndromes: LQT2
and LQT6

Like IKs, IKr is generated by the heteromeric assembly of an α-subunit (Kv11.1) with
its associated β-subunit KCNE2 (MiRP1) (Abbott et al. 1999). The Kv11.1 is a
voltage-gated potassium channel comprised from four α-subunits that are encoded
by the gene KCNH2 also known as human Ether-à-go-go related gene (hERG)
(Ng et al. 2020). The overall structure of the channel is similar to other Kv channels
containing a transmembrane region with a voltage sensor domain (S1–S4; VSD) and
a pore domain (S5S6) as well as intracellular N- and C-terminal domains (Wang and
MacKinnon 2017). At the N-terminus, the channel possesses a Per-Arnt-Sim domain
(PASD), which impacts channel gating by slowing the rate of deactivation (Cabral
et al. 1998). Loss-of-function mutations in KCNH2 are distributed over the complete
structure and can cause LQT2, that is the second common form of LQTS (Smith
et al. 2016; Adler et al. 2020). Similar to mutations in the KCNQ1 gene, mutations
inside regions coding for the pore loop or the transmembrane region of Kv11.1 are
known to facilitate cardiac events more than mutations in the PASD or C-terminal
domain (Kim et al. 2010). In contrast to loss-of-function, gain-of-function mutations
in the KCNH2 gene are the most common reason for inherited short QT syndrome
(SQT1) (Brugada et al. 2004).

Nearly 500 KCNH2 mutations are linked to LQT2 and the mechanisms of QT
prolongation are quite diverse (Anderson et al. 2014). The most prominent reason for
IKr reduction in LQT2 is a reduced number of Kv11.1 channels at the membrane
surface (Anderson et al. 2014). This can be caused by either missense mutations that
lead to misfolding and subsequent reduced intracellular transport and trafficking or
nonsense mutations that caused abnormal transcription/translation of the channel
(Anderson et al. 2006; Gong et al. 2007). Around 90% of the LQT2-associated
mutations show reduced trafficking to the cell surface (Smith et al. 2016). However,
some mutations lead to altered gating behaviour or reduced ion permeability as well.
For example, mutations in the PASD lead to accelerated channel deactivation and
cause reduction of the IKr (Chen et al. 1999). More about Kv11.1/hERG channels
can be found in chapter “Cardiac hERG K+ Channel as Safety and Pharmacological
Target” (Su et al. 2021).
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Expression of Kv11.1 without KCNE2 in heterologous systems generate currents
that are not completely comparable with the physiologic IKr (Abbott et al. 1999).
Thus, the modulating β-subunit may be required for proper current modulation.
Association of the Kv11.1 channel with KCNE2 may lead to current amplitude
reduction by slowed activation as well as accelerated deactivation (Abbott et al.
1999). Like the closely related KCNE1, KCNE2 is a single helical transmembrane
subunit that also alters the function of HCN channels as well as voltage-gated Ca2+

channels (Abbott 2015). Mutations located in the KCNE2 gene can cause LQT6 that
belongs to the minor LQTS, since the prevalence is rather low (<1%) (Priori et al.
2013). Very recent studies suggest that LQT6 is not only a rare variant of LQTS but
also a variant with low risk for cardiac events (Roberts et al. 2017). Moreover the
authors suggest that LQT6 patients develop proarrhythmic susceptibility only with
additional environmental or congenital risk factors (Roberts et al. 2017).

5 Mutations in Kir2.1 Cause the LQT7/Andersen-Tawil
Syndrome

The Anderson-Tawil syndrome (LQT7) belongs to the minor group of LQTS
(LQT4–LQT16) and can be subdivided into two types (ATS1, ATS2) (Donaldson
et al. 2004). It is named by Ellen Anderson (Andersen et al. 1971), who firstly
described the typical symptoms, as well as Rabi Tawil (Tawil et al. 1994), who
contributes significantly to the understanding of the disease. Contrary to most other
LQTS, ATS is a multiorgan disease and it is characterized by a triad of periodic
muscle weakness (up to paralysis), ventricular arrhythmias as well as dysmorphic
features (Yoon et al. 2006). The prevalence of this autosomal dominant disease is
rare (approximately 1:1,000,000) (Rajakulendran et al. 2010). ATS1 is caused by
loss-of-function mutations in the inward rectifier potassium channel Kir2.1, a main
component of the IK1 current (Donaldson et al. 2004). Only a few patients are known
with mutations in the KCNJ5 gene coding for the Kir3.4 channel (Kokunai et al.
2014). However, nearly 40% of the ATS patients do not have mutations in the
associated genes suggesting that additional causative factors for ATS exist
(Donaldson et al. 2004).

The Kir2 channels can be formed as homo- or heterotetramers and they are
expressed in the heart and skeletal muscles (Preisig-Muller et al. 2002). A single
subunit of Kir2.1 (KCNJ2) contains two transmembrane helices (M1, M2) that are
connected by a pore forming loop, as well as large intracellular N- and C-terminal
domains (Pegan et al. 2006). The inward rectification of Kir channels is based on
cytosolic interactions with polyamines as well as Mg2+ ions leading to a preferable
influx of potassium ions especially at hyperpolarized voltages (Pegan et al. 2005).
The influx of potassium can be blocked by Ba2+ or Cs+ ions (Bradley et al. 1999).
Several ATS1-causing mutations of KCNJ2 lead to reduced K+ influx at the late
phase 3 and 4 of the cardiac AP and prolonged repolarization (Seemann et al. 2007).
The ECG often shows a prominent U wave, while QT interval in the most cases is
not prolonged (Tristani-Firouzi et al. 2002).
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ATS2 (not KCNJ2 associated) is much rarer than ATS1 and it is caused, for
example, by a mutation in the KCNJ5 gene, that encodes for the Kir3.4 channel, a G
protein coupled inward rectifying potassium channel (GIRK) (Kokunai et al. 2014).
It is activated by the βγ subunit of the Gi coupled M2 receptor and contributes to the
IK,Ach that shortens the action potential in the atrium and slows down the heart rate
(Moreno-Galindo et al. 2016). It was suggested that mutated Kir3.4 form
heterodimers with Kir2.1 and subsequently inhibit the normal function of the
Kir2.1 subunit (Kokunai et al. 2014). Clearly, further experimental data are needed
to clarify the mechanism of action. More on physiology and pharmacology of Kir

channels can be found in chapter “Kir Channel Molecular Physiology, Pharmacol-
ogy and Therapeutic Implications” (Lin et al. 2021).

6 Short QT Syndrome (SQTS)

Contrary to the LQTS, patients with short QT syndrome (SQTS) show cQT intervals
of �340 ms in the electrocardiogram (ECG). SQTS is also diagnosed when cQT
intervals of �360 ms appear together with family history of diagnosed SQTS or
sudden cardiac death at the age < 40 (Priori et al. 2015). While the diversity of
symptoms in LQTS patients is high, most SQTS patients described so far suffer from
severe ventricular arrhythmia and early cardiac death. Thus, SQTS is characterized
as a highly malignant disease with high lethality, especially in infants (Gaita et al.
2003). However, with only a few hundred cases described worldwide congenital
SQTS is extremely rare compared to congenital LQTS (cLQTS) (Campuzano et al.
2018). More recent studies suggest that not all patients with SQTS have severe
symptoms and that previously described riskiness of SQTS is influenced by the low
number of diagnosed cases (Akdis et al. 2018).

As compared to LQTS, opposite mechanisms are responsible for the congenital
SQTS: shortening the Phase 2 of the AP by increasing IKr, IKs or IK1 or decreasing
the ICa,L (Brugada et al. 2004; Bellocq et al. 2004; Priori et al. 2005; Antzelevitch
et al. 2007). The SQTS was first described in a case report of a family in 2000, where
three members suffered from several episodes of paroxysmal atrial fibrillation
requiring electrical cardioversion (Gussak et al. 2000). From then to now mutations
in at least seven different genes were described as cause for cSQTS, that is transmit-
ted in an autosomal dominant fashion (Campuzano et al. 2018). Most frequently
observed are gain-of-function mutations in the gene KCNH2 (SQT1) that can
increase the current amplitude of Kv11.1 channel and subsequently accelerate
repolarization in Phase 2 of the AP (Sun et al. 2011). Also, gain-of-function
mutations in KCNQ1 (IKs, SQT2) and KCNJ2 (IK1, SQT3) are known, however,
these are much less common (Moreno et al. 2015; Fernández-Falgueras et al. 2017).
The mechanisms for increased IKs and IK1 are diverse and range from accelerated
activation kinetics (IKs) (Bellocq et al. 2004) to shifted voltage dependency (IK1)
(Hattori et al. 2012) or enhanced membrane expression of the channel (IK1)
(Ambrosini et al. 2014).

Even more rare are SQTS patients, who possess a loss-of-function mutation in
genes coding for ICa,L generating proteins (Antzelevitch et al. 2007). Thus, SQT4 is
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caused by mutations in the gene CACNA1C that can reduce the trafficking of the
L-type α1C-subunit (Cav1.2) to the membrane surface (Antzelevitch et al. 2007). On
the contrary, mutations in the gene CACNB2b (SQT5), encoding for the β2-subunit
of the Ca2+ channel, were found to decrease the ICa,L without changing trafficking
(Antzelevitch et al. 2007). ECG from SQT4 and SQT5 patients also show elevation
of the ST interval, which is a characteristic phenotype for Burgada syndrome
(Antzelevitch et al. 2007). In 2011 another loss-of-function mutation was reported
for the gene CACNA2D1 (SQT6) encoding for the α2δ1-subunit of the voltage gated
Ca2+ channel that also led to reduced ICa,L without affecting membrane expression
(Templin et al. 2011).

Very recently, another gene was associated with SQTS. Contrary to all the other
genes discussed above, SLC4A3 encodes for a membrane transport protein (anion
exchange protein 3) instead of an ion channel (Thorsen et al. 2017). However, the
exact molecular mechanism of QT shortening in this case remains elusive (Thorsen
et al. 2017).

7 Brugada Syndrome

The Brugada syndrome (BrS) is a rare autosomal dominant cardiac disease that was
firstly described in 1992 by Pedro and Joseph Brugada (Brugada and Brugada 1992).
Patients with BrS show elevated ST segments in the ECG and can suffer from
ventricular arrhythmias up to sudden cardiac death (Brugada and Brugada 1992).
The worldwide prevalence for BgS is estimated 1:2000 (Vutthikraivit et al. 2018).
While BrS patients are usually asymptomatic, trigger factors like fever can unmask
the syndrome (Roomi et al. 2020). The diagnosis of BrS is difficult since character-
istic ECG alterations are not always present (Wilde et al. 2002). Beside the ECG,
class I antiarrhythmics like flecainide or ajmaline can be used for diagnosis (Wilde
et al. 2002). The administration of these drugs blocking the Na+ channel can provoke
or quench the typical BrS symptoms in the ECG depending on the ionic current
underlying the pathology (Wilde et al. 2002).

The syndrome can be caused by decreased INa or ICa,L or increased Ito (Garcia-
Elias and Benito 2018). Most patients with an associated mutation have a reduced
INa caused by mutations in the gene SCNA5 (Watanabe and Minamino 2016). Up to
now more than 300 loss-of-function mutations in the SCNA5 gene were identified
that cause BrS by influencing the trafficking or the gating behaviour of the Nav1.5
channel (Kapplinger et al. 2010). Especially mutations leading to truncated proteins
lead to a pronounced reduction of INa and subsequently to severe BrS symptoms
(Kapplinger et al. 2010).

Beside the reduced INa, also reduction of the ICa,L is described in a few cases to
cause BrS. Loss-of-function mutations in the genes CACNA1C, CACNB2b and
CACNA2D1 can reduce the ICa,L dramatically (Antzelevitch et al. 2007; Templin
et al. 2011). Surprisingly, the same genes are also associated with the development
of short QT syndrome (SQTS) leading to mixed BrS and SQTS symptomatic in these
patients (Campuzano et al. 2018).
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In contrast to the above-mentioned loss-of-function mutations, increment of the
Ito by several gain-of-function mutations in genes coding for potassium channel
forming and modulating proteins are known (You et al. 2015). The Itof is generated
by the Kv4.2 (KCND2) and Kv4.3 (KCND3) together with the modulating subunits
KChiP2 and KCNE3 (Panama et al. 2016). The α-subunits of Kv4.2 and Kv4.3 show
the typical structure of voltage gated potassium channels with six transmembrane
helices and form homo- or heterotetramers with other Kv4 channels (Jerng et al.
2004). Compared to the IKs and IKr generating potassium channels, Kv4.2 and Kv4.3
are rapidly activating and also rapidly deactivating channels resulting in the typical
notch of the cardiac AP (Jerng et al. 2004). Experimental data expressing Kv4.3
alone show that a modulation by KChiP2 is needed to form the physiological Itof
(Deschênes and Tomaselli 2002). KChiP2 belongs to the potassium channel
interacting proteins and associates at the cytosolic site with pore forming subunit
accelerating the channel activation and increasing the current density (Deschênes
and Tomaselli 2002). In contrast, KCNE3 interacts with Kv4.2 and Kv4.3 and alters
the inactivation of these channels (Abbott 2016). BrS causing mutations were found
in these two interacting proteins and other modulatory proteins (KCNAB2,
KCNE5), as well as in the pore forming α-subunits. These mutations typically result
in enhanced Itof by increasing surface expression of the channel complex or/and by
increased conductance (Abbott 2016; Campuzano et al. 2020).

8 Ion Channels in Atrial Tachyarrhythmias

Alterations in cardiac electrophysiology are crucial for initiation, progression and
maintenance of common atrial arrhythmias called atrial fibrillations (AF). This ion
channel remodelling has been of particular interest in AF research. Cellular
mechanisms believed to be responsible for ectopic activity – the first step of AF
generation – include enhanced atrial automaticity, EAD or DAD (Nattel et al. 2008).
Sustained ectopic high-rate activity can trigger atrial re-entry, by acting on vulnera-
ble electrical substrate, thereby leading to AF that may become manifest AF
(Heijman et al. 2014). Re-entry is promoted and maintained by a number of factors:
atrial refractory period shortening and/or slowed conduction, resulting from atrial
electrical and structural remodelling (Wakili et al. 2011).

AF patients display shorter atrial refractoriness, due to abbreviated atrial action
potential durations (APD; Fig. 5) (Daoud et al. 1996; Franz et al. 1997). Alterations
in ion channel function underlie the so-called electrical remodelling and can occur
within hours of AF onset, while changes in gene expression occur much slower
(Allessie et al. 2002). The shortening of APD is believed to be caused by impairment
of L-type Ca2+ channels/ICa,L, whose rate of recovery from inactivation is reduced in
AF patients, which contributes to reduced Ca2+ influx at high frequencies (Van
Wagoner et al. 1999; Bosch et al. 1999; Skasa et al. 2001). Altered functions of
repolarizing K+ currents Ito, IK1, IKur and IK,ACh have also been reported in AF
(Schotten et al. 2011). Thus, as a compensatory mechanism, IK1 (via Kir2.1) was
shown to increase in AF patients, which is likely to contribute to the observed APD
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(ZHANG et al. 2005; Gaborit et al. 2005). Additionally, IK,ACh was found to be
facilitated by hyperphosphorylation leading to constitutively active channels
(Dobrev et al. 2005; Voigt et al. 2007) and IKur (Kv1.5) was potentially modulated
in AF (Van Wagoner et al. 1997; Workman et al. 2001). Due to suggested predomi-
nantly atrial distribution of these currents, blockers of IK,ACh or IKur were considered
as promising AF drug candidates (Schotten et al. 2011). However promising pre-
clinical results were not confirmed the subsequent clinical trials.

Another K+ channel upregulated in AF is TASK-1, a K2P channel which shows
certain atrial enrichment. This upregulation may contribute to pathological
shortening of the atrial APD as well. Pharmacologic blockade of this ITASK-1 currents
could revert APD shortening in cardiomyocytes of AF patients (Schmidt et al. 2015).
Thus, ITASK-1 inhibition may represent another approach for AF therapy (Schmidt
et al. 2014; Wiedmann et al. 2016). Pharmacological inhibition of atrial ITASK-1
showed acute cardioversion in a porcine model of paroxysmal AF, an effect in
agreement with in silico predictions. These experiments indicate the potential
therapeutic use of ITASK-1 inhibition in AF treatment (Wiedmann et al. 2020). It
will be interesting to see if this concept holds true for future AF therapeutics.

Fig. 5 Schematic depiction of an atrial AP subdivided into Phases 0–4. The dominating potassium
current as well as the contributing K channel forming proteins is named for each phase of the
AP. Shortening of atrial APs as it occurs in AF patients is indicated as red dotted line
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9 Calmodulinopathy Leads a Path to a Potential SK
Channel-Based AF Therapy

Over a decade ago, small conductance Ca2+-activated K+ (SK) channels were
reported to be functionally expressed in both human and mouse hearts (Xu et al.
2003; Skibsbye et al. 2014). Using a two-hybrid approach, Xia and colleagues
showed that the C-terminal domain of SK channels interacts with calmodulin
(CaM) which operates as the intracellular Ca2+ sensor (Xia et al. 1998). A flexible
linker connects the N-and C-terminal lobes providing CaM with high conforma-
tional plasticity allowing it to interact with the SK channels. In each terminal lobe a
pair of EF hands are found, enabling a total of four Ca2+ ions to interact with one
CaM (Marshall et al. 2015). Four CaM molecules are tethered in one functional SK
channel. Upon Ca2+ binding two CaMBD dimer complexes are formed, which
induce a rotary movement that transmits directly to the S6 segment to open the
channel (Schumacher et al. 2001; Lee and MacKinnon 2018). The thus Ca2+-
activated SK channels are activated during the repolarization phase 3 of the AP in
cardiomyocytes when the intracellular Ca2+ concentrations are increased (Gu et al.
2018). The expression patterns of SK channels are species specific. In the human,
levels of the three SK channel subtypes vary in the four chambers of the heart,
whereas the SK channel expression and function is much higher in atria, compared to
ventricles. The first CaM mutation associated with heart disease was reported by
Nyegaard et al. in 2012 (Nyegaard et al. 2012). Subsequently, about 18 CaM
mutations have been identified that associate with catecholaminergic polymorphic
ventricular tachycardia (CPVT), long QT syndrome (LQTS) and idiopathic ventric-
ular fibrillation (IVF) (Jensen et al. 2018). The clinical manifestations of CaM gene
mutations cause life-threatening arrhythmias and are termed calmodulinopathies
(Kotta et al. 2018). Taking the crucial role of CaM in function of several ion channels
and the lethality of misfunction into account, it is not surprising that most of these are
de novo mutations discovered in infants or very young children and only three are
found to be inherited.

SK channels as one of the major CaM interaction partners are apparently atrial
selectively expressed. Therefore, SK channels represent as an interesting target for
treatment of AF and are the latest addition to the atrial-selective targets is the SK
channel. A common SK channel gene variant was associated with AF and, consistent
with an SK channel key function in AF, SK2-knockout mice represented prolonged
atrial APD, EAD and increased occurrence of AF (Ozgen et al. 2007). Numerous
animal studies have shown similar results with relevance for AF (Ozgen et al. 2007;
Diness et al. 2010, 2017, 2020; Skibsbye et al. 2011, 2018; Chua et al. 2011; Hsieh
et al. 2013; Chang et al. 2013; Zhang et al. 2014b; Kirchhoff et al. 2015; Haugaard
et al. 2015; Hundahl et al. 2017; Lubberding et al. 2019). Therefore, cardiac SK
channels are promising atrial-selective druggable targets as atrial anti-arrhythmic
drugs in otherwise healthy patients. However, in pathophysiological setting of heart
failure ventricular SK channels might be of importance (Bonilla et al. 2014).

Atrial fibrosis is a second line of AF that occurs after electrical remodelling
implicated in the maintenance of AF by promoting re-entry and conduction slowing.
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Furthermore, the degree of atrial structural remodelling and fibrosis is highly
correlated with the burden and progression of AF. To be successful, an ion channel
targeting anti-AF strategy should therefore be applied as fast as possible after
occurrence of AF. Initial upregulation of SK channel currents in patients with
persistent AF has been reported, but is followed by SK channel downregulation in
patients with permanent AF (Yu et al. 2012; Ling et al. 2013; Skibsbye et al. 2014).
Possibly, SK channels are initially upregulated to allow for sufficient repolarization
reserve, but are then downregulated in the persistent disease setting because of
substantial atrial remodelling (Skibsbye et al. 2014). Thus, precise timing of a
potential SK-targeting therapy is currently hard to forecast. Currently, an SK channel
inhibitor is undergoing clinical trial, which might disclose the potential of SK block
in treatment of AF (Gal et al. 2020).
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Abstract

The human ether-á-go-go related gene (hERG, KCNH2) encodes the pore-
forming subunit of the potassium channel responsible for a fast component of
the cardiac delayed rectifier potassium current (IKr). Outward IKr is an important
determinant of cardiac action potential (AP) repolarization and effectively
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controls the duration of the QT interval in humans. Dysfunction of hERG channel
can cause severe ventricular arrhythmias and thus modulators of the channel,
including hERG inhibitors and activators, continue to attract intense pharmaco-
logical interest. Certain inhibitors of hERG channel prolong the action potential
duration (APD) and effective refractory period (ERP) to suppress premature
ventricular contraction and are used as class III antiarrhythmic agents. However,
a reduction of the hERG/IKr current has been recognized as a predominant
mechanism responsible for the drug-induced delayed repolarization known as
acquired long QT syndromes (LQTS), which is linked to an increased risk for
“torsades de pointes” (TdP) ventricular arrhythmias and sudden cardiac death.
Many drugs of different classes and structures have been identified to carry TdP
risk. Hence, assessing hERG/IKr blockade of new drug candidates is mandatory in
the drug development process according to the regulatory agencies. In contrast,
several hERG channel activators have been shown to enhance IKr and shorten the
APD and thus might have potential antiarrhythmic effects against pathological
LQTS. However, these activators may also be proarrhythmic due to excessive
shortening of APD and the ERP.

Keywords

Activator · Arrhythmia · hERG · Inhibitor · Long QT syndromes

1 Introduction

Cardiac arrhythmias are one of the major causes of cardiovascular disease-related
deaths worldwide. Ion channels are pore-forming proteins that provide pathways for
the transmembrane movement of ions and thus control the cardiac action potential
(AP) generation and propagation, resulting in the release of Ca2+ from intracellular
stores and triggering cardiac muscle contraction. Abnormalities in cardiac ion
channel function may lead to arrhythmias and sudden cardiac death (Keating and
Sanguinetti 2001). The human ether-á-go-go related gene (hERG, KCNH2) encodes
the pore-forming subunit (Kv11.1) of the channel that in cardiac myocytes conducts
the rapidly activating delayed rectifier potassium current (IKr). Outward IKr is a
critical current in the phase 3 AP repolarization in the human ventricle and effec-
tively controls the QT interval of the electrocardiogram (Sanguinetti et al. 1995).
Inhibition of IKr results in the prolongation of repolarization, which has been
described as an antiarrhythmic mechanism of Class III antiarrhythmic agents
(Singh and Vaughan Williams 1970). However, these drugs have also been found
to be associated with an increased risk of arrhythmias. In addition to antiarrhythmic
agents, a wide variety of different classes of non-antiarrhythmic pharmaceuticals
have the potential to inhibit hERG/IKr current and, thus, can pose a threat of the drug-
induced form of acquired long QT syndromes (LQTS) associated with an increased
risk of an unusual life-threatening form of arrhythmia known as torsades de pointes
(TdP) (Sanguinetti and Tristani-Firouzi 2006; Vandenberg et al. 2012). Conse-
quently, assessing potential IKr/hERG inhibition of drug candidates has become a
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major requirement in new drug development process (Hancox et al. 2008;
Sanguinetti and Mitcheson 2005). Considerable effort has been made to understand
the molecular basis underlying the susceptibility of hERG channel to pharmacologi-
cal inhibition. A recent cryoelectron microscopy (cryo-EM) structure of hERG
(Wang and MacKinnon 2017) has provided opportunities to better understand
hERG channel gating and pharmacology (Butler et al. 2019). This review briefly
describes hERG channel as a pharmacological and safety target for antiarrhythmic/
proarrhythmic actions of drugs.

2 Structure of hERG Channel

Like other Kv channels, hERG channel is formed by co-assembly of four α subunits.
Each α subunit has six transmembrane spanning α-helical segments (S1–S6) along
with the intracellularly located N- and C-terminus. The voltage sensor domain
(VSD) that senses transmembrane potential is formed by S1–S4 helices (Piper
et al. 2003; Subbiah et al. 2004). S4 helix contains positively charged amino acids
mainly separated by hydrophobic residues. S5–S6 segments along with the
intervening pore loop contribute to the pore domains. S5 is connected to S6 by an
extracellular helix, followed by the pore helix (PH) and the K+ selective filter
(SF) (Jiang et al. 2005). The SF of the hERG channel adopts a unique signature
sequence of Ser-Val-Gly-Phe-Gly (Doyle et al. 1998). It has been supposed that
below the SF the pore widens to form a water-filled central cavity that is lined by
residues from the S6 helices (Perry et al. 2010). However, recently solved cryo-EM
structure of the hERG channel in the open state reveals that four deep cylindrical
hydrophobic pockets below the SF extend out from the central pore cavity (Fig. 1a)
(Wang and MacKinnon 2017). These pockets exclusively exist in hERG channel
since the S6 inner helix of hERG is displaced to create a separation between the PH
and S6 helix (Wang and MacKinnon 2017).

hERG channel has a unique kinetic behavior that is characterized by slow
deactivation but very fast, voltage-dependent inactivation (Vandenberg et al.
2004). This unusual combination of kinetics gives rise to an apparent inward
rectification that is crucial for maintaining a prolonged plateau phase of the cardiac
AP. The channel opens following membrane depolarization as a result of its VSD’s
response to the voltage; however, the channel almost immediately inactivates,
limiting K+ passage until the start of the repolarization phase of the AP (due to the
rapid recovery from inactivation). In addition, hERG deactivates very slowly so that
the outward K+ current is passed even as the membrane potential returns toward the
resting potential (Fig. 1b, c). Therefore, the unique kinetics makes the hERG current
ideally suited for determining the duration of the plateau phase of the AP (Smith
et al. 1996; Sanguinetti and Tristani-Firouzi 2006). Maintenance of plateau is crucial
for ensuring sufficient time for calcium release from the sarcoplasmic reticulum to
enable cardiac contraction. The gating kinetics of hERG also enables the channel to
generate rapid transient currents late in AP repolarization/early diastole, to protect
against arrhythmogenic premature depolarizations.
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3 Mechanisms of Arrhythmias

Cardiac arrhythmias are commonly believed to arise primarily from abnormal
automaticity, reentrant excitation, or the combination of both. Abnormal automatic-
ity may occur as a result of enhanced automaticity or triggered activity (Wit 1990).
The triggered activity and reentrant excitation are highly associated with hERG
dysfunction-induced tachycardial ventricular arrhythmias. It is generally accepted
that tachyarrhythmic events are obligated depending on two phenomena: a triggering
event for initiation and a reentry substrate for sustainability (Schmitt et al. 2014).
Triggered activity results from the premature activation of cardiac tissues by
afterdepolarizations, which are oscillations in membrane potential that follow the
primary depolarization phase (0) of an AP. If afterdepolarizations develop before full
repolarization, corresponding to phase 2 or phase 3 of the cardiac AP, they are
classified as early afterdepolarizations (EADs) and those originating from phase 4 of
AP are classified as delayed afterdepolarizations (DADs) (Fig. 2a). EADs are usually
but not exclusively associated with prolonged action potential durations (APD). It is
generally considered that EADs occur primarily due to the reactivation of the
voltage-gated CaV1.2 channels (L-type Ca2+ channels) (January and Riddle 1989).
If the change in membrane potential brought about by the EAD is large enough to

Fig. 1 The structure and gating of hERG channel. (a) The structure of pore cavity; adopted from
(Wang and MacKinnon 2017) with permission. The central cavity has an atypically small central
volume surrounded by four deep hydrophobic pockets. Internal molecular surface around the
central cavity is represented as translucent surface colored by electrostatic potential according to
the scale shown. Residues related to drug binding are shown as sticks on the otherwise ribbon
representation of the channel. (b) hERG channel exists in closed, open, or inactivated states;
transitions between these states are voltage dependent. (c) hERG current response (bottom) to the
AP voltage waveform (top). hERG channel opens following membrane depolarization and then
rapidly inactivates. During repolarization of the AP waveform, the current increases due to the
recovery from inactivation and then slowly decreases again as the electrochemical gradient for K+

efflux decreases
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reach the threshold potential for initiation of APs, it will cause triggered activity
(Fig. 2a). EADs and their resulting triggered activity are thought to underlie the
arrhythmogenesis observed in LQTS (Maruyama et al. 2011). DADs usually occur
under conditions of intracellular calcium overload and involve spontaneous release
of calcium from the sarcoplasmic reticulum.

In order for sustained arrhythmias to occur, the triggering events must subse-
quently initiate a self-sustained episode of APD propagation, which is known as
reentry-based arrhythmia (where reentry denotes an ongoing loop of unintended
electrical signaling). A normally-propagating AP usually encounters neighboring
tissue with equal conducting velocity and completely extinguish (Fig. 2b left). If an
impulse is blocked in a specific area of the tissue but not elsewhere and the
retrograde conduction is still possible, a unidirectional blocking is said to have
occurred. If a retrogradely conducting impulse encounters excitable tissue, a reentry

Fig. 2 The mechanisms of arrhythmias. (a) The afterdepolarizations developing before full
repolarization, corresponding to phase 2 or phase 3 of the cardiac AP are classified as EADs
(left,������), and those originating from phase 4 of AP are classified as DADs (right,������). When
afterdepolarizations reach the threshold potential, a new AP is generated, leading to the triggered
activity (-----). (b) Propagation of normal AP (left) and conditions for a reentrant excitation (right).
Under normal conditions, the electrical signals travel down each branch of Purkinje fiber with equal
velocity, and the signals will not progress if the two branches are connected. However, if one branch
exhibits a unidirectional block, the electrical signal will travel down only one branch and may back-
propagate until the point of blocking. If a retrogradely progressing impulse encounters excitable
tissue, a reentry is set up
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is being set up (Fig. 2b right). Such electrophysiological blocks may result from an
anatomical or functional obstacle under pathological conditions such as myocardial
infarction or inflammation or altered electrophysiologic properties due to electrolyte
imbalance or ischemia. Another important factor forming arrhythmic substrates is
electrophysiological heterogeneity of the myocardium. The APD diverges in differ-
ent parts of the myocardium, and there is a significant heterogeneity among cardiac
cells along several axes including the transmural, left-right, and apicobasal axes
(Boukens et al. 2009). The dispersion is increased in the conditions with inherited
ion channelopathies and after unintended inhibition of IKr by cardiac and
non-cardiac drugs (Antzelevitch 2007, 2008). This amplification of spatial disper-
sion of repolarization can form substrates for reentry loops and thus contribute to
life-threatening arrhythmias (Antzelevitch 2007; Keating and Sanguinetti 2001).

4 hERG Inhibitors

4.1 hERG Inhibitors as Antiarrhythmic Agents

Class III antiarrhythmic agents include nonselective K+ channel blockers
ambasilide, amiodarone, and dronedarone and selective IKr blockers dofetilide,
ibutilide, and sotalol (Lei et al. 2018). The supposed mechanism of antiarrhythmic
effects of these compounds is the inhibition of reentry-based arrhythmias through
prolongation of the effective refractory period (ERP). However, inhibition of IKr by
these compounds has also been found to be associated with an increased risk of
arrhythmias and sudden cardiac death (Vandenberg et al. 2001). The proarrhythmic
effect of class III compounds results from excessive prolongation of APD, especially
an extended and slowly decaying phase 3-repolarization (triangulation), which could
promote reactivation of L-type Ca2+ channels and, thus, lead to EADs. According to
the aforementioned arrhythmogenic mechanisms, increased dispersion of
repolarizations form reentry substrates can, in turn, result in TdP, which may
ultimately degenerate to ventricular fibrillation.

4.2 hERG Inhibition by Structurally Diverse Drugs

In 1922, syncope and sudden death were firstly reported in patients treated with the
quinidine (Levy 1922). These phenomena were further revealed in 1964, when
Selzer and Wray (1964) observed TdP on electrocardiograms from patients with
quinidine-related syncope, which was resulted from prolongation of cardiac repolar-
ization due to hERG channel blockage. Since then, more and more drugs with
miscellaneous structures are discovered to block hERG channel and, thus, carry
the TdP risk. Antiarrhythmic, antihistamine, antimicrobial, antipsychotic, and anti-
depressant drugs are important classes associated with proarrhythmic risk (Rampe
and Brown 2013). Hitherto, several drugs have been withdrawn from the market or
given strict limitation for use because of TdP risk, including terfenadine, lidoflazine,
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astemizole, sertindole, levomethadyl, droperidol, cisapride, and grepafloxacin
(Table 1). A database is available for drugs with the risk of TdP, which is categorized
into three classes: drugs with known risk of TdP, possible risk of TdP, and condi-
tional risk of TdP. Drugs with known risk of TdP related to hERG channel inhibition
are listed in Table 1. Updated information about drug-associated TdP risk can be
found at www.crediblemeds.org.

4.3 Molecular Basis Underlying hERG Channel Inhibition

The question of why the hERG channel is so susceptible to “nonspecific” block by
such a wide variety of medications has attracted intense interest. Much effort has
been made to explore the structural basis underlying this unusual susceptibility to
inhibition, with approaches ranging from electrophysiology to, protein structure
solution and in silico modeling. It is generally considered that there are at least
two important structural features of hERG channel that are responsible for the above
property. Firstly, many drugs bind to hERG channel by being trapped in its inner
cavity, which appears to be much larger than in any other voltage-gated K+ channel.
Thus, the large inner cavity of hERG channel can accommodate and trap large
molecules that other K+ channels cannot trap (Mitcheson et al. 2000). Recently,
the cryo-EM structure of hERG has been solved (Wang and MacKinnon 2017), it
provides a valuable insight into the channel structure with regard to the drug binding.
It has been demonstrated that there are four unique elongated, relatively hydrophobic
pockets that extend from the central cavity (Wang and MacKinnon 2017) (Fig. 1a).
Drugs are proposed to occupy the center of the cavity and insert a functional group
into the hydrophic pockets. The central cavity of the channel in the region just below
the SF is slightly narrower than that seen in Shaker-like voltage-gated K+ channel
structures. As a consequence, there is a greater negative electrostatic potential in this
region of the cavity (Vandenberg et al. 2017), which attracts cations (e.g., metal ions
or positively charged drugs) to form a more stable structure. Secondly, it is believed
that a number of aromatic residues in a specific hERG channel region can form
binding sites for inhibitory drugs. The electrons of the aromatic ring may form
π-cation or π-π interactions with the drug molecule via charged nitrogen or aromatic
ring, respectively (Fernandez et al. 2004; Stansfeld et al. 2007). Mutagenesis
screening has demonstrated that residues on the S6 helix (Y652, F656, G648) and
residues at the base of the SF (T623, S624, and V625) are critical to binding for a
range of hERG blockers (Kamiya et al. 2006; Lees-Miller et al. 2000; Mitcheson
et al. 2000; Perry et al. 2004). Among these, the two aromatic residues on the S6
helices (Y652, F656) are highly conserved in hERG channel orthologs, but not in
other voltage-dependent K+ channels (Shealy et al. 2003). Substantial evidence has
shown that channel blockage by almost all hERG blocking drugs tested is dramati-
cally attenuated by mutations of one or both of these two key residues (Y652 and
F656) that form much of the lining of the K+ conductance pathway. In addition, in
silico hERG blocking studies have also demonstrated that Y652 and F656 in the
hERG S6 domain play critical roles in drug binding (Hyang-Ae et al. 2018). These
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Table 1 Drugs with a known risk of TdP due to hERG inhibition

Drugs Drug class References

Amiodarone Antiarrhythmic (Kamiya et al. 2001; Kiehn et al. 1999)

Arsenic trioxidea Anticancer (Ficker et al. 2004)

Astemizoleb Antihistamine (Suessbrich et al. 1996; Zhou et al. 1999)

Azithromycin Antibiotic (Yang et al. 2017; Zhi et al. 2015)

Bepridilb Antianginal (Chouabe et al. 1998, 2000)

Chloroquine Antimalarial (Sánchez-Chapula et al. 2002; Traebert et al.
2004)

Chlorpromazine Antipsychotic/
antiemetic

(Lee et al. 2004; Thomas et al. 2003b)

Ciprofloxacin Antibiotic (Bischoff et al. 2000; Kang et al. 2001)

Cisaprideb GI stimulant (Mohammad et al. 1997; Rampe et al. 1997)

Citaloprama Antidepressant,
SSRI

(Chae et al. 2014; Witchel et al. 2002)

Clarithromycin Antibiotic (Stanat et al. 2003; Volberg et al. 2002)

Cocaine Local anesthetic (Guo et al. 2006; Zhang et al. 2001)

Disopyramide Antiarrhythmic (Paul et al. 2001; Yang et al. 2001)

Dofetilide Antiarrhythmic (Kiehn et al. 1995; Yang et al. 2001)

Domperidone Antiemetic (Claassen and Zünkler 2005; Drolet et al.
2000)

Donepezila Cholinesterase
inhibitor

(Chae et al. 2015)

Dronedarone Antiarrhythmic (Ridley et al. 2004; Thomas et al. 2003a)

Droperidol Antipsychotic/
antiemetic

(Drolet et al. 1999; Luo et al. 2008)

Erythromycin Antibiotic (Duncan et al. 2006; Stanat et al. 2003)

Escitaloprama Antidepressant,
SSRI

(Chae et al. 2014)

Flecainide Antiarrhythmic (Paul et al. 2002)

Fluconazolea Antifungal (Han et al. 2011)

Gatifloxacinb Antibiotic (Kang et al. 2001)

Grepafloxacinb Antibiotic (Bischoff et al. 2000; Kang et al. 2001)

Halofantrine Antimalarial (Tie et al. 2000; Traebert et al. 2004)

Haloperidol Antipsychotic (Shuba et al. 2001; Suessbrich et al. 1997)

Ibogaine Psychedelic (Koenig et al. 2013; Thurner et al. 2014)

Ibutilide Antiarrhythmic (Kodirov et al. 2019; Yang et al. 2001)

Levofloxacin Antibiotic (Kang et al. 2001)

Levomethadyl acetateb Opioid agonist (Katchman et al. 2002)

Mesoridazineb Antipsychotic (Su et al. 2004)

Methadone Opioid agonist (Katchman et al. 2002)

Moxifloxacin Antibiotic (Bischoff et al. 2000; Kang et al. 2001)

Nifekalant Antiarrhythmic (Kushida et al. 2002)

Ondansetron Antiemetic (Kuryshev et al. 2000)

Papaverine HCl
(Intracoronary)

Vasodilator,
coronary

(Kim et al. 2007, 2008)

(continued)
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two aromatic residues in each subunit were originally proposed to face into the inner
cavity so as to provide a total of eight binding sites for drugs (Mitcheson et al. 2000).
However, recent cryo-EM structure of hERG channel in open state revealed that
Y652 projects towards K+ permeation pathway, while F656 side chains projects
away from the permeation pathway towards the outer PH (Fig. 1a). This structure is
not consistent with the original hypothesis that drugs directly bind to F656 within the
permeation pathway. The molecular basis for this discrepancy is not yet fully
understood. One possibility is that inactivation in hERG is associated with
repositioning of Y652 and (especially) F656 side chains into a configuration that
promotes interaction with blockers in the pore since drugs prefer to bind to the hERG
channel in its inactivated state (Chen et al. 2002). This might involve a small
clockwise rotation of the inner S6 helix containing these side chains (Chen et al.
2002; Helliwell et al. 2018). Comprehensive reviews with the detailed information
about molecular basis of hERG drug binding can be found in the references (Butler
et al. 2019; Dickson et al. 2020; Helliwell et al. 2018; Vandenberg et al. 2017;
Wacker et al. 2017; Wang and MacKinnon 2017).

In addition to the direct inhibition of channel activity, forward trafficking
impairment can reduce hERG current through a reduction in the number of hERG
channels on cell membrane. Experiments indicate that arsenic trioxide (Ficker et al.
2004), pentamidine (Kuryshev et al. 2005), and probucol (Guo et al. 2007) disrupt
hERG trafficking at concentrations known to cause QT prolongation and arrhythmia

Table 1 (continued)

Drugs Drug class References

Pentamidinea Antifungal (Kuryshev et al. 2005; Tanaka et al. 2014)

Pimozide Antipsychotic (Kang et al. 2000)

Probucola,b Antilipemic (Guo et al. 2007, 2011)

Procainamide Antiarrhythmic (Yang et al. 2001)

Propofol Anesthetic, general (Han et al. 2016)

Quinidine Antiarrhythmic (Sănchez-Chapula et al. 2003; Yang et al.
2001)

Roxithromycina Antibiotic (Han et al. 2013; Volberg et al. 2002)

Sertindoleb Antipsychotic (Rampe et al. 1998)

Sevoflurane Anesthetic, general (Yamada et al. 2006)

Sotalol Antiarrhythmic (Numaguchi et al. 2000; Sanguinetti and
Jurkiewicz 1990)

Sparfloxacinb Antibiotic (Bischoff et al. 2000; Kang et al. 2001)

Sulpiride Antipsychotic,
atypical

(Lee et al. 2009)

Terfenadineb Antihistamine (Suessbrich et al. 1996; Tanaka et al. 2014)

Terodiline Muscle relaxant (Martin et al. 2006)

Thioridazine Antipsychotic (Kim and Kim 2005; Milnes et al. 2006)

Vandetanib Anticancer (Lee et al. 2018)
aDrug with effect of trafficking inhibition
bDrug withdrawn from market by FDA. Data acquired from www.crediblemeds.org in May, 2020
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without direct channel block. Some other drugs such as fluoxetine and ketoconazole
both can acutely block hERG channel and reduce hERG plasma membrane protein
abundance following long-term exposure by inhibiting trafficking (Rajamani et al.
2006; Takemasa et al. 2008). It is important to consider impaired trafficking as an
alternative mechanism for drug-induced QT prolongation, as conventional com-
pound screening methods for hERG block liability may not detect reductions in
channel abundance.

4.4 Methodology of hERG Assays

Since hERG channel plays an important role in cardiac repolarization and is suscep-
tible to inhibition by a wide variety of compounds, evaluation of the potential hERG
blocking effect of new compounds for identifying potential risk of proarrhythmic
side effects is a necessary step in a drug discovery process. The International
Conference on Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH) adopted a guideline S7B putting forward
requirements in assessing hERG blocking of new drugs for the cardiac safety
in 2005.

A variety of technologies have been applied to evaluate effects of hERG channel
blocking based on multiple test systems including heterologous hERG expression in
Xenopus oocyte and mammalian cells such as HEK293 cells and CHO cells, and
native cardiomyocytes with IKr current. Because the cardiomyocytes of adult mice
and rats heart lack the IKr current component, native cardiomyocytes for testing are
commonly derived from the hearts of larger animals such as guinea pigs, rabbits, and
dogs. Evaluation technologies include direct electrophysiological measurement (i.e.,
patch clamp), and indirect non-electrophysiological measurements such as competi-
tive radioligand binding assays, ion flux assays, fluorescence-based assays, and in
silico modeling.

Patch clamp technique remains a gold standard to directly assess hERG blocking
liability of compounds (Hancox et al. 2008). It provides accurate and physiologically
relevant data of ion channel function at the single cell or single channel level.
However, traditional manual patch clamp has been limited in drug screening due
to low throughput and a requirement for highly skilled operators. Recently devel-
oped automated patch clamp approach, which offers high-throughput electrophysio-
logical data acquisition, has transformed the situation (Guo and Guthrie 2005; Jones
et al. 2009). At present, both manual patch clamp and automated patch clamp are
widely used in evaluation of hERG safety (Danker and Möller 2014; Lindqvist
2019). Non-electrophysiological measurements are also widely used, these assess
the potency of drugs for hERG blocking by measuring the hERG channel related
indicators. The competitive radioligand binding assays determine displacement of
specific radiolabeled hERG ligands such as [3H]dofetilide (Diaz et al. 2004;
Finlayson et al. 2001a, b), [3H]astemizole (Chiu et al. 2004), [35S]-MK-499 (Raab
et al. 2006), and [125I]-BeKm1 (Angelo et al. 2003) to reflect the binding affinity of
test drugs. The ion flux-based assays (often in combination with fluorescence-based
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approaches) measure the amount of ions such as Rubidium (Rb+) (Terstappen 1999)
and Thallium (Tl+) (Titus et al. 2009; Weaver et al. 2004) permeating through the
hERG channel and thus indirectly reflect the alterations of hERG function under the
action of drugs. In recent years, in silico models of hERG channel were developed
for predicting the action of hERG modulators. In silico models are based on
structural properties of the hERG channel and incorporate the information of channel
gating and ligand binding kinetics. The aim of such modeling is to characterize the
interactions of compounds with the hERG channel by computer simulations (Lee
et al. 2016; Pearlstein et al. 2016; Zhang and Hancox 2004). However, the electro-
physiological measurements remain necessary to confirm data obtained by such
modeling.

The potency of compounds for producing hERG inhibition, usually indicated by
the compound’s IC50 (concentration of half-maximal inhibition), can be normalized
to the clinically relevant concentrations of the given compound, such as Cmax,free

(free plasma concentration) to calculate the safety margin, as proposed by the S7B
guideline. According to relevant studies, the closer the hERG IC50 value is to the
Cmax,free the higher is the risk of QT interval prolongation (Redfern et al. 2003; van
Noord et al. 2011). A 30-fold margin between Cmax,free and hERG IC50 has been
considered as a cardiac safety value in many cases (Redfern et al. 2003; van Noord
et al. 2011). However, it is also recognized that an increase in the margin should be
considered, especially for drug candidates aimed for non-debilitating diseases
(Redfern et al. 2003).

However, due to the lack of standardization for measuring hERG modulator
potency, there are often significant differences in measured IC50 values reported
by different laboratories for the same compounds. For instance, the difference in
IC50 of cisapride reported by different laboratories exceeds 60-fold (Potet et al. 2001;
Rezazadeh et al. 2004). The essential factors that contribute to such variability
generally include differences in test systems and recording conditions such as
temperature and voltage protocols.

Using different test systems, such as native cardiac myocytes and cell lines
heterologously expressing hERG can lead to significant discrepancy of IC50 values.
As much as 50-fold difference of E-4031 IC50 has been observed between native
cardiac myocytes (Sanguinetti and Jurkiewicz 1990) and transfected cells (Zhou
et al. 1998). This discrepancy may result from the differences in the composition of
hERG channel. In the native cardiomyocytes, in addition to the dominant hERG1a
isoform, the hERG1b isoform is also expressed (although at much lower level) and
can contribute to the composition of heteromeric channel (McNally et al. 2017).
Indeed, a study has shown that a homomeric hERG1a channel expressed in HEK293
cells is blocked by E-4031 more rapidly than with a heteromeric channel containing
both hERG1a and hERG1b (Sale et al. 2008). A similar trend has been found for
dofetilide (Abi-Gerges et al. 2011).

Additional complications arise from the state-dependent binding of some
compounds to the hERG. Substantial evidence indicates that different hERG
blockers have a high-affinity binding to the activated or inactivated channel (Stork
et al. 2007; Walker et al. 1999). The channel state can be modulated by temperature
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and voltage protocols including voltage pattern, duration, and pulse frequency (Lee
et al. 2019; Stork et al. 2007). Thus, it is not difficult to understand why there are
significant differences in measured IC50 values under distinct temperature and
voltage protocols. In addition, temperature and voltage protocols have an influence
on drug binding kinetics and trapping (Kirsch et al. 2004; Stork et al. 2007). These
factors also lead to discrepancies in the reported potency parameters.

4.5 A New CiPA Paradigm to Evaluate Drug-Induced TdP

Although no approved drugs have been withdrawn from the market because of the
TdP risk since the ICH S7B Guideline was implemented (Sager et al. 2014), the
hERG safety remains a necessary phase in drug discovery. Yet, limitations of only
assessing hERG blockage have been recognized. The cardiac AP is coordinated by
multiple ion currents and requires relative balance between inward and outward
currents. It is therefore insufficient to focus on a single component in predicting the
risk of delayed repolarization and TdP. For example, verapamil has been shown to
inhibit hERG current with high potency (Zhang et al. 1999), but it does not lead to
QT interval prolongation and does not increase the TdP risk because of the concom-
itant inhibition on inward ICaL (Winters et al. 1985). A recent study based on
30 drugs of different risk categories (high, intermediate, and low) has shown that
blocking inward currents such as sodium and calcium current may reduce
proarrhythmic effect of hERG current inhibition (Crumb et al. 2016). Thus,
assessing hERG blockage alone carries a risk for false-positive predictions and
leads to potentially valuable new compounds being discarded early in drug discov-
ery. A study has indicated that as many as 60% of new molecular entities developed
as potential therapeutic agents are abandoned early due to hERG inhibition (Ponti
2008). Therefore, a new parardigm, a Comprehensive Invitro Proarrhythmia Assay
(CiPA) has been proposed in the field of cardiac safety; CiPA presents a more
comprehensive approach to predicting proarrhythmic risk (Sager et al. 2014).

There are three preclinical components in CiPA paradigm: (1) drug effects on
multiple human cardiac currents; (2) in silico reconstruction of human ventricular
electrophysiology, and (3) in vitro effects on human stem-cell derived ventricular
myocytes. Specific study groups have been established to refine the approaches and
benchmarks within each of these components.

In CiPA paradigm, hERG blocking is no longer the unique indicator; instead, a
more comprehensive in vitro set of ion current assays is used to explore the effects of
drugs on multiple potassium, sodium, and calcium currents. A recent study has
shown that, under the premise of evaluation of hERG, incorporating NaV1.5 or
CaV1.2 in particularly into the evaluation system has significantly improved the TdP
predictability (Kramer et al. 2013). The ion channel working group of CiPA has
developed a series of protocols to test the effects of compounds on the main cardiac
ion channels including hERG, L-type calcium, and fast and late inward sodium
currents, hoping to provide standardized protocols to be used in different patch
clamp facilities of the academic and industrial research institutions (Fermini et al.
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2016; Huang et al. 2017; Windley et al. 2017). In the next step, in silico reconstruc-
tion of ventricular APs assesses the effects of compounds more intimately on the
basis of electrophysiological data. Finally, cadiomyocytes such as human induced
pluripotent stem cell-derived cardiac myocytes (hiPSC-CMs) would be used to
provide an assessment of the integrated electrophysiological response to a drug
(Sager et al. 2014; Wallis et al. 2018). The updated information about the progress
of CiPA groups is available at www.cipaproject.org. Hopefully, the CiPA paradigm
can provide more precise and comprehensive information for assessment of hERG
inhibition to predict the risk of drug-induced arrhythmia.

5 hERG Activators

In contrast to numerous hERG channel blockers, some compounds have been
discovered to increase hERG channel currents during the course of screening for
hERG channel-blocking activity early in preclinical safety evaluation (Grunnet et al.
2008). Thus, Kang and colleagues reported the first synthetic activator of hERG
channel, RPR260243 (Kang et al. 2005). Since then several other hERG activators
have been identified, including PD118057 (Zhou et al. 2005), NS1643 (Casis et al.
2006; Hansen et al. 2006a), NS3623 (Hansen et al. 2006b), Mallotoxin (Zeng et al.
2006), PD307243 (Gordon et al. 2008; Xu et al. 2008), A935142 (Su et al. 2009),
ICA-105574 (Gerlach et al. 2010), KB130015 (Gessner et al. 2010), etc. These
compounds shorten cardiac APD and have been proposed as a new therapeutic
approach for the treatment of acquired or congenital LQTS (reviewed in (Sanguinetti
2014; Szabó et al. 2011; Vandenberg et al. 2012; Zhou et al. 2011)).

5.1 Mechanisms of Action of hERG Channel Activators

Different to hERG blockers that simply block K+ conduction and have little influ-
ence on channel gating, hERG activators primarily exert their effects by modulating
channel gating. Four distinct mechanisms have been described: (1) slowing the rate
of channel deactivation; (2) attenuation of C-type inactivation; (3) negative shift of
voltage dependence of activation; (4) increase in channel open probability
(Sanguinetti 2014) (Fig. 3). Accordingly, depending on the predominant mechanism
of action, hERG activators can be categorized in four types (although most hERG
activators have multiple mechanisms of action). Here, we will give a brief review on
the gating modulation by several known activators. More detailed information on
these mechanisms can be found in several previous reviews (Perry et al. 2010;
Sanguinetti 2014; Szabó et al. 2011; Zhou et al. 2011). The chemical structures of
major hERG activators are shown in Fig. 4.

5.1.1 Slowing the Deactivation
RPR260243 is the first compound designed as a type 1 hERG channel activator
(Kang et al. 2005). This small molecule enhances current by attenuating inactivation
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and severely slowing the rate of channel deactivation (Kang et al. 2005; Perry et al.
2007). Another compound, Ginsenoside Rg3, an alkaloid isolated from the root of
Panax ginseng plants, increases current magnitude primarily by slowing the rate of
hERG deactivation (Choi et al. 2011). More recently, compound LUF7346 has been
identified as a type 1 hERG channel activator, which increases hERG current by
slowing deactivation and positively shifting voltage dependence of inactivation
(Sala et al. 2016).

Scanning mutagenesis has identified the putative binding site for RPR260243,
which is located near the cytoplasmic ends of the S5 and S6 helices of the hERG
subunit, a region of the channel that is important for activation and deactivation.
Hence, it is proposed that binding of RPR260243 to a single subunit may directly
constrain movement of the S6 domains to slow the rate of channel closure (Perry
et al. 2007).

5.1.2 Attenuation of C-Type Inactivation
As mentioned, one of the most important gating features of hERG channel is its fast
C-type inactivation. Attenuation of C-type inactivation is produced by some of the
hERG channel activators, an effect resulting in an enhancement of hERG current. Up
to now, more than ten compounds such as PD118057 (Zhou et al. 2005), PD307243
(Gordon et al. 2008), NS1643 (Casis et al. 2006), NS3623 (Hansen et al. 2006b),
A-935142 (Su et al. 2009), ICA-105574 (Gerlach et al. 2010), ML-T531 (Zhang

Fig. 3 The action of hERG channel activators. hERG activators primarily exert their effects by
modulating channel gating. There are four distinct mechanisms including slowing of channel
deactivation (1), attenuation of C-type inactivation (2), negative shift of voltage dependence of
activation (3), and increase in channel open probability (4). Known hERG activators are assigned to
types 1-4, according to the predominant mechanism of action
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et al. 2012), AZSMO-23 (Mannikko et al. 2015), ITP-2 (Sale et al. 2017), MC-450
(Gualdani et al. 2017), and HW-0168 (Dong et al. 2019) have been identified to
enhance hERG current primarily through attenuating the channel inactivation and
are thus classified as type 2 activators (Perry et al. 2010). However, most of those
activators may have multiple mechanisms of action. The mechanistic and structural
basis underlying the fast inactivation of hERG channel is not fully understood. It is
believed to be caused by a subtle voltage-dependent conformational changes in the
SF of the outer pore domain (for reviews, see Ref. Vandenberg et al. 2012).

Fig. 4 Chemical structures of major hERG channel activators
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Experimental evidence has shown that the binding sites of many type 2 activators are
located closer to the SF (Garg et al. 2011; Gerlach et al. 2010; Perry et al. 2009).
Scanning mutagenesis combined with molecular modeling studies have revealed that
PD118057 interacts with residues located in the PH of one hERG subunit and the
N-terminal half of the S6 helix in an adjacent subunit to attenuate inactivation (Perry
et al. 2009). Similarly, the residues interacting with ICA-105574, another potent type
2 activator (Gerlach et al. 2010), are located in the PH and the base of the SF and S6
segments (Garg et al. 2011). A recent study has proposed a common mechanism to
prevent C-type inactivation by a group of negatively charged activators such as
PD-118057 (Schewe et al. 2019). This type of activators may directly stabilize the
SF in its active state through binding to similar sites below the SF (Schewe et al.
2019). In line with this hypothesis, a molecular dynamics simulation has
demonstrated that ICA-105574 increases the stability of the SF to attenuate channel
inactivation (Zangerl-Plessl et al. 2020). However, whether other type 2 activators
with distinct chemical structures share the same molecular mechanism remains
uncertain.

5.1.3 Negative Shift of Voltage Dependence of Activation
Previous experimental findings indicate that both Mallotoxin and KB130015
increase hERG current amplitude primarily by causing a hyperpolarizing shift in
the voltage dependence of channel activation (Zeng et al. 2006; Gessner et al. 2010).
Mallotoxin also accelerates the rate of activation and slows the rate of deactivation
(Zeng et al. 2006). KB130015 is a derivative of the hERG blocker, amiodarone, and
presumably binds to the hERG pore from the cytosolic side and functionally
competes with amiodarone (Gessner et al. 2010). SKF-32802, a structural analog
of NS3623, induces a leftward shift in the voltage dependence of activation. The
above compounds are identified as the type 3 activators (Donovan et al. 2018).

5.1.4 Increase in Channel Open Probability
Similar to SKF-32802, SB-335573 is also a structural analog of NS3623. However,
it enhances hERG current through increasing open probability without affecting the
voltage dependence of activation and, thus, identified as a type 4 activator (Donovan
et al. 2018). In addition, PD-118057 has been reported to increase single hERG
channel open probability (Perry et al. 2009).

5.2 Potential Antiarrhythmic Effect of hERG Channel Activators

Several hERG activators have been tested for their antiarrhythmic effectiveness in
inherited or drug-induced acquired LQTS. Thirteen subtypes of inherited LQTS
have been identified, with the most prevalent forms being LQTS1, 2, and 3 (Schwartz
et al. 2012). The underlying channelopathies are loss-of-function mutations in IKs
(type 1) and in IKr (type 2) and increased sustained INa current (type 3). Theoreti-
cally, the LQTS phenotype could be rescued by the compensatory effect of hERG
channel activators if IKr current is not completely lost. Experimental evidence
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obtained in cardiac myocytes, especially in hiPSC-CMs derived from LQTS patients
and in transgenic animals, supports this notion. A study has demonstrated that
NS1643 significantly shortens APD and QT interval in a rabbit model of inherited
LQTS1 (Bentzen et al. 2011). Type 2 activator ML-T531 normalizes the prolonged
APD by selectively enhancing IKr in hiPSC-CMs derived from LQTS1 patient
(Zhang et al. 2012). NS1643 and ICA-105574 effectively restore hERG current
from heterozygous LQTS2 mutant channels in heterologous expression systems
(Huo et al. 2017; Perry et al. 2020). Several activators, including NS1643,
ICA-105574, and LUF-7346, have been shown to reverse the prolonged repolariza-
tion in hiPSC-CMs derived from LQTS2 patients carrying different mutations
(Duncan et al. 2017; Perry et al. 2020; Sala et al. 2016). In addition, both NS3623
and Mallotoxin show the antiarrhythmic potential in a cellular model of LQTS3
(Diness et al. 2009).

Many hERG activators with different gating modulation mechanisms have been
demonstrated to counteract the inhibition by hERG blockers either in heterologous
expression systems or in native cardiac myocytes (review, Ref. (Szabó et al. 2011)).
However, only few of those activators have been tested in vivo or in intact hearts for
their effectiveness of suppressing drug-induced arrhythmias. An experiment has
demonstrated that in vivo administration of NS3623 results in shortening of the
QT interval as well as reversal of a pharmacologically induced QT prolongation in
both anesthetized and conscious guinea pigs (Hansen et al. 2008). NS1643
completely suppresses arrhythmic activity caused by IKr inhibitor dofetilide in the
in vivo rabbit models of TdP (Diness et al. 2008). ICA-105574 effectively prevents
ventricular arrhythmias caused by IKr or IKs inhibitors in intact guinea-pig hearts
(Meng et al. 2013). Recent experiments demonstrates that LUF7244 and
RPR260243 counteract dofetilide-induced arrhythmias in a chronic atrioventricular
block model in dogs (Qile et al. 2019) and in whole organ zebrafish hearts (Shi et al.
2020), respectively. These findings support the notion that hERG activators may
provide an effective antiarrhythmic approach in drug-induced, disease-induced, or
gene mutation-linked LQTS.

5.3 Proarrhythmic Risk of hERG Channel Activators

The fact that congenital short QT syndromes (SQT) (Crotti et al. 2010) may lead to
susceptibility to arrhythmias raises concerns that QT-shortening drugs could also
lead to arrhythmias. Several reports have revealed the potential proarrhythmic risk of
some hERG activators including mallotoxin, NS1643, ICA-105574, and PD-118057
in experimental and in silico models (Bentzen et al. 2011; Lu et al. 2008; Peitersen
et al. 2008; Schewe et al. 2019) and, thus, those hERG activators have been used to
create drug-induced SQT models. The arrhythmogenesis of these activators may
result from a decrease of ERP and an increase of the transmural dispersion of
repolarization (TDR). Amplification of the spatial dispersion of repolarization in
the form of TDR is the basis for the development of life-threatening ventricular
arrhythmias (Antzelevitch 2007). In addition, ICA-105574 causes temporal
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redistribution of the peak IKr to much earlier in the plateau phase of the AP and, thus,
results in early repolarization (Perry et al. 2020; Qiu et al. 2019), which, in turn, my
result in the development of phase 2 reentry and ventricular tachycardia/ventricular
fibrillation.

6 Conclusion

The shape of the cardiac AP depends on a fine balance between various depolarizing
and repolarizing ionic currents. The unique gating kinetic properties of hERG
channel make it ideal for determining the morphology and duration of the cardiac
AP repolarization. Consequently, alterations of hERG channel function by inhibitors
or activators may result in either prolongation or shortening of APD, which can
counteract abnormal electroactivity under specific pathological condition. However,
unintended disturbance or overcorrection of hERG channel function may result in
arrhythmogenesis. Thus, hERG channel becomes an important pharmacological and
safety target for antiarrhythmic/proarrhythmic actions of drugs.
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Abstract

Transient outward potassium currents were first described nearly 60 years ago,
since then major strides have been made in understanding their molecular basis
and physiological roles. From the large family of voltage-gated potassium
channels members of 3 subfamilies can produce such fast-inactivating A-type
potassium currents. Each subfamily gives rise to currents with distinct biophysi-
cal properties and pharmacological profiles and a simple workflow is provided to
aid the identification of channels mediating A-type currents in native cells. Their
unique properties and regulation enable A-type K+ channels to perform varied
roles in excitable cells including repolarisation of the cardiac action potential,
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controlling spike and synaptic timing, regulating dendritic integration and long-
term potentiation as well as being a locus of neural plasticity.

Keywords

A-type K+ channel · Kv1.4 · Kv3.4 · Kv4 · Potassium channel · Voltage-clamp

1 Introduction

A-type refers to neuronal K+ currents generating a transient outward current in
response to depolarising voltage-clamp steps. This stereotypical phenotype was
first described in neurons from sea slug Onchidium (Hagiwara et al. 1961). These
early experiments described the now stereotypical hallmarks of A-type currents.
They identified a transient outward voltage-gated K+ current activated by
depolarising steps from a hyperpolarised potential (Fig. 1c, d). In current clamp
when hyperpolarising steps were used to remove A-current inactivation, they
observed an increase in the latency to the first spike in response to depolarising
current steps (Fig. 1a, b). Such transient outward currents were later designated as IA,
a term which has persisted (Connor and Stevens 1971). Work over the subsequent
decades has described A-type channels in the heart (the corresponding current
fraction is called Ito in the heart; for more details see chapter “Cardiac K+ Channels
and Channelopathies”) where they contribute to the early repolarisation phase
(Dixon et al. 1996; Yeola and Snyders 1997) and in many different types of neurons
where they contribute to such varied functions as controlling spiking, neurotrans-
mitter release, dendritic integration and long-term potentiation (Molineux et al.
2005; Imai et al. 2019; Watanabe et al. 2002; Frick et al. 2004; Chen et al. 2006;
Shevchenko et al. 2004; Kim et al. 2005; Kuo et al. 2017).

The transient nature of A-type currents is due to rapid voltage-dependent inacti-
vation, with inactivation decay time constants typically in the 10s of milliseconds.
The subunit composition and presence of accessory subunits or other modulatory
factors determine the exact biophysics and pharmacological profile of these currents.
Alpha subunits from three subfamilies of voltage-gated K+ channel generate rapid
inactivating K+ currents when expressed as homomers: Kv1.4, Kv3.3, Kv3.4 and all
three Kv4 members, Kv4.1, Kv4.2 & Kv4.3 (Coetzee et al. 1999). The presence of
the ß subunit Kvß1 can also confer A-type kinetics to other, normally delayed
rectifier subunits from the Kv1 family (Rettig et al. 1994). These different
subfamilies have distinct biophysical properties, enabling the subfamily mediating
a native A-type current to be narrowed down with simple voltage-clamp protocols
and confirmed with their pharmacological profiles (Fig. 1).
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Fig. 1 Initial observations of A-type currents in Onchidium. (a) Current clamp recording of action
potentials evoked from rest with short spike latencies. (b) A preceding hyperpolarising step
removes steady-state inactivation of the A-type current and results in a lag to the first spike as the
A-current inactivates (yellow arrow). (c) Voltage-clamp recording showing a fast-inactivating
outward current activated at voltage around resting membrane potentials after hyperpolarising
steps, yellow arrow. (d) The A-current is present at more positive potentials only with a
hyperpolarising pre-step, yellow arrow. The delayed rectifier can be isolated by inactivating the
A-current. Adapted from Hagiwara et al. (1961) reproduced with permission
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2 Identifying Native A-Type Channels

2.1 Biophysics

2.1.1 Activation Range
Canonical A-type K+ currents have sub-threshold activation ranges, i.e. they begin to
activate at voltages more negative than that required to generate an action potential
(Fig. 1). A hallmark of the Kv3 subfamily is their supra-threshold activation range,
they typically do not begin to activate until voltages greater than �30 mV with half
activation voltages around +10 mV (Rudy and McBain 2001). This property restricts
their physiological activation window to that of the action potential, in which Kv3
channels act to rapidly repolarise the cell to the resting state (Rudy and McBain
2001; Johnston et al. 2010). A-type K+ currents mediated by channels containing
Kv3.3 and/or Kv3.4 can therefore be distinguished from other A-type subunits by
their positively shifted activation curve (Fig. 2b).

2.1.2 Inactivation Properties
The molecular basis of rapid K+ channel inactivation has been extensively studied
with Kv1.4 used as the prototype. Two forms of inactivation have been
demonstrated; fast N-type or “ball and chain” inactivation involves the N-terminal
inactivation peptide of the alpha subunit binding within the central cavity to occlude
the inner pore (Hoshi et al. 1990; Zhou et al. 2001). The rate of this type of
inactivation is directly related to the number of N-terminal peptides, e.g. Kv1.4
homomers, possessing 4 N-terminal peptides, show faster inactivation than Kv1.4/
Kv1.1 heteromers, which have 3 of less depending on the stoichiometry
(Ruppersberg et al. 1990; MacKinnon et al. 1993). The presence of Kvß1 subunits
confers a similar N-terminal inactivation peptide (one per subunit), which further
accelerates the inactivation rate of Kv1.4 or can endow Kv1.1 with fast A-type
inactivation (Rettig et al. 1994). Kv3.3 and Kv3.4 are thought to inactivate through a
similar mechanism showing a similar dose dependency of N-terminal inactivating
peptide on inactivation rate (Rudy et al. 1999; Weiser et al. 1994). In addition to the
described N-type inactivation, Kv1.4 channels also inactivate by a slower C-type
inactivation attributed to partial collapse of the selectivity filter/outer pore. N and
C-type inactivation in Kv1.4 are allosterically coupled (Hoshi et al. 1990, 1991; Bett
and Rasmusson 2004) and the rate of recovery from inactivation is controlled by the
slower C-type inactivation (Rasmusson et al. 1995). As a result Kv1.4 channels
recover from inactivation with a time constant of seconds (Bett and Rasmusson
2004; Roeper et al. 1997).

In contrast, the molecular details concerning inactivation of Kv4 channels have
not been determined with such precision. Kv4 subunits use neither the N nor C-type
inactivation processes identified for Kv1.4, instead inactivation seems to involve the
inner vestibule of the pore and readily occurs through the closed state (Jerng et al.
1999; Bähring et al. 2001; Beck and Covarrubias 2001; Shahidullah and Covarrubias
2003). Kv4 channels possess an N-terminal inactivating domain but rather than
contributing to inactivation this region is the binding site of the ß-subunits of Kv4
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Fig. 2 Biophysical and pharmacological identification of channels mediating native A-type K+

currents. (a) Left: Voltage protocol to determine the activation and inactivation curves for A-type
channels. The activation curve can be constructed by measuring the peak current soon after the test
step (red arrow) and correcting it for the non-linear driving force (see text). The steady-state
inactivation curve can be obtained by measuring the current at the yellow arrow as a function of
the preceding test step. Note: the duration of the initial hyperpolarising pre-pulse and the test step
should be adjusted depending on the kinetics of that current being measured, e.g. the duration
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channels known as K+ channel interacting proteins (KChIPs). These accessory
proteins appear to be obligatory subunits for native channels (Rhodes et al. 2004).
KChIPs and DPPX, another group of accessory proteins, dramatically increase the
surface expression of Kv4 subunits and alter the kinetics of and recovery from
inactivation of Kv4 subunits (Beck et al. 2002; Jerng et al. 2004).

The kinetics of inactivation cannot reliably distinguish between Kv1.4 and Kv4
subunits as their decay time constants can overlap, largely depending on the compo-
sition of accessory subunits. However, the recovery from inactivation of Kv4
channels is usually much more rapid, with time constants around 10s of milliseconds
(Kim et al. 2005; Beck et al. 2002; Johnston et al. 2008; Amadi et al. 2007),
compared to Kv1.4 with recovery rates of 100 s of milliseconds to seconds
(Ruppersberg et al. 1990; Rasmusson et al. 1995; Roeper et al. 1997).

Two simple voltage protocols can therefore help to determine the subfamily
responsible for native A-type currents. First, the activation curve should be attained
with a simple I/V protocol with test steps from ~�100 mV, to ensure removal of
inactivation (Fig. 2a). The peak current soon after the test step (red arrow in Fig. 2a)
should be corrected for the non-linear driving force of K+ before being normalised
and fit with a Boltzmann function (Clay 2000). With the protocol shown in Fig. 2a
the steady-state inactivation curve can also be constructed by plotting the current
amplitudes measured at the yellow arrow vs the voltage of the preceding test step.
The activation curve will distinguish between Kv3 mediated A-type currents with
positive shifted activation ranges and Kv4 or Kv1 mediated A-type currents which
have more negative sub-threshold activation ranges (Fig. 2b). If necessary, the
A-type current can be isolated from other endogenous currents with a subtraction
protocol as shown in Johnston et al. (2008). If the A-current has a sub-threshold
activation range, the rate of recovery from inactivation can be determined with a
protocol similar to that shown in Fig. 2b right; rapid recovery from inactivation, a tau
<~100 ms, is indicative of Kv4 subunits whereas currents displaying time constants
of several hundreds of milliseconds or longer are likely to be mediated by Kv1.4
subunits.

2.2 Pharmacology

Pharmacology of ion channels can serve multiple purposes as illustrated by the holy
grail of pharmacology, a selective antagonist, a molecule that will antagonise one

Fig. 2 (continued) pre-pulse should ensure complete recovery from inactivation. Right: The rate of
recovery from inactivation can be determined with a pair of test steps of sufficient duration to allow
complete inactivation of the A-current and separated by a variable delay (Δt). The time constant of
recovery can then be determined by fitting an exponential to the current amplitude of the second
step as a function of Δt. Note the current amplitude of the first step should be constant. Adapted
from Johnston et al. (2008). (b) A biophysical and pharmacological procedure to aid identification
of the channel mediating a native A-current (see text for further description)
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kind of channel and no other. Such a molecule can be used to unambiguously
determine the presence of a channel, its contribution to total current and the role of
this channel in normal physiology. There are some striking examples of this with
biologically derived toxins, e.g. Dendrotoxin-K is selective for any channel
containing Kv1.1 subunits and blocks such channels in the 10 nM range (Wang
et al. 1999; Robertson et al. 1996; Dodson et al. 2002). Unfortunately, such
molecules are not always available particularly for the large diversity of Kv
channels. However, less selective antagonists can still serve a useful role; when
combined with other antagonists or biophysical characteristics they can aid identifi-
cation of the subfamily mediating an A-type current. With these considerations in
mind the following discussion largely focuses on molecules that fit these criteria.

2.2.1 Kv3 A-Type Currents
All Kv3 channels are blocked by 1 mM tetraethylammonium (TEA) which is readily
washed on and off tissue (Johnston et al. 2010). TEA has an IC50 for Kv3.3 and
Kv3.4 in the 100–200 μM range and acts by occluding the pore (De Miera et al.
1992; Rettig et al. 1992). TEA sensitivity in combination with a positive activation
range provides a strong indication that a Kv3 subunit mediates an A-type current
(Fig. 2b). Block of an A-type current by 1 mM TEA rules out Kv4 subunits which
are insensitive to even 100 mM (Johnston et al. 2008, 2010), though the presence of
DPPX can increase their sensitivity to TEA somewhat (Colinas et al. 2008). Kv1.4
homomers are also insensitive to TEA (Ruppersberg et al. 1990); however,
heteromeric Kv1.1/Kv1.4 channels are endowed with a mix of properties from
their homomeric counterparts; they display A-type kinetics with slower inactivation
rates and have moderate TEA sensitivity with an IC50 of ~10 mM (Ruppersberg
et al. 1990). Although 1 mM TEA can be used to unambiguously identify a high-
voltage activated A-type currents, it is of limited use in exploring their functional
role as many other non-A-type channels are sensitive to TEA, e.g. some Kv7
subunits and BK channels (Johnston et al. 2010). The sea anemone toxins BD-I
and BDS-II were thought to be selective antagonists of Kv3.4 channels which would
provide a powerful tool for elucidating the functional role of Kv3.4 A-type currents
in physiology (Diochot et al. 1998). However, later detailed investigation of the
interaction of BDS toxins with Kv3 subunits revealed them to act as gating modifiers
and with little selectivity between Kv3 subunits (Yeung et al. 2005). BDS-I is also
highly potent for Nav1.7 channels, slowing inactivation rates with a consequent
broadening of action potentials and increased resurgent currents during
repolarisation (Liu et al. 2012). Consequently, BDS toxins have limited potential
for revealing the physiological role of Kv3 A-type currents. This also highlights a
pitfall of using poorly characterised pharmacological tools; it took 14 years after
their first characterisation as selective Kv3.4 blockers to realise a more complete
pharmacological profile of BDS toxins. To date there are no sufficiently selective
antagonists of Kv3.3 or Kv3.4 channels suitable for studying their physiological
roles.
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2.2.2 Kv1.4 A-Type Currents
Kv1.4 channels are relatively insensitive to TEA (Ruppersberg et al. 1990) and have
a lower sensitivity (IC50 ~ 12.5 mM) to the broad spectrum K+ channel blocker
4-AP (Stühmer et al. 1989). In fact, there is a paucity of pharmacological tools
available for Kv1.4 channels, they are somewhat unique in their resistance to
biological toxins which are very potent against many of the other Kv1.x members.
At 1 μM the small molecule CP-339,818 shows comparative selectivity for Kv1.4
and Kv1.3 over other Kv channels, including Kv3 and Kv4 subfamilies (Nguyen
et al. 1996). CP-339,818 preferentially binds to the C-type inactivated state and
therefore shows a use dependent block. At concentrations greater than 1 μM
off-target effects become a problem with many other channels being inhibited,
e.g. Kv2.1, HCN1, Kv3.2 (Lee et al. 2008; Nguyen et al. 1996; Sforna et al.
2015). Another small molecule inhibitor, UK-78,282, has a very similar
pharmacological profile to CP-339,818 (Hanson et al. 1999). To date there are no
well-established selective antagonists of Kv1.4 channels suitable for studying its
physiological roles, though if a contribution from Kv1.3 can be ruled out,
CP-339,818 may serve this purpose.

2.2.3 Kv4 A-Type Currents
The anti-arrhythmic drug, flecainide, at 10 μM inhibits Kv4.2 & Kv4.3 leaving
Kv1.4 unaffected and has been used to determine the contribution of these channels
to the cardiac Ito current (Dixon et al. 1996; Yeola and Snyders 1997). Although
flecainide can be used to distinguish between A-type currents mediated by Kv1.4
and Kv4 subunits, it also inhibits a number of other channels including the cardiac
Nav1.7 channel (Ramos and O’leary 2004), ether-a-go-go related gene (ERG) K+

channels (Paul et al. 2002) and ryanodine receptors (Mehra et al. 2014). The spider
toxins, phrixotoxin 1 & 2, are potent and selective inhibitors of Kv4.2 and Kv4.3
with IC50s between 5–70 nM (Diochot et al. 1999), these toxins are gating modifiers
stabilising the closed state (Chagot et al. 2004) which shifts the activation curve to
more positive potentials (Diochot et al. 1999).

Kv4.2 and Kv4.3 show strong expression in many areas of the brain and heart
(Serodio et al. 1996) and consequently have received the most attention. The first
member of this family to be cloned, Kv4.1, shows much weaker expression in both
heart and brain (Serodio et al. 1996) and as a result the pharmacological profiles of
many molecules have mostly omitted this subunit. However, Kv4.1 is expressed in
the suprachiasmatic nucleus (Hermanstyne et al. 2017), striatum (Song et al. 1998),
basolateral amygdala (Dabrowska and Rainnie 2010) and nociceptive neurons in the
dorsal root ganglion (Phuket and Covarrubias 2009). The spider toxin Heteroscodra
maculata 1 (HmTx-1) is reported to inhibit all 3 Kv4 members but also inhibits
Kv2.1 (Escoubas et al. 2002). Phrixotoxin-1, although only initially tested on Kv4.2
and Kv4.3, also inhibits Kv4.1 but with 3 times lower affinity; this block seems to be
voltage-independent (Yunoki et al. 2014). At present phrioxtoxin-1 provides a useful
tool for identifying the presence of Kv4 currents and exploring their physiological
roles, without being able to distinguish between different Kv4 subunits.
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3 Physiological Roles of A Currents

3.1 Neural Excitability and Spike Properties

A-type channels are rapidly activated upon depolarisation and therefore contribute to
action potential repolarisation (Kim et al. 2005; Carrasquillo et al. 2012; Rudy and
McBain 2001), including in the heart (Dixon et al. 1996; Yeola and Snyders 1997).
Kv4 subunits are predominantly located in the somato-dendritic compartments of
neurons (Trimmer 2015), which regulates back-propagation of action potentials into
the dendritic tree (Fig. 3b). The sub-threshold activation range of Kv4 and Kv1.4
channels enables them to regulate intrinsic firing/bursting of neurons in many areas
including the: suprachiasmatic nucleus (Hermanstyne et al. 2017), hypothalamus
(Mendonça et al. 2018; Imai et al. 2019), dorsal root ganglion (Zemel et al. 2018),
hippocampus (Bourdeau et al. 2007), substantia nigra (Liss et al. 2001) and cortex
(Carrasquillo et al. 2012). A key factor determining the ability of A-type channels to
exert influence is the availability of channels in their non-inactivated state, for
example fast spiking will result in more inactivated A-type channels and consequent
spike broadening (Kim et al. 2005). The steady-state inactivation curve (Fig. 2a
yellow) describes the proportion of channels available at resting membrane
potentials. This property is influenced by the presence of accessory subunits (Jerng
et al. 1999) and can be dynamically regulated by phosphorylation (Rosenkranz et al.
2009) and Ca2+ (Anderson et al. 2010a). Cav3 T-type channels which are also
activated at sub-threshold potentials form complexes with Kv4 channels and provide
a source of Ca2+ that shifts the inactivation curve of Kv4 channels to more positive
potentials (Anderson et al. 2010a, b), increasing their availability. The presence of
Cav3 channels can therefore alter the contribution that A-type channels make to
neural excitability (Heath et al. 2014) (Fig. 3).

Due to the lack of specific inhibitors of Kv1.4, Kv3.3 and Kv3.4 there are few
concrete demonstrations of their physiological roles. Throughout the brain Kv1.4 is
often found in axons and presynaptic terminals (Veh et al. 1995; Cooper et al. 1998)
and may therefore play a role in regulating transmitter release. Kv1.4’s slow
recovery from inactivation means that with repetitive firing the repolarisation rate
of presynaptic action potentials will reduce as Kv1.4 accumulates in its inactivated
state. Slower repolarisation of the action potential causes larger presynaptic Ca2+

influx and an increase in release probability (Yang and Wang 2006), suggesting that
Kv1.4 may play a role in short-term synaptic plasticity. Consistent with this idea,
knockdown of Kv1.4 in the hippocampus reduced paired pulse facilitation (Meiri
et al. 1998), a form of presynaptic short-term plasticity. Ca2+ can also regulate the
rate of recovery from inactivation of Kv1.4 in a CamKinase II dependent manner
(Roeper et al. 1997), providing scope for regulation of such short-term plasticity.
Kv3.3 and Kv3.4 are also located in axons and synaptic terminals (Laube et al. 1996;
Ishikawa et al. 2003; Trimmer 2015) and could have similar roles.
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3.2 Dendritic Integration and LTP

In hippocampal pyramidal neurons the density of Kv4 channels increases from the
soma towards the distal dendrites (Fig. 3a), this gradient depends on expression of
the accessory subunit DPP6 (Sun et al. 2011). The gradient of Kv4 channels controls
the ability of action potentials to back-propagate and invade the dendritic tree
(Hoffman et al. 1997; Johnston et al. 2000) (Fig. 3b), a phenomenon required for
induction of synaptic plasticity in these cells (Magee and Johnston 1997; Buchanan
and Mellor 2007). Consistent with this idea, action potentials more readily back-
propagate into the dendritic tree when Kv4.2 channels are knocked down (Fig. 3b)
and consequently the threshold for LTP induction is lowered (Chen et al. 2006). Kv4
channels are also a locus of plasticity in CA1 dendrites being targeted by mitogen-
activated protein kinase (Rosenkranz et al. 2009). Induction of LTP results in a shift
in the steady-state inactivation of Kv4 channels to more negative-potentials (Fig. 3c)
(Frick et al. 2004) and internalisation of channels (Fig. 3d) (Kim et al. 2007), effects
which are localised to the site of synaptic input. Both of these changes reduce the
available A-type current and consequently increase dendritic excitability and there-
fore the likelihood of further plasticity.

A similar attenuation of back-propagating action potentials by A-type currents is
observed in the lateral dendrites of mitral cells of the olfactory bulb (Margrie et al.
2001; Christie and Westbrook 2003), this influences the extent of lateral
dendrodendritic interactions with inhibitory granule cells. A-type K+ channels also
influence the inhibitory side of the reciprocal synapse between granule and mitral
cell dendrites. Granule cells receive excitation from mitral cell dendrites via AMPA
and NMDA receptors and provide GABAergic feedback inhibition. The A-type
current in granule cells attenuates excitation for the fast AMPA component; spiking
and feedback inhibition then occur with a delay, following the time course of the
NMDA component (Schoppa and Westbrook 1999).

The varied biophysics, sub-cellular distributions and dynamic modulation of
A-type K+ channels enable them to perform a multitude of roles in regulating cellular
excitability. Large strides have been made in the 60 years since their discovery but
much still remains to be elucidated.
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Abstract

Kv7.1-Kv7.5 (KCNQ1–5) K+ channels are voltage-gated K+ channels with major
roles in neurons, muscle cells and epithelia where they underlie physiologically
important K+ currents, such as neuronal M current and cardiac IKs. Specific
biophysical properties of Kv7 channels make them particularly well placed to
control the activity of excitable cells. Indeed, these channels often work as
‘excitability breaks’ and are targeted by various hormones and modulators to
regulate cellular activity outputs. Genetic deficiencies in all five KCNQ genes result
in human excitability disorders, including epilepsy, arrhythmias, deafness and
some others. Not surprisingly, this channel family attracts considerable attention
as potential drug targets. Here we will review biophysical properties and tissue
expression profile of Kv7 channels, discuss recent advances in the understanding of
their structure as well as their role in various neurological, cardiovascular and other
diseases and pathologies. We will also consider a scope for therapeutic targeting of
Kv7 channels for treatment of the above health conditions.

Keywords

Channelopathy · Epilepsy · KCNQ · Kv7 channel · M current · Pain

1 Introduction

The family of Kv7 (KCNQ) K+ channels encompasses voltage-gated K+ channels
produced by homo- or heterotetrameric assembly of Kv7 subunits encoded by
KCNQ genes. As a general rule, these channels conduct K+ currents with a very
negative activation threshold (~�60 mV), slow activation and deactivation kinetics
and no inactivation (Delmas and Brown 2005; Du et al. 2018; Gamper and Shapiro
2015). These features make these channels an exquisite instrument for controlling
cellular excitability. Some of the currents produced by these channels were func-
tionally described long before the genes were identified. Thus, a slow,
non-inactivating K+ current fraction inhibited by muscarinic acetylcholine receptors
(mAChRs) was discovered by David Brown and colleagues in sympathetic neurons
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and named ‘M current’ (Brown and Adams 1980; Constanti and Brown 1981). Due
to its biophysical properties, M current (IM) serves as an effective brake on neuronal
excitability and its inhibition has proven to be one of the major mechanisms of the
excitatory effect of acetylcholine (Brown et al. 1997). A K+ current with even slower
kinetics was also identified in the heart and termed ‘IKs’; it mediates initial repolari-
zation of the cardiac action potential (which is much slower than a neuronal one). Iks
is potentiated by protein kinase A (PKA), a property which is partly responsible for
the speeding of the heart rate upon adrenergic stimulation (Walsh and Kass 1988).
Additionally, a small-conductance K+ current sensitive to chromanol 293B was
identified in the basolateral membrane of some epithelial cells, where it provides
the driving force for electrogenic Cl� secretion (Lohrmann et al. 1995; Warth et al.
1996). Found in different types of cells (neuronal, cardiac and epithelial) these
currents were not initially thought to represent related phenomena, but the advent
of molecular cloning and genetics unveiled the true genetic identity of the underlying
ion channels as belonging to the same protein family: the Kv7 channel family.

In 1996–1997, an inherited form of human cardiac arrhythmia, the ‘long-QT
syndrome’ (LQTS) was linked to mutations in a novel K+ channel gene, named
KvLQT1 (Shalaby et al. 1997; Wang et al. 1996; Yang et al. 1997). The gene was
identified by positional cloning approach and localized to chromosome 11p15.5
(Wang et al. 1996). The KvLQT1 gene predicted to code for a K+ channel subunit
orthologous to the Shaker K+ channel with predicted 6 membrane-spanning domains
(S1-S6), a voltage sensor residing in S4, and a long carboxyl terminus. Subsequent
studies revealed that native IKs to be composed of KvLQT1, as the pore-forming
subunit, in complex with an auxiliary β-subunit, called KCNE1 (Kaczmarek and
Blumenthal 1997; Romey et al. 1997; Sanguinetti et al. 1996). Orthologs of human
KvLQT1 (KQT1–2) were then identified in C. elegans (Wei et al. 1996). The next
step was the discovery of two other human KvLQT1-related genes, mapped to
chromosomes 20q1.3 and 8q24 (Biervert et al. 1998; Singh et al. 1998). Mutations
in these novel genes were linked to a form of inherited epilepsy in humans, benign
familial neonatal convulsions (BFNC) (Charlier et al. 1998; Yang et al. 1998). When
exogenously overexpressed in the cell lines these gene products neatly recapitulated
all major properties of neuronal IM, including kinetics, pharmacology and sensitivity
to mAChRs (Selyanko et al. 2000; Shapiro et al. 2000; Wang et al. 1998). The new
gene family was named KCNQ, with KvLQT1 receiving a new name – KCNQ1, and
the two epilepsy-associated genes named KCNQ2 and KCNQ3. The protein subunits
encoded by KCNQ genes were grouped into the Kv7 family of voltage-gated K+

channels, although ‘KCNQ’ is also commonly used to describe channel subunits in
the literature. In the meantime, the basolateral K+ channel of epithelial cells was
pinpointed to arise from co-assembly of KCNQ1 α-subunit and another member of
KCNE β-subunit family, KCNE3 (Bleich and Warth 2000; Schroeder et al. 2000b).
And soon, two other genes encoding final Kv7 subunits were identified: KCNQ4
encoding Kv7.4 channel, predominantly expressed in the inner ear (Wangemann
2002) and auditory nuclei in the brain (Coucke et al. 1999; Kharkovets et al. 2000;
Kubisch et al. 1999; Sogaard et al. 2001) and KCNQ5, coding for another neuronal
M channel subunit, Kv7.5 (Lerche et al. 2000; Passmore et al. 2003; Schroeder et al.
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2000a). These two subunits were later found expressed in various smooth muscle
cells, where these control contractility (Brueggemann et al. 2007, 2012; Mackie et al.
2008; Ohya et al. 2003). Thus, the KCNQ gene family includes five genes in
humans, KCNQ1–5, giving rise to five types of α-subunits, Kv7.1-Kv7.5 (each
with a number of splice variants). In the next two chapters we will discuss properties,
roles and therapeutic potential of the Kv7 channels. Here we will focus on the
general properties of these channels, their tissue expression, regulation and role in
excitability disorders. Chapter “Pharmacological Activation of Neuronal Voltage-
Gated Kv7/KCNQ/M-Channels for Potential Therapy of Epilepsy and Pain” will
specifically explore the Kv7 channel pharmacology and prospects of targeting these
channels for therapy of epilepsy and pain.

2 Biophysical Properties of Kv7 Channels as a Guide to Their
Role in Cellular Excitability

Some key biophysical properties of individual Kv7 channels are summarized in
Table 1. Most Kv7 subunits assemble to conduct slow, M-like voltage-gated K+

currents with a very negative activation threshold (~�60 mV but can be as negative
as �80 mV in some cases (Huang and Trussell 2011)) and no inactivation (Fig. 1a).
Two exceptions to this rule are the Kv7.1 homomers, which do express modest
inactivation (Tristani-Firouzi and Sanguinetti 1998) and Kv7.1/KCNE3 channel
complex, which is constitutively-open and, hence, voltage-independent (Schroeder
et al. 2000b). The single-channel conductance (γ) varies between the channel
isoforms but is generally small (Table 1). Kv7.1 homotetramers have a very low γ
(1–4 pS), but assembly with KCNE1 increases it considerably (Pusch 1998; Sesti
and Goldstein 1998; Werry et al. 2013) and removes inactivation (Tristani-Firouzi
and Sanguinetti 1998); both effects resulting in considerably higher macroscopic
current amplitudes as compared to homomeric Kv7.1 channels (Jespersen et al.
2005). Other Kv7 channels also have relatively low γ, with Kv7.3 having the largest
and Kv7.4 and Kv7.5 the smallest (Table 1; (Hernandez et al. 2008a; Li et al. 2004a;
Selyanko and Brown 1999; Selyanko et al. 2001)). Most Kv7 channels saturate at
around 0 mV, yet, the open probability at saturating voltages (Po, max) of different
channels is remarkably different and reflects their differential affinity for membrane
phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PIP2) (Li et al. 2004a;
Selyanko et al. 2001; Tatulian and Brown 2003). Thus, Kv7.3 overexpressed in
Chinese hamster ovary (CHO) cells has Po, max near 1, while Kv7.2, Kv7.4 and
Kv7.5 have their Po, max values at 0.2 or lower. Consistently, single-channel studies
revealed that Kv7.3 has ~30 timed higher apparent PIP2 affinity, as compared to
Kv7.2 or Kv7.4 (Li et al. 2005). Heteromeric Kv7.2/Kv7.3 channels have interme-
diate Po, max (~0.3) and intermediate PIP2 affinity (Hernandez et al. 2008a; Li et al.
2004a, 2005). PIP2 serves as a co-factor necessary for Kv7 channel activity, thus, at
tonic PIP2 levels in cells, Kv7.3 homomers are saturated with PIP2, permitting high
Po, max, while channels consisting of other subunits are not saturated and, hence,
have lower Po, max.
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Kv7s display slow activation and deactivation kinetics with time constants (τ) for
both processes (at 0 mV or �60 mV, respectively) in the range of 100–200 ms
(Table 1). The gating process underlying these kinetics is rather complex and not yet
fully elucidated; at least two open states and multiple closed states with multiple
transitions between states have been reported (Owen et al. 1990; Selyanko and
Brown 1999; Selyanko et al. 2001; Stansfeld et al. 1993; Telezhkin et al. 2012).
The above biophysical properties, particularly, the negative threshold activation
voltage and lack of inactivation endow Kv7 channels with the ability to control
resting membrane potential and, hence, the excitability threshold of cells (Fig. 1b).
Slow activation kinetics prevent Kv7 channels from being able to repolarize indi-
vidual action potentials in neurons, yet, a gradual channel activation increases the
threshold for each subsequent action potential during the burst and, thus, underlies
the so-called burst accommodation. Thus, Kv7 channels impose strong and dynamic

Fig. 1 Kv7 channels and neuronal excitability. (a) Voltage-dependence of a Kv7.2/Kv7.3
heteromeric ‘M channel’ with relation to the resting membrane potential and firing threshold of a
generalized somatosensory neuron. Inset shows current traces recorded in a CHO cell,
overexpressing Kv7.2 and Kv7.3 (voltage protocol is depicted above the traces). (b) Simulation
of the effect of modulation of the Kv7.2/Kv7.3 heteromeric channel activity with an ‘opener’,
retigabine, and blocker, XE991, on steady-state membrane potential (Vm). Varying M channel
voltage dependence and maximum conductance (GM) according to the effect of the compounds on
channel activity shifts Vm (leak currents were kept constant). Panels a and b are reproduced from
Du et al. (2018) with permission. (c) effect of M current potentiation (with H2O2) or inhibition (with
XE991) on firing of cultured sympathetic neuron recorded in a current clamp mode; reproduced
from Gamper et al. (2006) with permission
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control over the excitability and contractility parameters of neurons and muscle cells
(Fig. 1c). The fact that Kv7 channels have a very rich repertoire of physiological
modulators (see below) makes these a powerful and versatile tuner of an excitable
cell output.

3 Structural Insights into Kv7 Channel Assembly
and Function

Extensive previous work, including recent cryo-EM structures, provided a wealth of
understanding of structural features of a Kv7 channel. The overall architecture of
Kv7 channel complex is consistent with that of the other Kv and TRP channel
families: individual subunits contain six transmembrane domains (S1-S6) with a K+-
selective pore in the S5-S6 region and a voltage sensing domain containing S1-S4.
All Kv7s have an extended carboxy-terminus (comprising roughly half of the
protein) responsible for multimerization and interaction with multiple regulatory
molecules (see below). There are four helical regions within the C-terminus of a Kv7
subunit, helixes A-D (Fig. 2a). Helixes A and B bind calmodulin (CaM; (Gamper
and Shapiro 2003; Sun and MacKinnon 2017, 2020; Tobelaim et al. 2017; Wen and
Levitan 2002; Yus-Najera et al. 2002)) and are involved in channel regulation,
whereas helices C and D form tandem coiled coils which are necessary for subunit
assembly and tetramerization ((Howard et al. 2007; Maljevic et al. 2003; Schwake
et al. 2006; Schwake et al. 2003; Tobelaim et al. 2017), reviewed in Choveau and
Shapiro (2012)). Kv7 subunits form heteromers but not at random. Thus, Kv7.3
co-assembles with either Kv7.2 (Shapiro et al. 2000; Wang et al. 1998), Kv7.4 (Bal
et al. 2008) or Kv7.5 (Wickenden et al. 2001); Kv7.4 and Kv7.5 also form
heteromeric channels with each other (Brueggemann et al. 2014c; Chadha et al.
2014) but Kv7.2 does not multimerize with Kv7.4 (Sogaard et al. 2001) or Kv7.5
(Lerche et al. 2000). KCNQ1 is not known to co-assemble with any other Kv7
subunits (Maljevic et al. 2003; Schenzer et al. 2005; Schwake et al. 2003).

All Kv7 channels require a co-factor, PIP2, for their activity and also incorporate
CaM as an obligatory subunit (reviewed in (Abbott 2020; Gamper and Shapiro 2015;
Nunez et al. 2020)). The latter is necessary for channel assembly and trafficking
(Etxeberria et al. 2008; Ghosh et al. 2006; Liu and Devaux 2014; Shamgar et al.
2006) and also for its modulation by Ca2+ (Gamper et al. 2003, 2005; Kosenko and
Hoshi 2013; Shamgar et al. 2006; Sihn et al. 2016; Tobelaim et al. 2017). Recent
work indicates that both PIP2 and CaM might target the same or overlapping parts of
the Kv7 protein exerting a complex control over the channel function. Although the
details of this intricate molecular interplay are only beginning to emerge, recent
structural work in this area does offer some insights. Several X-ray crystallographic
structures of proximal C-terminal domains of Kv7.1 (Sachyani et al. 2014), Kv7.4
(Archer et al. 2019; Chang et al. 2018; Xu et al. 2013) and Kv7.5 (Chang et al. 2018)
in complex with CaM, as well as an NMR structure of a proximal C-terminus of
Kv7.2 in complex with CaM (Bernardo-Seisdedos et al. 2018) were obtained
recently. In addition, two high-resolution cryo-EM structures of the Kv7.1 (Sun
and MacKinnon 2017, 2020) and Kv7.2 (Li et al. 2021) in complex with CaM were
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also released (Fig. 2b-f). Despite some differences, all structures agree that CaM
binds simultaneously to A and B helixes of the Kv7 C-terminus which, when bound
to CaM, adopts anti-parallel coiled-coil (Fig. 2d). The other contact region identified
in more complete Cryo-EM structures is formed between the S2-S3 loop of the
channel and the third (out of four in total) EF hand of CaM (Sun and MacKinnon
2017, 2020). Concurrent interaction of CaM with both, the voltage sensor region and
the C-terminus of the Kv7 channels is likely to explain its role in both the assembly/
trafficking and Ca2+-dependent modulation of the channel. Clarity with how exactly
CaM is involved in both these processes is yet to be achieved.

For the case of Ca2+ modulation, the matter is complicated by the fact that Kv7.1
channels are activated by Ca2+ (Sachyani et al. 2014; Shamgar et al. 2006; Tobelaim
et al. 2017), while the rest of the family are rather inhibited (Chang et al. 2018;
Gamper et al. 2005; Gamper and Shapiro 2003; Kosenko and Hoshi 2013; Selyanko

Fig. 2 Structural insights into the Kv7 channel complex. (a) Secondary structure of a Kv7 channel.
(b) Top: side and top view of the human Kv7.1 (blue), CaM (yellow) and KCNE3 (red) complex as
a cryo-EM density map. Bottom: structure model of the same complex. (c) View of ion-conducting
pathways for PIP2-free (top) and PIP2-bound (bottom) states of the Kv7.1 channel (front and back
subunits excluded for clarity). Panels b-c are reproduced from Sun and MacKinnon (2020) with
permission. (d) Structural comparisons of CaM in Kv7.2 (green) and Kv7.1 (cyan) channel
complexes. (e) Alignment of interacting domains of Kv7.2-CaM (green) and Kv7.1-CaM (cyan)
structures. (f) Difference in the position of CaM in Kv7.2 (left) and Kv7.1 (right) structures: the two
adjacent HA-HB-CaM domains are separated from each other in Kv7.2 while they form a continu-
ous structure in Kv7.1. Panels d-f are reproduced from Li et al. (2021) with permission
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and Brown 1996; Sihn et al. 2016). Several hypotheses were suggested in which
CaM rearranges itself around the A-B helical domain upon binding Ca2+, either by
releasing the helix A (Chang et al. 2018; Tobelaim et al. 2017) or by clamping both
helixes together (Archer et al. 2019), these rearrangements, in turn, would bring
about modulation of gating. Whatever the exact trajectory of these rearrangements
is, these are likely to affect channel relationships with its activity-permitting co-fac-
tor, PIP2. Indeed, the phosphoinositide interacts with several channel regions which
are also involved in the interaction with CaM, including the A-B region (Choveau
et al. 2018; Hernandez et al. 2008a; Tobelaim et al. 2017; Zaydman and Cui 2014;
Zaydman et al. 2013) and S2-S3 linker (but additionally also the S4-S5 loop)
(Choveau et al. 2018; Sun and MacKinnon 2020; Zaydman and Cui 2014; Zaydman
et al. 2013). PIP2 is necessary for Kv7 channel activity and the depletion of its
plasma membrane pool by phospholipase C (PLC) underlies inhibition of IM by
mAChRs and other G protein coupled receptors linked to the PLC signalling cascade
(see below) (Ford et al. 2003, 2004; Linley et al. 2008; Liu et al. 2010; Loussouarn
et al. 2003; Suh and Hille 2002; Zhang et al. 2003). The mechanism of Kv7 channel
modulation by PIP2 is under intense scrutiny and several reviews are available
covering this topic (Gamper and Shapiro 2015; Villalba-Galea 2020; Wang et al.
2020b; Zaydman and Cui 2014). Thus far the most direct insight into structural
consequences of PIP2 binding to a Kv7 channel was obtained by the cryo-EM study
fromMacKinnon group, who reported PIP2-bound and PIP2-free structures of Kv7.1
(in complex with CaM and KCNE3) (Sun and MacKinnon 2020). These authors
discovered that PIP2 occupies a site within the inner membrane leaflet, formed
largely by the S2-S3 and the S4-S5 linkers. Binding of PIP2 causes a large confor-
mational changes in the channel protein, which results in widening of the pore
(Fig. 2c). Two helixes separated by a loop: the S6 and C-terminal A helix join into
a single continuous helix upon PIP2 binding, this causes CaM to rotate almost 180�

and release its interaction with the voltage sensor.
Of note, KCNE3 causes the Kv7.1 channel to lose its voltage dependence, in

addition the N and most of the C-termini of the Kv7.1 were truncated in the protein
used for the structure determination. These circumstances make Kv7.1/KCNE3/
CaM/PIP2 structure (Sun and MacKinnon 2020) considerably different from either
the native IKs or the M channel. The truncation of C-terminal domains perhaps
explains the fact that interaction of PIP2 within the A-B region, reported by several
labs (Choveau et al. 2018; Hernandez et al. 2008a; Tobelaim et al. 2017; Zaydman
and Cui 2014; Zaydman et al. 2013) was not detected. However, the latter interaction
may hold the key to understanding differential action of Ca2+/CaM on Kv7.1
(potentiation) vs. other Kv7s (inhibition). Indeed, it was suggested that CaM
substitutes for PIP2 at helix B in Kv7.1 (Tobelaim et al. 2017) while it competes
PIP2 off its C-terminal binding sites in other Kv7s (Archer et al. 2019; Kosenko and
Hoshi 2013). Interestingly, recent Kv7.2/CaM structure (Li et al. 2021) revealed
several differences in the way CaM integrates into the channel structure
(as compared to Kv7.1 channel complex): in Kv7.2, CaM surrounding the Helixes
A and B is shifted by about 10–15 Å relative to that in Kv7.1 (Fig. 2d-f). In addition,
in the Kv7.2/CaM complex, the four CaM molecules are separated from each other,
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whereas in Kv7.1/CaM complex they form a continuous cytosolic ring (Fig. 2f; (Sun
and MacKinnon 2017, 2020)) further highlighting the difference between the ‘car-
diac’ and ‘neuronal’ Kv7 channels.

4 Auxiliary Subunits of Kv7 Channels

4.1 KCNEs

A family of small single transmembrane domain proteins formerly known as minK
and ‘minK-related peptides’ (MiRP1–4) now is referred to as KCNE family of
auxiliary subunits (KCNE1–5) (McCrossan and Abbott 2004). KCNE1 is perhaps
the most studied of the five isoforms due to the fact that it is a part of the cardiac IKs
channel complex. KCNE1 and Kv7.1 are often found co-expressed in the heart,
epithelia and other relevant tissues and several KCNE mutations are associated with
LQTS and hearing loss (see below). KCNE1 has several profound and well-
characterized effects on Kv7.1 gating: ~1,000-fold slowing of activation, positive
shift of the voltage dependence of activation (20–50 mV), threefold to sevenfold
increase of single-channel conductance, stabilizing the open state and removal of
inactivation (Barhanin et al. 1996; Hou et al. 2017; Meisel et al. 2018; Pusch 1998;
Sanguinetti et al. 1996; Sesti and Goldstein 1998; Tristani-Firouzi and Sanguinetti
1998; Werry et al. 2013; Yang and Sigworth 1998) (reviewed in (Wang et al.
2020b)). In addition, KCNE1 reduces the Kv7.1 sensitivity to XE991 (Wang et al.
2000) while increasing sensitivity to the chromanol 293B and azimilide (Busch et al.
1997).

The stoichiometry of KCNQ1/KCNE1 assembly has been a matter of some
debate as both fixed and variable stoichiometry models have been suggested
(reviewed in (Wang et al. 2020b; Wrobel et al. 2012)). Co-expression of WT
KCNE1 with a lethal KCNE1 mutant at different ratios reveals a stoichiometry of
two subunits per functional channel (Wang and Goldstein 1995). Experiments with
forced stoichiometry (linked Kv7.1-KCNE1 constructs) and unnatural amino acid
photo-crosslinking (Murray et al. 2016; Nakajo et al. 2010; Westhoff et al. 2017)
established that two proteins could indeed assemble at variable stoichiometry (1:4 to
4:4) with channel activation becoming progressively slower as more KCNE1
subunits are added to the complex. Interestingly, the recent Kv7.1/KCNE3 structure
reports 4:4 stoichiometry (Fig. 2b; (Sun and MacKinnon 2020)) and, given the
structural similarities between KCNE subunits, this perhaps should be interpreted
as the stoichiometry at saturating levels of a given KCNE subunit. Solution NMR,
mutagenesis and simulations proposed several models of KCNQ1-KCNE1
interactions with most of them assuming that KCNE1 is piercing through the channel
complex aligning along the Kv7.1 channel pore (Kang et al. 2008; Strutz-Seebohm
et al. 2011; Tian et al. 2007), this idea is further supported by the recent Kv7.1/
KCNE3 structure (Fig. 2b; (Sun and MacKinnon 2020)).

The mechanisms of gating modifications imposed on Kv7.1 by KCNE1 have
been intensively investigated (reviewed in Wang et al. (2020b); Wrobel et al. (2012).
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KCNE1 was suggested to stabilize resting (closed) states of Kv7.1 (Nakajo and
Kubo 2007), retard pore opening (Rocheleau and Kobertz 2008), decelerate the
movement of the S4 segment of the voltage sensing domain of KCNQ1 (Nakajo and
Kubo 2007; Ruscic et al. 2013) or disturb coupling between the voltage sensor
movement and the pore opening (Barro-Soria et al. 2014; Nakajo and Kubo 2014;
Osteen et al. 2010, 2012; Ruscic et al. 2013; Westhoff et al. 2019; Zaydman et al.
2014).

Kv7.1 co-assembles with KCNE2 or KCNE3 resulting in constitutively-open,
voltage-independent channels (Bendahhou et al. 2005; Schroeder et al. 2000b; Tinel
et al. 2000a); KCNE2 decreases the macroscopic current by over threefold
(Bendahhou et al. 2005; Tinel et al. 2000a), whilst KCNE3 produces over tenfold
increase (Bendahhou et al. 2005; Schroeder et al. 2000b). The properties of
constitutively-open Kv7.1/KCNE3 and Kv7.1/KCNE2 channels resemble those of
the K+ currents in colonic crypt cells of the small intestine and colon and KCNE2
knockout impairs gastric acid secretion in mice (Roepke et al. 2006). KCNE2
interacts with Kv7.2 and Kv7.3 as well as producing a moderate acceleration of
activation and inactivation kinetics (Tinel et al. 2000b). Interestingly, KCNE3 and
KCNE4 each express in two splice variants: long and short forms in humans (Abbott
2016). Short form of KCNE3 suppresses while the short form of KCNE4 potentiates
Kv7.4 currents in Xenopus oocytes (Abbott 2016; Strutz-Seebohm et al. 2006) while
long forms of either protein have no effect (Abbott 2016). KCNE4 and KCNE5 both
strongly suppress Kv7.1 currents (Abbott 2016; Angelo et al. 2002; Bendahhou et al.
2005; Grunnet et al. 2002, 2003, 2005)) with KCNE5 producing a strong positive
shift of the voltage dependence of activation (Angelo et al. 2002). Physiological
significance of these effects of KCNE2–5 is poorly understood at present.

Apart from the effects on the Kv7 channel gating, KCNE subunits are reported to
affect channel trafficking. Thus, disruption of KCNE1 glycosylation (Chandrasekhar
et al. 2011) or LQTS-associated KCNE1 mutation L51H (Krumerman et al. 2004)
disrupt trafficking and/or insertion of the Kv7.1 to the plasma membrane (reviewed
in (Kanda and Abbott 2012)). KCNE1 was also reported to be necessary for the
dynamin-dependent internalization of the IKs complex (Xu et al. 2009). You can read
more about KCNE subunits in Chapter “Control of Biophysical and Pharmacologi-
cal Properties of Potassium Channels by Ancillary Subunits”.

4.2 A-Kinase Anchoring Proteins

Kv7 channels associate with and are modulated by A-kinase anchoring proteins
(AKAPs), a group of scaffolding proteins binding to the regulatory subunit of
protein kinase A (PKA) (Langeberg and Scott 2005). AKAP called yotiao
(in addition to KCNE1) is necessary for proper functioning of the native IKs channel
complex (Haitin and Attali 2008; Kurokawa et al. 2004; Marx 2003; Marx et al.
2002; Nicolas et al. 2008). Yotiao binds to helix D at Kv7.1 C-terminus and acts as a
scaffolding protein to recruit PKA and the protein phosphatase 1 (PP1) controlling
the phosphorylation/dephosphorylation state of Kv7.1 at N-terminal Ser-27 and
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possibly Ser-92 (Dvir et al. 2014; Kurokawa et al. 2004; Marx et al. 2002; Nicolas
et al. 2008; Pongs and Schwarz 2010). The PKA-dependent phosphorylation of
Kv7.1 leads to an increase in IKs amplitude and acceleration of action potential
repolarization, which is at the core of β-adrenergic modulation of the IKs complex
activity (Kurokawa et al. 2004; Marx et al. 2002; Pongs and Schwarz 2010).
AKAP79/150 (numbers denote human and murine orthologs, respectively) interacts
with A-B helix region of Kv7.2-Kv7.5 but not Kv7.1 (Hoshi et al. 2003); it recruits
PKC to the channel complex, leading to phosphorylation at two threonine residues
within helix B (Hoshi et al. 2003). This phosphorylation decreases channel affinity to
PIP2 and sensitizes it towards muscarinic (but not bradykinin) inhibition (Bal et al.
2010; Higashida et al. 2005; Hoshi et al. 2003, 2005; Tunquist et al. 2008; Zhang
et al. 2011; Zhang and Shapiro 2012).

4.3 Other Kv7-Interacting Proteins

As discussed above, CaM is considered to be an obligatory resident of the Kv7
channel complex, which is necessary for channel assembly, trafficking and modula-
tion by Ca2+. Several other proteins interact with Kv7 channels. Kv7.2 through its
C-terminal A helix was shown to bind syntaxin 1A, which targets the channels to
presynaptic sites in neurons (Etzioni et al. 2011; Regev et al. 2009). Kv7.2 and
Kv7.3 interact with the ankyrin-G, which results in accumulation of these channels
at the axon initial segment (AIS) and nodes of Ranvier (Chung et al. 2006; Cooper
2011; Pan et al. 2006). Kv7s were reported to interact with the ubiquitin-protein
ligase Nedd4–2, which controls degradation of the channel proteins (Ekberg et al.
2007; Jespersen et al. 2005; Kurakami et al. 2019).

5 Kv7 Pharmacology

A more detailed account on the pharmacology of the Kv7 channels is given in
Chapter “Pharmacological Activation of Neuronal Voltage-Gated Kv7/KCNQ/M-
Channels for Potential Therapy of Epilepsy and Pain”, therefore here we will only
mention some major compounds relevant to the content of this chapter. Linopirdine,
and its analogue, XE991, are potent inhibitors of Kv7 channels (Aiken et al. 1995;
Lamas et al. 1997; Zaczek et al. 1998). XE991 is commonly used for M current
validation in primary cells, it blocks Kv7.1-Kv7.4 channels with the IC50s in the
range of 1–5 μM (Sogaard et al. 2001; Wang et al. 1998, 2000), however, Kv7.5 is
much less sensitive with IC50 ~ 60 μM (Jensen et al. 2005; Schroeder et al. 2000a).
Chromanol 293B is a ‘classical’ inhibitor of Kv7.1 and IKs (Busch et al. 1997;
Suessbrich et al. 1996). Since Kv7 channel activity has the potential to silence
neurons, there is a big drive to develop Kv7 activators (‘openers’) as potential
medicines for excitability disorders, such as epilepsy and pain and several hundreds
of compounds have been identified to date (see some recent summaries in Du and
Gamper (2013); Du et al. (2018) and in Chapter “Pharmacological Activation of
Neuronal Voltage-Gated Kv7/KCNQ/M-Channels for Potential Therapy of Epilepsy
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and Pain”). The prototypic M channel openers, retigabine and flupirtine, are potent
but relatively non-selective Kv7 openers that activate all Kv7 subunits except Kv7.1,
with Kv7.3 being the most sensitive subunit (Schenzer et al. 2005; Tatulian and
Brown 2003; Tatulian et al. 2001; Wuttke et al. 2005). Both compounds have been
used clinically as an anticonvulsant (retigabine) and an analgesic (flupirtine) but both
are currently discontinued for a range of side effects. Nevertheless, retigabine remains
a very useful research tool and a benchmark for the development of novel openers.

6 Tissue Distribution of Kv7 Channels

6.1 Nervous System

Distribution of Kv7 subunits throughout the mammalian peripheral and central
nervous systems is discussed in Chapter “Pharmacological Activation of Neuronal
Voltage-Gated Kv7/KCNQ/M-Channels for Potential Therapy of Epilepsy and
Pain”, therefore we only briefly outline some key points here. M-type channels
(Kv7.2-Kv7.5 and their heteromers) are abundantly expressed throughout the CNS.
Kv7.2 and Kv7.3 are particularly widely expressed and heteromeric Kv7.2/Kv7.3
channel is considered to be a ‘classical’ M channel (Brown and Passmore 2009).
These subunits have been found throughout almost all major brain structures with
particularly high expression at key sites controlling rhythmic neuronal activity and
synchronization (Cooper et al. 2001; Geiger et al. 2006; Kanaumi et al. 2008;
Klinger et al. 2011). Kv7.2 and Kv7.3 are also abundantly expressed in the periph-
eral somatosensory neurons (reviewed in (Du et al. 2018)) and in sympathetic
neurons (where the M current was first discovered; reviewed in Brown and Passmore
(2009)).

Kv7.4 has a much more restricted expression pattern: it is highly expressed in the
auditory and vestibular pathways (Hurley et al. 2006; Kharkovets et al. 2000, 2006),
including the cochlea (basal pole of outer hair cells) (Kharkovets et al. 2006), post-
synaptic calyx terminals innervating vestibular type I hair cells (Sousa et al. 2009;
Spitzmaul et al. 2013) and in auditory brainstem nuclei and tracts (Kharkovets et al.
2000). Accordingly, several KCNQ4mutations result in a dominant form of deafness,
DFNA2 (Kharkovets et al. 2000, 2006; Kubisch et al. 1999) (see below). Kv7.4
channels are selectively expressed in dopaminergic neurons in the ventral tegmental
area of the mesolimbic dopamine system and their downregulation is associated with
the depression-like behaviour in mice (Li et al. 2017; Su et al. 2019). Kv7.4 is also
expressed in the peripheral nerve endings of cutaneous rapidly adapting hair follicle
andMeissner corpuscle mechanoreceptors. In these fibres, Kv7.4 shortens the duration
of stimulus-induced bursts (Heidenreich et al. 2012). Accordingly, human DFNA2
carriers are sensitized to low-frequency tactile vibrations (Heidenreich et al. 2012).

Kv7.5 is expressed throughout the CNS and PNS alongside KCNQ2 and
KCNQ3. Specific expression was reported in giant glutamatergic terminals (calyx
of Held) in the medial nucleus of the trapezoid body (MNTB), where this subunit is
likely to be the main constituent of M channels (Huang and Trussell 2011). It is also
expressed in the auditory system and in the hippocampus (Tzingounis et al. 2010).
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6.2 Cardiovascular System

As mentioned above, Kv7.1/KCNE1 channel complex is one of the main K+

channels in the heart, forming the IKs (Barhanin et al. 1996; Sanguinetti et al.
1996). Kv7.1, Kv7.4 and Kv7.5 channels are expressed in smooth muscle layer of
mammalian vasculature (Fosmo and Skraastad 2017; Hedegaard et al. 2014; Jepps
et al. 2011; Khanamiri et al. 2013; Ng et al. 2011), including human visceral arteries
(Fosmo and Skraastad 2017; Ng et al. 2011), where these channels control the
excitability and contractility of vascular smooth muscle cells (VSMC) (Chadha
et al. 2012, 2014; Jepps et al. 2011; Khanamiri et al. 2013; Mani et al. 2011; Ng
et al. 2011; Stott et al. 2015; Tsai et al. 2020). Reduced activity of Kv7s has been
suggested to result in increased vascular resistance and hypertension (Chadha et al.
2012; Jepps et al. 2011; Khanamiri et al. 2013; Stott et al. 2015). Kv7 channels in
coronary arteries are thought to contribute to the vasodilatory effect of adenosine
(Hedegaard et al. 2014; Khanamiri et al. 2013) and to hypoxia-induced vasodilation
(Hedegaard et al. 2014) and reactive hyperaemia (Khanamiri et al. 2013).

6.3 Non-vascular Musculature

Kcnq gene transcripts were reported in non-vascular smooth muscles as well. Kcnq1,
Kcnq3, Kcne1 and Kcne2 were found in rat gastric antral smooth muscle (Ohya et al.
2002) while Kcnq4, Kcnq5 and Kcne4 (as well as M-like currents) were reported in
murine gastrointestinal tract (Jepps et al. 2009). M-like currents and Kcnq transcripts
have been reported in rodent and human airway smooth muscle cells, ASMC
(Brueggemann et al. 2012, 2014a, 2018), where these are suggested to control
excitability and contractility. Accordingly, Kv7 channel activators could have thera-
peutic value as bronchodilators (Evseev et al. 2013; Mondejar-Parreno et al. 2020).
Kcnq1, Kcnq5 and Kcne4 transcripts were reported in murine myometrial smooth
muscle throughout the oestrus cycle (McCallum et al. 2009). Expression of all five
Kcnq genes has been detected in skeletal muscle (Iannotti et al. 2010; Lerche et al.
2000; Roura-Ferrer et al. 2008; Schroeder et al. 2000a). Kv7 channels were
suggested to play a role in skeletal muscle proliferation, differentiation and survival
(Iannotti et al. 2010; Roura-Ferrer et al. 2008) as well as in their contractility
(Su et al. 2012).

6.4 Epithelia

As mentioned earlier, Kv7.1 contributes to the basolateral K+ current in epithelia.
Together with several KCNE subunits, Kv7.1 is expressed in many epithelial cells
including kidney, stomach, colon and small intestine (Dedek and Waldegger 2001;
Demolombe et al. 2001; Horikawa et al. 2005; Kunzelmann et al. 2001b; Schroeder
et al. 2000b; Vallon et al. 2001). Kv7.1 channel complexes (together with other
epithelial K+ channels) are essential for maintaining a negative membrane potential,
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providing a driving force for trans-epithelial transport, and for K+ absorption or
secretion. In many epithelia, voltage-gated Kv7.1 channels are converted into
voltage-independent, constitutively-open K+ channels by co-assembly with
KCNE2 (Tinel et al. 2000a) or KCNE3 (Schroeder et al. 2000b) (see (Hamilton
and Devor 2012; Jespersen et al. 2005; Soldovieri et al. 2011) for review).

6.5 Other Tissues and Cell Types

Adrenal chromaffin cells (Wallace et al. 2002) and some other neuroendocrine cells
such as the prolactin releasing cells of the pituitary gland (Sankaranarayanan and
Simasko 1996) express functional M current. As in neurons and muscle cells, M-like
current is an important mechanism of excitability control in neuroendocrine cells and
M current inhibition (e.g. via histamine H1 receptor stimulation) was proposed to
stimulate hormone release from these cells (Sankaranarayanan and Simasko 1996;
Wallace et al. 2002). M-like currents were also recorded from rod photoreceptors
(Wollmuth 1994) and retinal pigment epithelial cells (Takahira and Hughes 1997).
Functional expression of Kv7.2 has been reported in keratinocytes (Reilly et al.
2013).

7 Regulation and Modulation

Kv7 channel modulation via GPCR signalling cascades is extensively studied and
covered in numerous reviews (Brown et al. 2007; Brown and Passmore 2009;
Delmas and Brown 2005; Gamper and Shapiro 2007, 2015; Greene and Hoshi
2017; Hernandez et al. 2008b; Hille et al. 2015; van der Horst et al. 2020; Zhang
and Shapiro 2016), as well as in Chapter “Pharmacological Activation of Neuronal
Voltage-Gated Kv7/KCNQ/M-Channels for Potential Therapy of Epilepsy and
Pain”, therefore here we will only outline key themes. As mentioned, M current
was discovered as a K+ conductance inhibited by mAChRs. Subsequent research
identified that M1, M3 and M5 mAChRs, as well as many other GPCR coupled to Gq/

11 signalling cascades (e.g. bradykinin B2, purinergic P2Y, protease-activated recep-
tor 2, angiotensin II A1, etc.) inhibit Kv7 channels (Cruzblanca et al. 1998; Filippov
et al. 2006; Gamper and Shapiro 2015; Linley et al. 2008; Shapiro et al. 1994; Zaika
et al. 2006, 2007) and cause excitation of neurons (Crozier et al. 2007; Linley et al.
2008; Liu et al. 2010). The signalling cascade linking Gq/11-type GPCR with Kv7
inhibition involves activation of Phospholipase C (PLC) and the depletion of PIP2
(Li et al. 2005; Suh and Hille 2002; Zhang et al. 2003). Ca2+ release from the IP3-
sensitive Ca2+ stores (via CaM) (Cruzblanca et al. 1998; Gamper and Shapiro 2003;
Kosenko and Hoshi 2013) and PKC-mediated M channel phosphorylation
(orchestrated by AKAP79/150) (Hoshi et al. 2003; Zhang et al. 2011) also contribute
to Kv7 suppression; the contribution of the above mechanisms to the overall Kv7
channel suppression varies substantially between the individual receptor types, as
well as in different types of cells (reviewed in Gamper and Shapiro (2015);

Kv7 Channels and Excitability Disorders 199



Hernandez et al. (2008b). As mentioned above, another physiologically important
endogenous signalling cascade targeting Kv7.1 and IKs channels is β-adrenergic
modulation via the PKA-dependent phosphorylation of Kv7.1 (Kurokawa et al.
2004; Marx et al. 2002; Pongs and Schwarz 2010), reviewed in (van der Horst
et al. 2020). There is evidence that Kv7.2 and Kv7.5 are also potentiated by PKA
phosphorylation (reviewed in van der Horst et al. (2020). Kv7 channels are
suppressed by Src kinase phosphorylation (Gamper et al. 2003; Li et al. 2004b)
and potentiated by reactive oxygen species (Gamper et al. 2006), arginine methyla-
tion (Kim et al. 2016) and intracellular zinc (Gao et al. 2017) although physiological
processes where these pathways may be involved remain to be elucidated.

8 Transcriptional Control of Kv7 Gene Expression

KCNQ genes expression is regulated by a number of transcription factors, including
positive regulation by Sp1 (Mucha et al. 2010) and NFAT (Zhang and Shapiro 2012)
and negative regulation by the repressor element 1-silencing transcription factor
(REST, NRSF) (Iannotti et al. 2013; Mucha et al. 2010). Regulation by NFAT is
activity-dependent: increased firing of sympathetic and hippocampal neurons results
in Ca2+ accumulation, calcineurin-dependent phosphorylation and nuclear translo-
cation of NFAT, which interacts with NFAT-binding regulatory elements of Kcnq2
and Kcnq3 genes, resulting in augmented mRNA levels and increased IM amplitudes
(Zhang and Shapiro 2012). This pathway was suggested to protect neurons from
overexcitability and seizures. In contrast, REST suppresses the expression of Kcnq
genes and this was reported as one of the mechanisms resulting in overexcitable
phenotype of peripheral afferents in neuropathic and inflammatory pain models
(Rose et al. 2011; Uchida et al. 2010; Zhang et al. 2019). Tonic expression of
REST in neurons is believed to be low but it was shown to increase greatly following
inflammation (Mucha et al. 2010) or after neuropathic injury (Rose et al. 2011;
Uchida et al. 2010; Zhang et al. 2019). Interestingly, dramatic reduction in Kcnq2
(Rose et al. 2011; Zheng et al. 2013) and Kcnq3 (Zheng et al. 2013) transcripts and
proteins following experimentally-induced chronic pain development has been
reported. Genetic deletion of REST in sensory neurons alleviated neuropathic pain
(Zhang et al. 2018, 2019) and prevented downregulation of some of its target genes,
including Kcnq2 (Zhang et al. 2019). On the other hand, viral overexpression of
REST in sensory neurons recapitulated neuropathic-like hyperalgesia in mice
(Zhang et al. 2019). Thus, M channel downregulation by REST may represent a
feature of chronic pain-associated remodelling of peripheral afferents.

9 Kv7 Channels and Excitability Disorders

The role of Kv7 channels in epilepsy and pain is considered in Chapter
“Pharmacological Activation of Neuronal Voltage-Gated Kv7/KCNQ/M-Channels
for Potential Therapy of Epilepsy and Pain”, below we will focus on the other
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disorders and pathologies where contribution of Kv7 channels has been documented
or suggested.

9.1 Cardiac Arrhythmias

Cardiac arrhythmia refers to an array of changes to contractions of the heart causing
it to beat irregularly (Antzelevitch and Burashnikov 2011). Long QT syndrome
(LQTS) is an arrhythmia where ventricular repolarization is prolonged, resulting in
episodic ventricular tachyarrhythmia. This is essentially a prolonged depolarization
that can lead to ventricular fibrillation and sudden death in otherwise healthy people
(Vohra 2007). LQTS often occurs due to a loss of function in the Kv7.1 channel
complex. Here we focus on the role of Kv7.1 but some KCNE1 mutations also lead
to LQT syndrome (Schulze-Bahr et al. 1997).

Over 500 arrhythmia-associated KCNQ1 mutations have been identified thus far,
most are loss-of-function. Inherited LQTS most commonly manifests as
Romano-Ward syndrome (RW), the autosomal dominant form of LQTS, where a
dominant-negative effect is imposed by the mutant on the unmutated copies. The
autosomal-recessive form of LQTS, Jervell and Lange-Nielsen syndrome (JLN),
whereby the mutants do not have an impact on the unmutated subunits, is less
common and also associated with bilateral deafness (see below). The KCNQ1
mutations that result in these forms of LQTS separate broadly into those that impair
ion selectivity, voltage dependence, trafficking or multimerization of the channel
complex. The lack of dominant-negative effect of mutations in JLN was originally
thought to be due to the loss of the mutant subunits ability to form tetramers. This
would exert no effect on the wild-type channels as the wild-type copies could still
tetramerize. This is evidenced by a significant number of JLN causing mutations
resulting in truncations of the C-terminus and missense mutations in the A-domain
(Loussouarn et al. 2006; Schmitt et al. 2000), areas that are crucial for Kv7
tetramerization (Howard et al. 2007; Maljevic et al. 2003; Schwake et al. 2003,
2006). Though, importantly there are mutations resulting in JLN that do not impair
tetramerization (Xu and Minor Jr. 2009) but do hamper trafficking/insertion of the
mutant channel to the plasma membrane (Marx et al. 2002).

In autosomal dominant RW syndrome, mutations in the N terminus are often
related to limitations in trafficking. A number of N-terminal mutations lead to the
channel not escaping the endoplasmic reticulum (Dahimene et al. 2006; Peroz et al.
2009) or impaired recycling via Rab-dependent endocytosis and exocytosis
(Seebohm et al. 2007; Seebohm et al. 2008). Mutations are continuing to be
discovered, some of which lead to the expected impaired trafficking through ER
retention and some leading to novel impairments such as reductions in current
amplitude only at positive voltages (Hammami Bomholtz et al. 2020).

Structural X-ray crystallography has revealed that some mutations believed to be
preventing tetramerization or trafficking in the C-terminus A domain were actually
likely disrupting the channel binding to yotiao, thus disrupting protein kinase A
(PKA) binding (Howard et al. 2007). This, in turn, disrupts β-adrenergic potentiation
of the IKs and disturbs regularity of cardiac action potential when heart rate is
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increased by catecholamine action. This has been shown to be the case in patients
with PKA insensitive KCNQ1mutations, who often only exhibiting arrhythmia after
stress and not at rest (Bartos et al. 2014).

At least three mutations in the PIP2 binding sites of Kv7.1 have resulted in LQTS
through reduced channel activity (Park et al. 2005). Similarly, some Kv7.1
mutations that result in LQTS impair the interaction between Kv7.1 and CaM, this
was shown by two independent groups to be due to impaired gating of the channel
and preventing the correct assembly of channel subunits, resulting in a dominant-
negative loss of function (Ghosh et al. 2006; Shamgar et al. 2006). Indeed, a
mutation in a PIP2 and CaM binding sites in helix B leads to LQTS seemingly by
interfering with CaM binding under PIP2 depletion (Tobelaim et al. 2017).
Mutations in the S4 voltage sensing domain have also been recently discovered
that cause a shift in voltage dependence to more positive potentials, likely impairing
action potential adaptation to increased heart rate (Moreno et al. 2017). Additionally,
a number of high-risk mutations associated with sudden death were localized to the
selectivity filter of Kv7.1 and were shown to disrupt the carbonyl oxygen atoms,
preventing the selective permeation of potassium through the channel (Burgess et al.
2012).

Although the clinical manifestation of many of these mutations is not drastically
different except for perhaps severity, understanding the molecular basis of these
mutations aids in the treatment of this disorder and was instrumental in learning
about the functioning of this highly modulated and complex channel.

A few gain-of-function mutations have also been discovered in Kv7.1 that lead to
other types of cardiac arrhythmia, namely short QT syndrome (SQTS) and familial
atrial fibrillation. These mutations result in a much earlier repolarization phase of the
cardiac action potential. This is significant as the prolonged action potential refrac-
tory periods in the heart allow for ventricular filling to occur between contractions.
Gain of function mutations manifest as increased activation rate, decreased deacti-
vation rate, removing inactivation or shifting of voltage dependence or various
combinations of these, resulting in a constitutively active channel (Bellocq et al.
2004; Chen et al. 2003; Restier et al. 2008; Seebohm et al. 2001). Additionally, a
novel mutation in Kv7.1 reduced co-assembly with KCNE1 that led to accelerated
activation kinetics and ultimately SQTS (Moreno et al. 2015).

Importance of the Kv7.1 complex for the heartbeat infers a possibility to target
these channels for the treatment of the above heart conditions. In fact, the compound
Rottlerin has been promising in treating LQTS in part through activation of Kv7.1
channel (Lubke et al. 2020). Rottlerin has been shown to increase Kv7.1/KCNE1
deactivation time; some related analogues have similar effects. This suggests a
potential treatment for LQTS, though the efficacy of Rottlerin and related
compounds to augment disease-associated Kv7.1 mutants remains to be established.
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9.2 Other Cardiovascular Disorders

The Kv7 channels expressed in VSMC are increasingly recognized as strong
regulators of vascular function and key to the adaptability of the system. Generally,
Kv7 activation would lead to vasodilation while Kv7 inhibition results in vasocon-
striction; the latter could cause hypertension, a disease that is increasingly problem-
atic to overall health and a risk factor for stroke and cardiovascular disease (Fosmo
and Skraastad 2017; Stott et al. 2014). Vasopressin, one of the main vasoconstricting
hormones, acts on Gq/11 receptor V1A in the vasculature (Holmes et al. 2003)
resulting in Kv7.4/Kv7.5 and Kv7.5 channel inhibition (largely mediated by PKC
in this case) and activation of L-type calcium channels, to allow the influx of calcium
and resulting contraction of smooth muscle (Brueggemann et al. 2007; Mani et al.
2013; Tsai et al. 2020). Opposingly, β-adrenergic receptor activation (acting via
PKA) potentiates Kv7 channel activity and produces a vasodilatory effect (Chadha
et al. 2012). In rat and mouse models of hypertension, the condition was
accompanied by a significant reduction in Kv7.4 channel expression, suggesting
that reduced Kv7 activity may contribute to the maintenance of chronic hypertension
(Jepps et al. 2011). Recent work has expanded these findings suggesting that
angiotensin II inhibits the interaction between Kv7.4 and the heatshock protein
HSP90, enhancing its interaction with CHIP (HSP70 interacting protein C terminus),
an E3 ubiquitin ligase that leads to channel degradation (Barrese et al. 2018).
Furthermore, expression of Kv7.4 is regulating the susceptibility of vascular Kv7
channels to modulation through controlling heteromerization with Kv7.5. Since
Kv7.4 homomers are largely insensitive to PKC-dependent phosphorylation
(Brueggemann et al. 2014c) and the β-adrenergic receptor agonist, isoproterenol
(Mani et al. 2016), inclusion of Kv7.4 into Kv7.5-containing tetramers would reduce
sensitivity of the resulting channel complex to β-adrenergic modulation.

Downregulation of Kv7.4 was seen in the renal artery, which may be indicative of
renal hypoperfusion, resulting in the release of renin and subsequent activation of the
renin-angiotensin-aldosterone cascade that results in hypertension (Fosmo and
Skraastad 2017). Kv7 channels are also partly responsible for vasodilation in
response to hypoxia, as XE991 significantly prevents vasodilation during hypoxia
(Hedegaard et al. 2014).

Aside from the role of Kv7 in the muscle, Kv7 channels are also expressed in
the autonomic nervous system innervating the cardiovascular system. Indeed
Kv7.2, Kv7.3 and Kv7.5 are expressed in nodose ganglia and baroreceptor
terminals (Wladyka et al. 2008). Seizure patients with loss of function mutations
in KCNQ2 sometimes present with bradycardia (Weckhuysen et al. 2013), poten-
tially as a result of parasympathetic disinhibition. Thus, the role of autonomic Kv7
dysfunction should not be ignored when discussing the role of Kv7 in vascular
disease.
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9.3 Deafness

The role of Kv7 channels in the sensory nervous system is widely understood and
reviewed, however, some Kv7 subunits are expressed in the sensory organs them-
selves. Specifically, Kv7.4 and Kv7.1 have been implicated in certain forms of
deafness, both due to expression in the organ cells.

Initially, it was observed that some JLN patients also presented with bilateral
deafness and a mutated version of Kv7.1 was localized to the stria vascularis in the
inner ear (Neyroud et al. 1997). Since then a number of mutations in KCNQ1 were
shown to result in both arrhythmia (JLN) and deafness (Wang et al. 2002; Wei et al.
2000), and both Kv7.1 and KCNE1 have been identified in vestibular dark cells in
the stria vascularis (Nicolas et al. 2001). Interestingly, KCNE1 knockout mice
exhibit epithelial degeneration here, which collapses the lymph space, as is the
case with some JLN mutations in KCNQ1 (Nicolas et al. 2001), suggesting a lack
of Kv7.1/KCNE1 co-assembly to be one cause of JLN-associated deafness. Overall,
KCNQ1 mutations impact the endolymph through secretion or causing collapse of
the space for the endolymph in syndromic (presents with symptoms elsewhere in the
body) forms of deafness.

Non-syndromic autosomal dominant deafness (DNFA2) is characterized by high-
frequency hearing loss that progresses to full hearing loss over time. DNFA2 has
been attributed to mutations in KCNQ4, which was found to be expressed in the
sensory outer hair cells (OHC) (Kharkovets et al. 2000; Kubisch et al. 1999).
Mutations in KCNQ4 lead to deafness through preventing the OHC functioning
correctly, often through degeneration (Kubisch et al. 1999; Nouvian et al. 2003). As
OHC are largely responsible for amplifying auditory signals, it is rare that a loss of
OHC function leads to complete hearing loss. In fact, it was determined that KCNQ4
is also expressed in the inner hair cells (IHC) (Beisel et al. 2000) that relay sensory
information through the afferent sensory neurons in the spiral ganglia, which have
also had Kv7-like currents identified (Lv et al. 2010). Indeed, loss of KCNQ4 in
spiral ganglia sensory neurons leads to neuronal degeneration and progressive
hearing loss (Carignano et al. 2019; Lv et al. 2010). In addition, loss of OHC only
leads to loss of hearing at higher frequencies (Ryan and Dallos 1975) and IHC have
the same sensory input as OHC and are the cells that synapse onto spiral ganglia
neurons. This supports a suggestion that DNFA2 is not solely due to OHC dysfunc-
tion. Yet, in KCNQ4 knockout mice, only the OHC degenerated with otherwise
largely intact sensory systems (Kharkovets et al. 2006). Clearly, more work is
needed to discern the relative contribution of various cell types (and Kv7.4 expressed
therein) in this complex system.

Many more KCNQ4 mutations linked to DFNA2 were identified since the
original discovery. Many of these are loss of function mutations in KCNQ4
associated with the pore region, some of which interfere with the GYG potassium
selectivity filter or stabilize the closed state of the channel (Coucke et al. 1999;
Kubisch et al. 1999; Talebizadeh et al. 1999; Van Camp et al. 2002; Van Hauwe
et al. 2000; Xia et al. 2020). These pore-related mutations seem to be the most
common and interfere with channel function through loss of conduction. Although, a
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pore mutation has been identified that exerts a dominant-negative effect on wild-type
channels through reducing the surface expression (Mencia et al. 2008) and other
mutations that interfere with channel trafficking have been identified as well (Gao
et al. 2013; Xia et al. 2020). Mutations altering the voltage sensor have also been
shown to lead to DNFA2 (Su et al. 2007) as have the cytoplasmic region mutations
(Mehregan et al. 2019) that may be linked to changes in channel modulation.

The mechanism for DNFA2 associated with defects in Kv7.4 is not entirely
resolved but the OHC/IHC degeneration may be either due to potassium overload
and chronic depolarization itself or due to the chronic influx of calcium due to the
depolarization (Holt et al. 2007; Xu et al. 2007). It is suggested that OHC extrude K+

through Kv7.4 channels in order to keep the concentration in the cells low to allow
influx of potassium to occur upon deflection of cilia on the cell by vibration. Indeed,
linopirdine and XE991 selectively block K+ conductance (GK,n) in OHC, as do some
of the KCNQ4 mutations (Kharkovets et al. 2006; Marcotti and Kros 1999; Oliver
et al. 2003). However, the GK,n activates at more negative potentials than
heterologously-expressed Kv7.4. Recent reports suggest that clustering of Kv7.4
channels is sufficient to shift voltage activation to more negative potentials and that
these clusters form in OHC (Perez-Flores et al. 2020). Interestingly, these clusters
may convey some mechanosensitivity in the OHC, which opens up further avenues
of research into the role of Kv7.4 in the auditory system (Perez-Flores et al. 2020).

The potential for treating DNFA2 by rescuing Kv7.4 current is ongoing, but
activation of Kv7 channels with selective agonists is only effective in rescuing
current from non-pore-effecting mutants. Though, promisingly, Kv7 agonists do
reverse the dominant-negative effect of both pore and non-pore localized mutants
when these are expressed with wild-type channels (Leitner et al. 2012; Xia et al.
2020).

9.4 Behavioural Disorders

9.4.1 Depression
Growing evidence suggests a role for M channels in depression. In 2007 Krishnan
and colleagues performed a gene expression analysis in a mouse model of chronic
depression caused by stress of social defeat. This is a well-accepted animal model of
depression that identifies susceptible to depression and resilient (unsusceptible) mice
and allows comparison between those. These authors found that Kcnq3 expression in
the ventral tegmental area (VTA) of the midbrain was upregulated in resilient mice
and hypothesized that this may contribute to resilience due to a decrease in dopami-
nergic VTA neuron excitability (Krishnan et al. 2007). A later study supported this
hypothesis by showing that overexpression of Kcnq3 in the VTA dopaminergic
neurons normalized neuronal hyperactivity and alleviated depressive behaviour
(Friedman et al. 2016). Recently, Hailin Zhang’s group identified Kv7.4 as a crucial
M channel subunit in VTA DA neurons (Fig. 3; (Li et al. 2017; Su et al. 2019)).
These authors demonstrated that Kv7.4 is a dominant modulator of VTA DA neuron
excitability in vitro and in vivo and suggested that downregulation of Kv7.4 could be
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Fig. 3 Functional expression of Kv7.4 in dopaminergic neurons of ventral tegmental area. (a)
Immunoreactivity of Kv7.4 (red) and a dopaminergic neuron marker, tyrosine hydroxylase (TH,
green), in the VTA of WT and Kv7.4 knockout (Kv7.4�/�) mice. (b) Kv7.4 (red) and TH (green)
immunoreactivity in a VTA section from a human brain. (c) Cell-attached recording of spontaneous
firing of dopaminergic neurons from VTA of WT (top) or Kv7.4�/� mice . Shown are the effects of
Kv7.4-selective potentiator, fasudil (10 μM) and a pan-Kv7 opener, retigabine (RTG; 10 μM) on the
spontaneous firing frequency of VTA dopaminergic neurons. Typical recordings and action poten-
tial waveforms are shown on the right. Panels are reproduced from Li et al. (2017) with permission
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a causal factor of the increased excitability of VTA DA neurons and depression-like
behaviour (Li et al. 2017). The anti-depressant effects of pan-Kv7 openers retigabine
(Feng et al. 2019; Friedman et al. 2016), Lu AA41178 (Grupe et al. 2020) or Kv7.4-
selective opener, fasudil (Li et al. 2017) add weight to the idea of augmentation of
the Kv7 channel in VTA as a potential treatment of depression.

9.4.2 Anxiety
Kv7 openers BMS-204352 and retigabine were shown to reduce unconditioned
anxiety-like behaviours in the mouse zero maze and marble burying models of
anxiety; the effects were blocked by the R-enantiomer of BMS-204352 and
XE991, respectively (Korsgaard et al. 2005). It was also demonstrated that retigabine
attenuated anxiety induced by status epilepticus in open-field test, capture and
handling test and elevated plus maze (Slomko et al. 2014). A clinical test involving
124 patients also showed that flupirtine-treated patients showed significantly
reduced VAS scores for preoperative anxiety (fear of surgical harm), as compared
to placebo-treated patients (Yadav et al. 2017). These studies suggest that the
neuronal Kv7 channels can be targeted for an anxiolytic effect. However, retigabine
did not display any anxiolytic actions in the rat conditional emotional response
model of anxiety (Munro et al. 2007) and Frankel and colleagues even observed
that neonatal exposure to retigabine could induce increased anxiety-like behaviour in
adult animals (Frankel et al. 2016). Thus, systemic pan-Kv7 openers may not be
appropriate for specifically targeting brain circuits of anxiety.

9.4.3 Schizophrenia
As discussed above, all the Kv7 channels require PIP2 for activity.
Posphatidylinositol-4-phosphate 5-kinase II alpha (PIP5K2A) is an enzyme that
produces PIP2 by phosphorylation of its precursor, phosphatidylinositol-4-phos-
phate (PIP) (Gamper and Rohacs 2012). The association between loss-of-function
PIP5K2A mutation N251S with schizophrenia was found in German, Dutch and
Russian populations (Fedorenko et al. 2013; He et al. 2007; Schwab et al. 2006).
Fedorenko and colleagues observed that this mutation abolished the activating effect
of WT PIP5K2A on Kv7.2/Kv7.3 and Kv7.3/Kv7.5 channels and hypothesized that
loss of PIP5K2A function may result in reduced tonic M channel activity in the brain
which, in turn, may contribute to the clinical phenotype of schizophrenia (Fedorenko
et al. 2008). Additionally, pretreatment with retigabine or Kv7.2/Kv7.3 opener
ICA-27243 was shown to attenuate hyperactivity produced by administration of
amphetamine and chlordiazepoxide in a mouse model of mania (Redrobe and
Nielsen 2009). There is also a series of studies suggesting Kv7 as a new therapeutic
target for treating schizophrenia (Grunnet et al. 2014; Grupe et al. 2020; Peng et al.
2017; Zhao et al. 2017), yet current literature is still inconsistent with respect to
whether increased Kv7 channel activity is helpful or detrimental (see below).

Kv7 Channels and Excitability Disorders 207



9.4.4 Learning, Memory and Neurodevelopmental Disorders
There is a body of evidence suggesting a critical role of Kv7 channels in memory.
Yet, the consensus on the exact mechanisms and circuits where these channels may
be important is yet to be reached as both positive and negative role of M channel
activity on memory formation are being reported. Thus, M current suppression with
conditionally expressed dominant-negative Kv7.2 subunits in the brain was shown
to change hippocampal morphology and resulted in increased neuronal excitability
and deficits in hippocampus-dependent spatial memory (Peters et al. 2005). Simi-
larly, it was shown that acute stress transiently decreased the expression of Kcnq2
and Kcnq3 in rat hippocampus and impaired the spatial memory retrieval and
hippocampal LTP; flupirtine prevented these impairments, and the protective effects
of flupirtine were blocked by XE991 (Li et al. 2014). In drosophila, dKCNQ gene
expression declines with age, which parallels cognitive and memory decline com-
monly associated with ageing (Cavaliere et al. 2013). Loss-of-function mutations in
dKCNQ impaired associative short- and long-term memory, suggesting that Kv7
function in the mushroom body a/b-neurons is required for short-term memory
(Cavaliere et al. 2013). It was also suggested that β-amyloid peptide can reduce
the expression of Kv7.2 and Kv7.3 which, in turn, affects the hippocampal activity
balance underlying learning and memory processes impaired in Alzheimer’s disease
(Mayordomo-Cava et al. 2015). All these studies reported positive effects of neuro-
nal M channel activity on memory.

Yet, there is another line of observation reporting detrimental effects of M
channel activity on memory. In aged monkeys, the memory-related firing of aged
DELAY neurons was partially restored to more youthful levels by inhibiting cAMP
signalling which reportedly decreases the Kv7 current, or by blocking HCN or Kv7
channels (Wang et al. 2011). Inhibition of M/Kv7 channels by M1 muscarinic
receptors in the basolateral amygdala was shown to promote fear memory consoli-
dation (Young and Thomas 2014). Another study demonstrated that mice with a
knock-in substitution of WT Kv7.2 with Kv7.2(S559A), a mutation which signifi-
cantly reduces sensitivity of M current to muscarinic inhibition, had impaired long-
term object recognition memory which was restored by the administration of XE991
(Kosenko et al. 2020). Additionally, Kv7 blockers infused into rat medial prefrontal
cortex (mPFC) improved cognitive function and prevented acute pharmacological
stress-induced memory deficits. (Arnsten et al. 2019; Zwierzyńska et al. 2017).
Genetic or pharmacological (XE991) suppression of Kv7.2 channel function in the
forebrain alleviated NMDA antagonist (MK-801)-induced cognitive decline in mice
(Wang et al. 2020a). Neuroprotective effects of intracerebroventricular administra-
tion of XE991 in rat models of Parkinson’s disease have also been demonstrated (Liu
et al. 2018).

Thus, current literature reports both memory-promoting and memory-impairing
effects of M channel activity. The key to the apparent contention is likely to lie in the
specific circuits and neuron types affected by the manipulations with the M channel
activity implemented in different studies. For example, global heterozygous knock-
out of Kcnq2 in mice is associated with reduced prepulse inhibition of the acoustic
startle response (PPI) (Kapfhamer et al. 2010) (PPI is a neurobehavioral
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phenomenon related to the sensorimotor gating, which is reduced in schizophrenia
(Mena et al. 2016)). Yet, a forebrain-specific (αCaMKII promoter) suppression of
Kv7 function by overexpression of a dominant-negative Kv7.2 G279S pore mutant
resulted in enhanced PPI (Wang et al. 2020a), suggesting that inhibition of Kv7
channels in this area may have therapeutic potential for schizophrenia. Thus, future
studies with circuit-specific manipulations of Kv7 activity are required to unambig-
uously characterize roles of M channels in cognition.

Given the importance of M current for memory and other cognitive functions, the
possibility of M channel involvement in neurodevelopmental disorders has also been
investigated. Neurodevelopmental disorders (NDD) include autism spectrum disor-
der, intellectual disability developmental delay and other forms of cognitive
impairments. A number of missense mutations and truncations in KCNQ2 and
KCNQ3 were reported in NDD cohorts with or without epilepsy (Geisheker et al.
2017; Li et al. 2020). A missense mutation in KCNQ5 was also reported in four
probands with intellectual disability, abnormal neurological findings, and treatment-
resistant epilepsy (Lehman et al. 2017). In mice, heterozygous loss of Kcnq2 induced
autism-associated behaviours such as reduced sociability and enhanced repetitive
behaviours (Kim et al. 2020). Interestingly, some gain-of-function mutations
(R144Q, R201C, and R201H in KCNQ2 and R230C in KCNQ3) were found in
patients with epileptic encephalopathies and/or intellectual disability (Miceli et al.
2015), adding to the notion that both reduced and enhanced M channel activity may
result in cognitive dysfunction.

9.4.5 Addiction
A series of studies revealed the association of Kv7 channels with alcohol-related
quantitative trait loci (QTLs) and alcohol consumption and withdrawal (McGuier
et al. 2016; Metten et al. 2014; Rinker et al. 2017; Rinker and Mulholland 2017;
reviewed in Cannady et al. 2018; Vigil et al. 2020). An early report found a reduction
of M current amplitude by ethanol (Moore et al. 1990). More recent studies revealed
that Kv7.2 and Kv7.3 expression in the lateral habenula (LHb), a key brain region
involved in anxiety (Pobbe and Zangrossi Jr. 2008), is markedly reduced after
withdrawal from the systemic alcohol administration in rats (Kang et al. 2017;
Shah et al. 2017). The effect was well correlated with the increased excitability of
LHb neurons and increased anxiety. Furthermore, retigabine reduced alcohol con-
sumption in rodent models of alcoholism (McGuier et al. 2016; Rinker et al. 2017).
Similarly, retigabine was shown to reduce locomotor activity induced by cocaine,
methylphenidate and phencyclidine and also reduced the cocaine-seeking in rats
(Hansen et al. 2007; Parrilla-Carrero et al. 2018).
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10 Other Diseases and Pathologies

10.1 Pulmonary Disorders

Kv7 channels are expressed in smooth muscle cells of pulmonary arteries and
bronchial tubes of the lung, airway epithelia and peripheral somatosensory and
sympathetic fibres innervating the airways (with distinct expression profiles in
cells of different type; see above and Mondejar-Parreno et al. (2020)). In general
terms, Kv7 channel activation in the airway smooth muscle cells (i.e. with the Kv7
openers) exerts a bronchorelaxant effect while M channel inhibition (i.e. by
bronchoconstrictors such as methacholine, carbachol or histamine) produces
bronchoconstriction (Brueggemann et al. 2014a, b; Haick et al. 2017). M channel
inhibition in afferent C-fibres innervating the lungs may depolarize the nerve
endings causing local release of substance P and calcitonin gene-related peptide
(CGRP) and, subsequently, a neurogenic inflammation (Barnes 1986; Sun et al.
2019). Finally, Kv7.1 channel complex activity in lung epithelia is necessary for Cl�

secretion (via K+ co-secretion) and mucociliary clearance (Mall et al. 2000;
Mondejar-Parreno et al. 2020; Schroeder et al. 2000b). All these effects implicate
M channels (with their notoriously rich profile of modulation by endogenous
hormones, neuro- and vasoactive peptides and inflammatory mediators) in a number
of pulmonary diseases such as asthma, chronic obstructive pulmonary disease
(COPD), pulmonary hypertension, chronic cough and cystic fibrosis (Mondejar-
Parreno et al. 2020). Additionally, some studies implicated Kv7 channels in some
types of lung cancer. Thus, increased expression of Kv7.1 was found in tumour
samples from patients with lung adenocarcinoma (Girault et al. 2014), while activity
of Kv7.3 and Kv7.5 was suggested to be important for offsetting drug resistance in
lung adenocarcinoma cell line (Choi et al. 2017).

10.2 Gastrointestinal Tract Disorders

In 2000, Thomas Jentsch’s group identified and cloned a new beta-subunit, KCNE3,
which colocalized with KCNQ1 in intestine crypt cells (Schroeder et al. 2000b).
They also found that this potassium channel complex plays an important role in
cAMP-stimulated intestinal Cl� secretion, which is disturbed in secretory diarrhoea
and cystic fibrosis. Several other studies reported functional expression of Kv7.1 in
gastrointestinal tract, specifically, in colonic epithelial and stomach parietal cells,
which are involved in intestinal Cl� and gastric acid secretion (Grahammer et al.
2001; Heitzmann et al. 2004; Inagaki et al. 2019; Kunzelmann et al. 2001a, c;
Lambrecht et al. 2005; Waldegger 2003).

Kv7 channels are also involved in modulation of gastrointestinal motor activity
(Currò 2014). Jepps and colleagues reported that Kv7.4 and Kv7.5 are expressed in
smooth muscles throughout the GI tract, including the circular muscle layer of the
colon; XE991 and linopirdine caused an increase in spontaneous contractile activity
of the distal colon (Jepps et al. 2009). Another study demonstrated functional
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expression of Kv7 channels in rat gastric fundus; Kv7.4 and Kv7.5 were also found
to be the main subtypes. As expected, XE991 stimulated contraction while
retigabine and flupirtine caused relaxation of the stomach strips (Ipavec et al.
2011). Similar results were later reported in the human taenia coli by the same
group (Adduci et al. 2013). The above findings suggest that selective inhibition of
Kv7.4/7.5 might be therapeutic for the range of GIT disorders such as constipation
associated with irritable bowel syndrome, secretory diarrhoea and peptic ulcer
disease.

10.3 Bladder Dysfunctions

Presence of KCNQ1, KCNQ3-KCNQ5 and KCNE1–5 mRNA was reported in
human urinary bladder; a 3.4-fold up-regulation of KCNQ1 mRNA was observed
in patients with bladder outflow obstruction (Svalø et al. 2015). Kv7 activators
reduced the bladder tone while muscarinic agonist carbachol and XE991 produced
constriction (Seefeld et al. 2018; Svalø et al. 2015). The Kv7 subunit expression and
their importance for bladder function were also observed in guinea pigs and rats
(Afeli et al. 2013; Anderson et al. 2013; Provence et al. 2015, 2018; Svalø et al.
2013). There are however studies that did not find significant functional importance
of Kv7 channels in the bladder. Thus, Tykocki and colleagues observed that there
were no retigabine-sensitive Kv7 channels expressed in mouse urinary bladder
smooth muscle cells and suggested that the activation of Kv7 channels in afferent
nerves innervating the bladder is responsible for the effect of retigabine on the
bladder function (Tykocki et al. 2019). Another study suggested that BK channels
are the predominant K+ channels controlling guinea pig bladder contractility while
Kv7 serve a subsidiary role (Lee et al. 2018). Despite this discrepancy, all the studies
cited above found that modulators of Kv7 channels (be that the ones expressed in
smooth muscle or the bladder afferents) do affect bladder contractility and, thus,
should be considered as potential therapeutics for urinary bladder dysfunctions. The
flip side of bladder-localized Kv7 channels is that these are likely to underlie urinary
retention observed in patients receiving retigabine as an anticonvulsant.

10.4 Other Pathologies

Kv7 channels were implicated in itch (Zhang et al. 2020), erectile dysfunction (Lee
et al. 2020), high myopia (Liao et al. 2017) and Parkinson’s disease (Liu et al. 2018).
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Abstract

Native M-current is a low-threshold, slowly activating potassium current that
exerts an inhibitory control over neuronal excitability. The M-channel is primar-
ily co-assembled by heterotetrameric Kv7.2/KCNQ2 and Kv7.3/KCNQ3
subunits that are specifically expressed in the brain and peripheral nociceptive
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and visceral sensory neurons in the spinal cord. Reduction of M-channel function
leads to neuronal hyperexcitability that defines the fundamental mechanism of
neurological disorders such as epilepsy and pain, indicating that pharmacological
activation of Kv7/KCNQ/M-channels may serve the basis for the therapy. The
well-known KCNQ opener retigabine (ezogabine or Potiga) was approved by
FDA in 2011 as an anticonvulsant used for an adjunctive treatment of partial
epilepsies. Unfortunately, retigabine was discontinued in 2017 due to its side
effects of blue-colored appearance of the skin and eyes after prolonged intake. In
addition, flupirtine, a structural derivative of retigabine and a centrally acting
non-opioid analgesic, was also withdrawn in 2018 for liver toxicity. Fortunately,
these side effects are compound-structures related and can be avoided. Thus,
further identification and development of novel potent and selective Kv7 channel
openers may lead to an effective therapy with improved safety window for anti-
epilepsy and anti-nociception.

Keywords

Epilepsy · Flupirtine · KCNQ2 · KCNQ3 · KCNQ5 · Pain · Retigabine · SCR2682

1 Introduction

The human genome encodes a superfamily of voltage-gated K+ channels with
40 members that are grouped into 12 subfamilies, Kv1-12. Among the voltage-
gated K+ channel superfamily, Kv7 (or KCNQ) subfamily consists of five members:
Kv7.1-Kv7.5 or KCNQ1-KCNQ5. The cardiac Kv7.1/KCNQ1 (or KvLQT1) is
expressed in the heart and is responsible for slow phase repolarization of action
potential. Mutations of Kv7.1/KCNQ1 cause the autosomal dominant long-QT
syndrome of cardiac arrhythmia as well as the recessive Jervell and Lange-Nielsen
cardio-auditory syndrome (Neyroud et al. 1997). Neuronal Kv7.2/KCNQ2 and
Kv7.3/KCNQ3 are abundantly expressed in the brain and their mutations cause
benign familial neonatal convulsions (BFNC), a form of neonatal epilepsy (Biervert
et al. 1998; Charlier et al. 1998; Singh et al. 1998). The heterotetrameric KCNQ2 and
KCNQ3 channels resemble the native M-current (Ik(M)) that was first described in the
peripheral sympathetic neurons and named as M-current because of its inhibition by
muscarine, acetylcholine receptor (mAChR) agonist (Brown and Adams 1980;
Wang et al. 1998). Kv7/KCNQ/M current is a low-threshold, slowly activating K+

current that exerts an inhibitory control over neuronal excitability. KCNQ4 channel
is predominately the sensory outer hair cells of the cochlea and its loss-of-function
mutations cause autosomal dominant deafness primarily by affecting endolymph
secretion (Kubisch et al. 1999). KCNQ5 is broadly expressed in the brain and
skeletal muscles, and can co-assemble with KCNQ3 to form heteromeric channels,
also yielding M-type current (Lerche et al. 2000; Schroeder et al. 2000) (For more
detailed descriptions of Kv7/KCNQ subfamily, see chapter “Kv7 Channels and
Excitability Disorders”).
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2 Distributions of Neuronal Kv7.2/7.3 Channels
in the Central Nervous System (CNS) and the Peripheral
Nervous System (PNS)

Human KCNQ2 gene, located in the long arm (q) chromosome 20 at position13.3
(22q13.3), encodes a major KCNQ2 protein isoform (KCNQ2 a) with 872 amino
acids (aa), and other KCNQ2 isoforms (KCNQ2 b-e) consisting of 854 aa, 844 aa,
841 aa, and 393 aa, respectively (Biervert et al. 1998). Northern blot analysis
indicates that KCNQ2 mRNA is specifically expressed in the brain. In the brain
KCNQ2 mRNA is detected in the cerebellum, cerebral cortex, hippocampus, amyg-
dala, and caudate nucleus (Biervert et al. 1998). This distribution pattern of KCNQ2
mRNA overlaps KCNQ3 mRNA expression, which is confirmed by in situ
hybridization of rat brain slices with antisense probes against KCNQ2 and
KCNQ3 (Biervert et al. 1998; Schroeder et al. 1998).

KCNQ2 and KCNQ3 proteins share 41% of identity, and their overlapping
distribution patterns in rat brain indicate either homotetrameric or heterotetrameric
assembly (Schroeder et al. 1998). In the human brain, immunohistochemistry reveals
that KCNQ2 and KCNQ3 proteins are expressed on the somata and dendrites of
many polymorphic and pyramidal neurons in the hippocampus and cerebral cortex
(Cooper et al. 2000). In the axons and/or termini of hippocampal excitatory neurons
(the mossy cells and granule cells), KCNQ2 is robustly detected, but not KCNQ3,
suggesting a critical role of KCNQ2 in regulating action potential propagation and
neurotransmitter release (Cooper et al. 2000).

In the peripheral nociceptive sensory and visceral sensory neurons, KCNQ2,
KCNQ3, and KCNQ5 channel subunit mRNAs and proteins are detected in the
small and large DRG neurons using reverse transcription-PCR and single-cell PCR
analysis, and visceral sensory neurons of rat nodose ganglia in immunocytochemical
staining assay (Passmore et al. 2003; Rose et al. 2011; Wladyka and Kunze 2006;
Zhang et al. 2019b). Patch clamp recordings of DRG neurons or nodose neurons
confirm the functional expression of endogenous M-current that is sensitively
inhibited by specific blockers XE991 and linopirdine (Du et al. 2014; Linley et al.
2008; Liu et al. 2010; Passmore et al. 2003; Wladyka and Kunze 2006; Zhang et al.
2019b). These observations indicate a role of neuronal Kv7 channels in modulation
of peripheral pain and visceral pain.

3 Regulation of Kv7.2/7.3 Channels by GPCR Signaling

Each KCNQ2 or KCNQ3 subunit comprises six transmembrane domains (S1-S6), a
pore loop between the S5 and S6 that forms a central ion selectivity pore, a positively
charged S4 that primarily acts as a voltage sensor, an intracellular N terminal and a
long intracellular carboxy-terminal tails (Delmas and Brown 2005).

In neurons, the KCNQ channels can be inhibited by neurotransmitters and
neuropeptides via G-protein (Gq and/or G11) coupled receptor. At least two separate
downstream signaling pathways are employed by different G-protein (Gq and/or
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G11) coupled receptors to suppress KCNQ current (Suh et al. 2004; Zhang et al.
2011). The first pathway, used by muscarinic M1 receptors in sympathetic neurons,
acts by depleting phosphatidylinositol-4,5-bisphosphate (PIP2) and via protein
kinase C (PKC) phosphorylation. A certain level of PIP2 in the cell membrane is
required for KCNQ channel opening (Zhang et al. 2003). Depletion of membrane
PIP2 (as a result of PIP2 hydrolysis catalyzed by G-protein induced activation of
phospholipase-Cβ (PLCβ)) leads to closure of KCNQ channel (Delmas and Brown
2005). The C terminal histidine site (H328) of KCNQ2 channel confers the PIP2
sensitivity (Zhang et al. 2003), and residues 428–484 in KCNQ2 subunit are
involved in PIP2 binding (Hernandez et al. 2008). In the cryo-EM structure of
KCNQ1, the PIP2 binding sites are observed in multiple amino acids with
positive-charged side chains located in S0, the S2-S3 loop, and the S4-S5 linker
(Sun and MacKinnon 2020).

The phosphorylation of KCNQ subunits by protein kinase C (PKC) also partially
contributes to muscarinic agonist induced reduction of channel activity, and A-
kinase-anchoring protein (AKAP)79/150 is necessary for this process (Hoshi et al.
2003). Expression of a mutated AKAP that disrupts PKC binding prevents Kv7.2
phosphorylation and reduces the inhibition of native ganglionic M channels by
muscarinic receptor stimulation (Hoshi et al. 2003; Zhang et al. 2011). When
recruited to the KCNQ channel by AKAP 79/150, PKC can phosphorylate two
serine sites of KCNQ subunits (Ser523 and Ser530 of KCNQ2) (Delmas and Brown
2005).

The second mechanism, employed by bradykinin B2 receptor, involves intracel-
lular Ca2+ signals that act in concert with CaM (calmodulin) (Gamper and Shapiro
2003; Liu et al. 2010). The binding sites of apo-calmodulin (Ca2+ free calmodulin)
are also located in the C-terminal tail of KCNQ channels. As predicted from crystal
structure of KCNQ4 (Xu et al. 2013), interactions between apo-CaM and KCNQ
channels involve two conserved C-terminal tail segments, known as the A (a motif
consisting of residues 310–372 for KCNQ2) and B segments (a motif consisting of
residues 504–527 for KCNQ2), whereas the interaction between Ca2+/CaM and the
KCNQ C-terminal tail requires only the conserved α helix forming B segment
(Xu et al. 2013). The structural and biochemical data suggest that there is a
conformational switch between the apo-CaM and Ca2+/CaM states (Xu et al.
2013) (For more detailed descriptions of interaction between apo-CaM, Ca2+/
CaM, and KCNQ channels, see chapter “Kv7 Channels and Excitability Disorders”).

4 Validation of Kv7.2/7.3 Channels as Therapeutic Targets
for Epilepsy and Pain

It has long been appreciated that closure of KCNQ2/3 channels leads to neuronal
hyperactivity. At the cellular level, the precise modulation of neuronal excitability
by KCNQ2/3 channel is determined by the channel activation kinetics. The activa-
tion time constant of KCNQ2/3 channels is in an order of tens of milliseconds, thus
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not contributing significantly to the repolarization phase of fast action potentials with
duration of several milliseconds (Delmas and Brown 2005). Yet, KCNQ2/3 channel
activation during sustained depolarization can act to prevent repetitive firing and
contribute to the phenomenon of spike frequency adaptation. For example, KCNQ
channel inhibitor XE991 increases spontaneous firing rate of dopaminergic neurons
(Gopalakrishnan and Shieh 2004) and evokes spikes of hippocampal pyramidal
neurons (Bi et al. 2011; Peters et al. 2005). In addition to spike frequency adaptation,
KCNQ2/3 channels contribute to after-hyperpolarization (AHP) (Peters et al. 2005)
following spike trains, and work to reduce spike after-depolarization (ADP) primar-
ily driven by persistent sodium current (INaP) in hippocampal pyramidal neurons.
During the spike ADP, the activated KCNQ/M channels produce an opposing
outward current against INaP, limiting ADP duration and preventing the transition
from solitary (“simple”) spikes to high-frequency bursts (Yue and Yaari 2004).
Thus, down-modulation of KCNQ/M channel activity in CA3 region of hippocam-
pus converts the neuronal firing pattern from simple to complex spiking, whereas
up-modulation of these channels exerts the opposite effect (Yue and Yaari 2004).

Loss-of-function mutations of both KCNQ2 subunits and KCNQ3 subunits can
lead to human BFNC (Biervert et al. 1998; Charlier et al. 1998; Singh et al. 1998).
Up to date, more than 100 mutations in KCNQ2 subunits and 15 mutations from
KCNQ3 subunits have been found from different BFNC kindreds (see more details
at the website of https://www.rikee.org/) (Miceli et al. 2013; Nappi et al. 2020; Singh
et al. 2003). While the three KCNQ3 single amino acid mutations (D305G, W309R,
G310V) are concentrated in the pore region, the KCNQ2 mutations, either missense,
nonsense, or frame-shift mutations, are scattered throughout the channel including
the S2, S4, and S5 transmembrane domains, the S4-S5 intracellular loop, the pore,
and the C-terminus. Most of these mutations cause reduction of KCNQ current to a
various extent. A generation of protein degradation signal is one of the mechanisms
underlying KCNQ current reduction for recurrent seizures resulted from two
KCNQ2 frame-shift mutations (Q2-2513del1bp: 1-nucleotide deletion at 2513 bp;
Q2-2516ins5bp: 5-nucleotide insertion at 2516 bp) and it is recently found that
clinical disease severity may be positively related to the extent of the mutation-
induced functional K+ channel impairment (Miceli et al. 2013).

The relationship of reduced KCNQ channel activity and seizure susceptibility has
been shown in transgenic mice (Otto et al. 2004; Peters et al. 2005; Singh et al. 2008;
Watanabe et al. 2000). Although KCNQ2�/� mice die within a few hours after birth
owing to pulmonary atelectasis but not epilepsy, heterozygous mice (KCNQ2+/�)
with decreased expression of KCNQ2 show hypersensitivity to seizure inducer
pentylenetetrazole (PTZ) (Watanabe et al. 2000). Homozygous knock-in mouse
models of involving KCNQ2 (or KCNQ3) human BFNC missense mutations exhibit
an early onset of spontaneous generalized tonic-clonic seizures, and heterozygous
mice exhibit reduced thresholds to electrically induced seizures (Singh et al. 2008).
Transgenic suppression of the neuronal KCNQ current in mice is associated with
spontaneous seizures and behavioral hyperactivity (Greene et al. 2018; Peters et al.
2005).

It is of interest that many mutations in either KCNQ2 or KCNQ3 do not exert
obvious dominant-negative effect, rather the currents are only reduced by a small
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portion (~25%) when co-expressed with their wild-type at 1:1 ratio to mimic the
situation in a heterozygous patient (Schroeder et al. 1998; Singh et al. 2003).
Therefore, in heterozygous epileptic patients if a 25% functional loss of KCNQ2
can be recovered, then it is feasible that this form of epilepsy can be treated
(Schroeder et al. 1998).

5 Pharmacological Activation of Neuronal Kv7 for Potential
Therapy of Epilepsy and Chronic Pain

Because of specific and robust expressions of KCNQ2/3 channels in neurons and the
fact that their loss-of-function can lead to neuronal hyperexcitability, pharmacologi-
cal activation of KCNQ2/3 channels serves the basis for therapy of epilepsy and pain
(Fig. 1). Efforts for developing Kv7/KCNQ/M-channel openers have been devoted
to therapy of epilepsy, pain, and other hyperexcitability-related disorders (Table 1
and Fig. 2).

5.1 Kv7/KCNQ/M Channel Opener Retigabine for Treatment
of Partial Epilepsy

Retigabine or ezogabine (N-[2-amino-4-(4-fluoroben-zylamino)-phenyl] carbamic
acid ethyl ester), as the first and also the best characterized activator of KCNQ

Fig. 1 Pharmacological activation of Kv7/KCNQ/M channels suppresses neuronal hyperexcitabil-
ity for therapy of epilepsy and chronic pain. Neuronal hyperexcitability defines the fundamental
mechanism of neurological disorders such as epilepsy and chronic pain. Voltage-gated Kv7.2 and
Kv7.3 channels are specifically expressed in the neurons of peripheral nociceptive and visceral
sensory systems and the brain. Neuronal Kv7.2/Kv7.3 channels are a validated therapeutic target for
epilepsy and pain. Pharmacological activation of Kv7/KCNQ/M-current by channel openers
converts repetitive firing into normal action potential in neurons, serving the basis for therapy of
epilepsy and chronic pain or hyperexcitability-related neuropsychiatric disorders
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channels, was approved in 2011 by FDA as an anticonvulsant for treatment of partial
epilepsies (Deeks 2011). Retigabine (former name D-23129) is a derivative of
centrally acting analgesic flupirtine that shows anticonvulsant effects in animal
models of epilepsy and in patients with refractory seizures in the mid-1980s. Shortly

Fig. 2 Current landscape for chemical structures of major Kv7 channel activators
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after its discovery, retigabine was experimentally proved to be a novel anticonvul-
sant agent at company Asta Medica between 1994 and 1996 (Blackburn-Munro et al.
2005; Rostock et al. 1996). It exhibits potent anticonvulsant activity in nearly all
animal models of epilepsy, including genetic models of epilepsy, seizures induced
by chemical drugs such as PTZ, kainate, and NMDA, and electrically induced
seizures including electrical kindling of the amygdala or maximal electroshock
(Blackburn-Munro et al. 2005; Rostock et al. 1996). In rat model of amygdala
kindling of the complex partial seizure, which is the most frequent type of conven-
tional drug resistant seizure, peritoneal and oral administrations of retigabine
(0.01–5 mg/kg) exhibit a dose-dependent increase of the threshold current for
induction of afterdischarges (Tober et al. 1996).

Retigabine was shown to be a specific Kv7/KCNQ/M- channel activator by three
independent groups in 2000 (Main et al. 2000; Rundfeldt and Netzer 2000;
Wickenden et al. 2000) (Table 1). Their major findings demonstrate that:
(1) retigabine enhances KCNQ2/3 current in a dose-dependent manner with an
EC50 about 1 μM; (2) retigabine elicits a profound hyperpolarizing shift in the
voltage dependence of channel activation (�43 mV left shift for KCNQ3 and
�24 mV left shift for KCNQ2), which results in an enhancement of KCNQ current
and activation of KCNQ current at hyperpolarized potentials (for instance at
�80 mV). The increase of channel open probability, but not single channel conduc-
tance, leads to an enhancement of whole-cell KCNQ current induced by retigabine
(Tatulian and Brown 2003). Subsequent studies also show that retigabine is an
opener of KCNQ4 and KCNQ5 (Blackburn-Munro et al. 2005; Schroder et al.
2001).

Retigabine specifically activates KCNQ2-5 but not KCNQ1. A single amino acid,
a tryptophan (Trp or W) within the S5 segment, is critical for retigabine sensitivity
for KCNQ2-5 channels as the tryptophan mutations in KCNQ2 (W236L), KCNQ3
(W265L), KCNQ4 (W242L), and KCNQ5 (W235L) cause loss of retigabine sensi-
tivity (Schenzer et al. 2005). Retigabine binds to a hydrophobic pocket located
between the cytoplasmic parts of the S5 and the S6 transmembrane domains in the
open channel configuration (Schenzer et al. 2005; Wuttke et al. 2005). Critical
residues including the Trp 236 in the S5 and Gly 301 in S6 of KCNQ2 (also
considered as activation gate) are important for the interaction between retigabine
and KCNQ2 channel. Using a refined chimeric strategy and structural model guided
mutation (Lange et al. 2009), Lange et al. demonstrated that in KCNQ3, Leu-314 in
the pore region, the conserved Leu-272 in S5 and Leu-338 extending from S6 of the
neighboring subunit can form a hydrophobic binding pocket for retigabine binding.
In this pocket, Trp-265 and Leu-314 can represent the upper and lower margins of
the putative binding site, Leu-272 contributes to the binding of KCNQ3, and
Leu-338 from the neighboring subunit is apparently involved in lining the hydro-
phobic binding pocket. In addition to residues Trp-265, Leu-272, Leu-314, and
Leu-338 of KCNQ3 important for retigabine binding (Lange et al. 2009), the recent
cryo-EM structure of KCNQ2 also reveals four residues Trp-236, Ser-303, Leu-299,
and Phe-305 critical for retigabine sensitivity and stabilization of the channel
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open-gate confirmation (Li et al. 2021), which may help explain the hyperpolarizing
shift of neuronal Kv7 channels.

However, retigabine was withdrawn from the market in 2017 for side effects such
as a blue-colored appearance of the skin or eyes that can be reversible after drug
discontinuation (Garin Shkolnik et al. 2014; Mathias and Abou-Khalil 2017). A
recent investigation indicates that metabolic oxidation of retigabine and its deriva-
tive flupirtine generates the formation of electrophilic quinones that are highly
reactive metabolites that might be responsible for the blue tissue discoloration
after prolonged intake (retigabine) or induction of liver injury (flupirtine) (Bock
et al. 2019). Analysis of structure–activity relationship reveals that sulfide analogs
can be devoid of the risk of quinone formation, and possesses potent channel
activation and same efficacy with improved toxicity/activity ratio (Bock et al. 2019).

5.2 Other KCNQ Openers for Potential Treatment of Epilepsy

There are several other series of KCNQ/M-channel openers that are shown to
potentiate both recombinant KCNQ channels and native M channels through various
mechanisms, such as lowering channel activation threshold, increasing channel open
probability, and stabilizing the open state of the channel (Table 1 and Fig. 2).
Oxindole analogs, represented by BMS-204352 [(3S)-(+)-(5-chloro-2-
methoxyphenyl)-1,3-dihydro-3-fluoro-6-(trifluoromethyl)-2H-indol-2-one)], are
potent activators of KCNQ channels with an EC50 of 2.4 μM for KCNQ2 at
�30 mV. BMS-204352 potentiates KCNQ2, KCNQ2/3, and KCNQ3/5 channels
to a variable extent (Xiong et al. 2008). Although tested in models of stroke and
anxiety, there is no report yet on BMS-204352 in testing its anti-epileptic efficacy.

Zinc pyrithione (ZnPy), widely used for control of dandruff and treatment of
psoriasis, is a synthetic KCNQ potentiator that potently activates both heterologous
and native M channels by inducing channel opening at the resting potential (Xiong
et al. 2007). The EC50 of zinc pyrithione for KCNQ2 is 1.5 μM, and for KCNQ2/3
heteromultimers is 2.4 μM (Table 1). Intracellular free zinc at 10 μM is also able to
increase the open probability of single KCNQ2/3 channels (Gao et al. 2017). Zinc
pyrithione is capable of pharmacological rescue of certain KCNQ genetic mutations
found in people who suffer from neonatal epilepsy. However, there are no reports
about whether zinc pyrithione is effective in epileptic animal models. The molecular
determinants of ZnPy are identified primarily from mutagenesis studies based on
KCNQ2 channels (Xiong et al. 2008). The key determinants include a leucine
residue in S5 (Leu249), another leucine within the linker (Leu275) between S5
and the pore region, and Ala306 in the S6. Although mutating these two leucines
causes larger current increase in response to ZnPy, it completely abolishes the
hyperpolarizing shift caused by ZnPy. In contrast, KCNQ2 (A306T) mutation
shows little potentiation in overall channel conductance by ZnPy but displays the
hyperpolarizing shift (Xiong et al. 2008).

Acrylamide (S)-1, (S)-N-[1-(3-morpholin-4-yl-phenyl)-ethyl]-3-phenyl-acrylam-
ide, has been reported to differentially affect KCNQ channels (Bentzen et al. 2006).
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Although it blocks the cardiovascular expressed KCNQ1 current, it is a KCNQ2-5
channel activator at low voltages, with an EC50 value of 3.28 μM at �40 mV for
KCNQ2 (Bentzen et al. 2006). However, at high voltages, it blocks KCNQ2 and
KCNQ2/3, whereas still potentiates KCNQ4 and KCNQ5. A single tryptophan
residue (Trp242) in S5 of KCNQ4, known to be crucial for the effect of retigabine,
is also shown to be critical for the enhancing effect of (S)-1. (S)-2 is a
conformationally restricted molecule and has an EC50 of 0.06 μM, making it
55 times more potent than (S)-1 (Xiong et al. 2008).

ICA-27243 [N-(6-chloro-pyridin-3-yl)-3,4-difluoro-benzamide] was synthesized
by Icagen Inc. (Wickenden et al. 2008). It is a selective and relatively potent
KCNQ2/3 activator with an EC50 around 0.2–0.4 μM. ICA-27243 exhibits anticon-
vulsant activity both in hippocampal slice model of epilepsy and rodent models,
including maximal electroshock, pentylenetetrazole-induced seizures, rat amygdala
kindling model of partial seizures, and the 6-Hz model of psychomotor seizures in
mice(Roeloffs et al. 2008). The binding site of ICA-27243 is distinct to that of
retigabine, as ICA-27243 likely binds to novel sites within the S1-S4 voltage-sensor
domain of KCNQ channels (Padilla et al. 2009). Although individual amino acids
that determine ICA-27243 binding interactions have not identified yet, one motif
containing of residues 118–127 is involved in the interaction of ICA-27243 and
KCNQ2 subunit (Padilla et al. 2009). This motif consists of a part of extracellular
domain of S1-S2 linker and neighboring S2 fragment. Substitution of this motif
leads to 17-fold less sensitivity to ICA- 27243. Amino acid sequences of this
ICA-27243 binding pocket show high diversity among different KCNQ subunits,
which might contribute to the KCNQ2/3 selectivity of ICA-27243 (Table 1).

Series of pyrazolo[1,5-a]pyrimidin-7(4H)-ones (PPOs) were synthesized and
identified as Kv7/KCNQ/M channel openers in 2011 (Qi et al. 2011). In atomic
Rb+ efflux assay, a lead PPO-17 compound activates KCNQ2/3 channels with an
EC50 of 0.06 μM in comparison with EC50 of 0.46 μM for retigabine (Qi et al. 2011).
In whole-cell patch clamp recordings of CHO cells expressing KCNQ2/3 channels,
PPO compound QO-58 shows an EC50 of 2.3 μM (Zhang et al. 2013). The EC50

values for QO-58 over other Kv7 subtypes are 7.0, 1.3, 0.6, and 5.2 μM for Kv7.1,
Kv7.2, Kv7.4, and Kv7.3/Kv7.5 channels, respectively (Zhang et al. 2013). In
rodent models of maximal electroshock seizures and PTZ-induced seizures, QO58
(>25 mM/kg) and its hydrophilic lysine salt QO58-lysine (QO58L) exhibit the anti-
epileptic activity. Other PPO derivatives, such as QO-26, QO-28, QO-40, and
QO-41, also can potently augment KCNQ2/3 channels (Jia et al. 2011). In addition,
KCNQ opener QO58 shows the effectiveness in rodent models of migraine, trigemi-
nal neuralgia, and inflammation pain induced by complete Freund’s adjuvant (CFA)
in rats (Zhang et al. 2013).

Gabapentin (or neurontin), originally designed as analogs of the neurotransmitter
g-aminobutyric acid (GABA), is recently reported to play an unexpected role in
activation of heteromeric KCNQ2/3 channels expressed in Xenopus oocytes with
EC50 of 4.2 nM (Manville and Abbott 2018). Gabapentin also activates homomeric
KCNQ3 and KCNQ5 channels with EC50s at 5.3 and 1.9 nM, respectively.
Gabapentin activation of heteromeric KCNQ2/3 or homomeric KCNQ3 channels
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requires KCNQ3-W265, a conserved residue tryptophan in the transmembrane
segment. Interestingly, homomeric KCNQ2 or KCNQ4 channels are insensitive to
gabapentin, and structure-related pregabalin is unable to activate KCNQ2/3
(Manville and Abbott 2018).

Compound RL-81 and its structure-related analog RL-56 and RL-12, derived
from retigabine, can activate Kv7.2/Kv7.3 expressed in HEK293 cells in an
automated electrophysiology assay (Liu et al. 2019). They are selective over other
subtypes of Kv7.3/Kv7.5, Kv7.4, and Kv7.4/7.5 (Table 1). Compound RL-56 is a
potent activator with an EC2x at 0.11 μM, and shows a selectivity index (SI) about
2.5. The SAR analysis reveals the ability of fluorine substituents to substantially alter
the potency and selectivity of Kv7 channel activation (Liu et al. 2019).

Compound SCR2682, an N-(4-(2-bromo-6,7-dihydrothieno[3,2-c]pyridin-5
(4H)-yl)-2,6-dimethylphenyl)-3,3-d imethylbutanamide (SCR2682) 2,6-dimethyl-
4-(piperidin-yl) phenyl)-amide derivative, is reported to show selective and potent
activation of neuronal Kv7/KCNQ/M-channels (Zhang et al. 2019a). In manual
patch-clamp recordings of HEK293 cells expressing Kv7.2/7.3 channels,
SCR2682 activates the channel with an EC50 of 9.8 nM, which is approximately
100-fold more potent than retigabine), and shifts voltage-dependent activation of
Kv7.2/7.3 current toward more negative membrane potential about �37 mV (V1/2).
SCR2682 also activates native M-current in rat hippocampal or cortical neurons,
causing marked hyperpolarization and potent inhibition of neuronal firings. Mecha-
nistically, mutating the residue tryptophan 236 located at the fifth transmembrane
segment of Kv7.2 is critical for SCR2682-mediated activation of the channel.
Intraperitoneal or intragastric administration of SCR2682 results in a dose-
dependent inhibition of seizures induced by maximal electroshock (Zhang et al.
2019a).

5.3 Pharmacological Activation of Kv7 by Openers for Therapy
of Chronic Pain

Chronic pain is characterized by persistent pain, including somatic pain, visceral
pain, and neuropathic pain, which lasts months to years and is an unmet medical
need (Dydyk and Conermann 2020). Besides expressed in the central nervous
system, KCNQ channel subunits are also expressed in the peripheral nociceptive
neurons and visceral sensory system responsible for pain sensation and signaling
(Du et al. 2018; Passmore et al. 2003; Wladyka and Kunze 2006). M-currents are
identified in both small and large DRG neurons, which can be blocked by XE991
and linopirdine with IC50s of 0.26 μM and 2.1 μM, respectively. KCNQ2-5 mRNA
and protein expressions, but not KCNQ1, are detected in DRG neurons (Passmore
et al. 2003). Immunocytochemical staining reveals that KCNQ2, KCNQ3, and
KCNQ5 are also expressed in the visceral sensory neurons of the nodose ganglia
from rats, and both XE991 and linopirdine can inhibit the M-current (Rose et al.
2011; Wladyka and Kunze 2006). Genetic suppression or pharmacological inhibi-
tion of KCNQ/M channel function causes the hyperexcitability of central and
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peripheral sensory neurons and enhances the sensitivity and development of visceral
pain, osteoarthritic pain, and bone cancer pain (Bi et al. 2011; Du et al. 2014; Liu
et al. 2010; Zhang et al. 2019b; Zheng et al. 2013).

Analgesic drug flupirtine, a retigabine-related small molecule, is a non-opiate
centrally acting agent that entered clinical trials for treatment of pain after hysterec-
tomy surgery in 1983 and for patients with migraine in 1984 (Million et al. 1984;
Moore et al. 1983), exhibiting analgesic efficacy similar to a semi-synthetic opioid
analgesic dihydrocodeine. Flupirtine shows as effective as opiate analgesics codeine,
dihydrocodeine and pentazocine, and nonsteroidal anti-inflammatory drugs
(NSAIDs) suprofen, diclofenac and ketoprofen for pain relief of surgery, traumatic
injury, dental procedures, headache/migraine, arthritis, cancer and abdominal
spasms, and neuropathic pain (Friedel and Fitton 1993; Herrmann et al. 1987;
Mishra et al. 2013; Scheef 1987). Although an effective analgesic, flupirtine causes
serious liver injury and hepatotoxicity (Nicoletti et al. 2016; Puljak 2018) and was
withdrawn from market by European Medicines Agency (EMA) in 2018. However,
chemical modifications of flupirtine appear to significantly improve toxicity/activity
ratio and maintain potent activation of Kv7.2/7.3 channels (Surur et al. 2019).

Retigabine produces analgesic activity in rat models of neuropathic pain, visceral
pain induced by an intracolonic injection of capsaicin, and mechanical allodynia of
inflammatory temporomandibular joint in rats (Blackburn-Munro and Jensen 2003;
Hirano et al. 2007; Xu et al. 2010). In the chronic constriction injury and spared
nerve models of neuropathic pain, oral administrations of retigabine (5 and 20 mg/
kg) attenuates mechanical hypersensitivity in response to pin prick stimulation, but
not von Frey stimulation, of injured hindpaw (Blackburn-Munro and Jensen 2003).

In the formalin test, oral retigabine (20 mg/kg) reduces flinching behavior in the
second phase, the effect of which can be completely reversed by XE-991 (3 mg/kg, i.
p.). Intraperitoneal administration of retigabine (1, 3 and 10 mg/kg) dose-
dependently suppressed visceral pain behavior induced by intracolonic injection of
capsaicin and prolonged the latency to first licking (Hirano et al. 2007). In rodent
model of paclitaxel-induced peripheral neuropathy (PIPN), retigabine is also effec-
tive in attenuating the development of neuropathic pain, suggesting that Kv7 openers
may have therapeutic potential for cancer patients receiving paclitaxel treatment and
developing sensory peripheral neuropathies (Li et al. 2019).

Retigabine or Kv7 openers without penetration of the CNS can exert analgesic
effect through peripheral mechanism for prevention of CNS side effects. The
retigabine-induced analgesic effects appear to be mediated by direct activation of
peripheral Kv7 channels as intracerebroventricular (i.c.v.) administration of blocker
XE991 can reverse the retigabine-induced anticonvulsant effect, but not the analge-
sic effect (Du et al. 2014; Hayashi et al. 2014; Wu et al. 2017).

Kv7 opener QO58-lysine causes a leftward shift of the voltage-dependent activa-
tion of Kv7.2/7.3 to a hyperpolarized potential about �28 mV (Teng et al. 2016).
QO58-lysine has a half-life of approximately 3 h in the plasma and absolute
bioavailability of 14% for oral dose of 12.5/kg). Oral or intraperitoneal administra-
tion of QO58-lysine exhibits a concentration-dependent reduction in the licking
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times during phase II pain induced by the injection of formalin into mouse hindpaw,
and increases the paw withdrawal threshold (Teng et al. 2016).

6 Conclusions/Perspectives

Neuronal Kv7/KCNQ/M-channel is a proven drug target for therapy of neurological
diseases including epilepsy and pain. Although the first-generation M-channel
openers retigabine and flupirtine have recently been discontinued from the market
due to the compound-related side effects of blue skin and liver toxicity, targeting
M-channels by pharmacological activation still presents an exciting opportunity for
discovery and development of selective and potent channel openers for therapy of
epilepsy and pain and beyond.
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Abstract

Neoplastic transformation is reportedly associated with alterations of the potas-
sium transport across plasma and intracellular membranes. These alterations have
been identified as crucial elements of the tumourigenic reprogramming of cells.
Potassium channels may contribute to cancer initiation, malignant progression
and therapy resistance of tumour cells. The book chapter focusses on (oncogenic)
potassium channels frequently upregulated in different tumour entities, upstream
and downstream signalling of these channels, their contribution to the mainte-
nance of cancer stemness and the formation of an immunosuppressive tumour
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microenvironment. In addition, their role in adaptation to tumour hypoxia, meta-
bolic reprogramming, as well as tumour spreading and metastasis is discussed.
Finally, we discuss how (oncogenic) potassium channels may confer treatment
resistance of tumours against radiation and chemotherapy and thus might be
harnessed for new therapy strategies, for instance, by repurposing approved
drugs known to target potassium channels.

Keywords

Cancer stem cells · Chemotherapy · Metabolic reprogramming · Metastasis ·
Oncochannels · Oncoimmunology · Radiation therapy · Tumour biology ·
Tumour hypoxia

1 Introduction

As became evident in early 1990s, cancer cells express a toolkit of ion channels that
differs tremendously from the parental non-transformed cells. Soon, it turned out
that this aberrant ion channel expression exerts pivotal functions in tumour biology
(Nilius and Wohlrab 1992). In particular, tumour onset is frequently associated with
alterations in the expression patterns of specific K+ channels or with recurring
somatic mutations in discrete K+ channel encoding genes (Liu et al. 2002). It has
been demonstrated recently in different gene-targeted mouse models that these K+

channels fundamentally contribute to the malignancy of tumours and that their
systemic deletion or pharmacologic targeting represents a suitable strategy to delay
cancer onset and/or progression (Steudel et al. 2017; Mohr et al. 2020).

Mechanistically, cell proliferation depends on interconnected oscillations of
membrane potential and cell volume that are regulated by K+ channel activity
(Wonderlin and Strobl 1996). Clamping the potential to high negative values has
been proposed to lock terminally differentiated cells in G0 phase of cell cycle. Vice
versa, membrane depolarization seems to promote cell proliferation. Fast cycling
tumour cells exhibit membrane potentials that oscillate in a depolarized voltage
range which requires K+ channels that operate at these depolarized voltages. To this
end, tumour cells may repurpose their K+ channels for cell cycle regulation; e.g. K+

channels that repolarize an action potential in non-transformed excitable cells may
become involved in cell cycle control upon transformation (Arcangeli et al. 1995).
Beyond cell cycle regulation, aberrant K+ channel expression in tumour cells
contributes to oncogenic signalling that renders transformed cells independent of
survival and growth factors. In addition, it triggers metabolic reprogramming,
maintains a stem cell phenotype, induces tissue infiltration and metastasis, or
promotes therapy resistance (for review, see Huber 2013; Pardo and Stuhmer 2014).

This brief chapter aims to introduce some mechanisms that underlie the
“onco-physiology” of K+ channels with an emphasis on clinically relevant aspects.
Specifically, we will focus on the putative involvement of K+ channels in therapy
and anti-cancer immune responses. We discuss how this knowledge might be
translated into K+ channel-targeting therapies, for instance, by repurposing approved
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drugs. Attention will be given to a few K+ channel types with high oncogenic
potential, i.e. those which serve multiple functions in different tumour entities.

2 Oncogenic Potassium Channels

The voltage-gated ether-à-go-go-1 (hEAG1, Kv10.1, KCHN1) and the
ether-à-go-go-related (hERG1, Kv11.1, KCNH2) K

+ channels that are physiologi-
cally expressed in brain (hEAG1, hERG1), and other organs such as heart, endocrine
and lymphoid tissue and gastrointestinal tract (hERG1) are upregulated in many
tumours (for review, see Lastraioli et al. 2015; Cázares-Ordoñez and Pardo 2017).
Several pieces of evidence suggest that a further voltage-gated K+ channel, Kv1.3
(KCNA3), which operates physiologically in bone marrow, lymphatic tissue and
immune cells, brain and other organs, is also aberrantly expressed in a variety of
tumour entities (Teisseyre et al. 2019). In detail, all of these channels have been
found in tumours of mesenchymal (leukaemia, sarcoma), epithelial
(e.g. gastrointestinal carcinomas), and glial (glioblastoma) origin. Similarly, deregu-
lation of Ca2+-activated intermediate conductance IKCa K

+ channels (hSK4, KCa3.1,
Gardos, KCNN4) which physiologically are expressed in the vasculature, lymphatic
tissue, bone marrow and several blood cell types, as well as in the gastrointestinal
tract, has been identified in several tumour entities of mesenchymal (sarcoma,
leukaemia), epithelial (e.g. prostate carcinoma) and glial origin (for review, see
Mohr et al. 2019b). Moreover, aberrant expression of a second Ca2+-activated K+

channel, the almost ubiquitously expressed large conductance voltage-dependent
BKCa (KCa1.1, Maxi-K, slo1, KCNMA1), has been shown for several carcinomas
including breast cancer (Mohr et al. 2020) as well as for glioblastoma (Liu et al.
2002).

Although the picture might be distorted by the scientific attention selectively paid
to hEAG1, hERG1, Kv1.3, IKCa and BKCa, our current knowledge indeed suggests
that only few K+ channel types are particularly associated with cancer. Functional
in vitro studies corroborated by preclinical analyses of animal models have
accumulated overwhelming evidence for the oncogenic properties of these K+

channels (for review, see Huber 2013). In addition, several retrospective associations
between the expression levels of hEAG1, hERG1, Kv1.3, IKCa, or BKCa in various
tumours and patient outcome have been reported (e.g. Pillozzi et al. 2007; Brevet
et al. 2009; Stegen et al. 2015; Mohr et al. 2020). In most cases these associations do
not show statistical significance upon multivariate testing (considering patient
subgroups, treatment protocols and established predictive/prognostic parameters),
which is a prerequisite for defining K+ channel abundance as an independent
prognostic/predictive marker. Nevertheless, these retrospective associations under-
pin the preclinical evidence for hEAG1, hERG1, Kv1.3, IKCa and BKCa in
modulating cancer development. Notably, the abundance of these channels in
tumours may be associated with worse or better patient outcome, depending on
tumour entity or even within an entity depending on tumour subgroup and treatment
protocol (e.g. Mohr et al. 2019b). Thus, these K+ channels may be implemented in
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both promoting and supressing tumour development. How these K+ channels may
drive oncogenic reprogramming of transformed cells is addressed in the next
paragraphs.

3 Upstream and Downstream Signalling

In the following, we will give few examples demonstrating that K+ channels act as
integrated modules of biochemical signalling networks. K+ channel-mediated
electrosignalling includes (but is not limited to) the following: (1) conductive and
thereby electrogenic channel activity (with setting of the membrane potentials, and
hence, the activity of voltage-dependent transmembrane transports; (2) adjustments
of K+ concentrations; (3) regulation of electrochemical driving forces; (4) osmotic
regulation (with associated iso-osmotically obliged H2O fluxes); (5) cell volume
regulation; (6) regulation of mitochondrial function and formation of reactive oxy-
gen species (ROS). This bestows K+ channels with a degree of control over the
redox, pH, and Ca2+ signalling leading to regulation of downstream effector proteins
of those pathways (for review, see Huber 2013; Huber et al. 2013, 2015; Klumpp
et al. 2016b; Roth and Huber 2020).

Beyond that, K+ channels reportedly form molecular complexes with membrane
receptors and kinases, thereby transducing signals in the conducting and
non-conducting mode. This has been elucidated by the seminal work of Annarosa
Arcangeli’s group (Cherubini et al. 2002), who showed that hERG1 accomplishes
outside-in signalling in the so-called adhesomes that are macromolecular signalling
complexes at focal adhesion sites in cancer cells. Within these adhesions, hERG1
channels physically interact with the β1 integrin-, the VEGF-, or the chemokine
CXCR4 receptors in the plasma membrane. Notably, hERG channels bridge β1
integrin binding to extracellular matrix proteins to downstream kinases. Among
those are extracellular signal-regulated kinase-1/2 (ERK1/2), the phosphoinositide-
3-kinases (PI3K)/Akt-, or the Ras-related C3 botulinum toxin substrate-1 (Rac1)/
focal adhesion kinase-1 (FAK) pathways (for review, see Pillozzi and Arcangeli
2010; Becchetti et al. 2019).

An example for oncogenic processes regulated by K+ channel-mediated
electrosignalling is the phenotypical switch from a proliferating “grow” into a
migrating/tissue invading “go” phenotype by the stromal cell-derived factor-1
(SDF1, CXCL12)/CXCR4 pathway. This pathway is upregulated in many tumour
entities, including glioblastoma, and helps tumour cells to adjust to an adverse
environment such as hypoxia or ionizing radiation (for review, see Eckert et al.
2018). Both stressors reportedly stabilize hypoxia-inducible factor-1α (HIF1α)
(Li et al. 2007) which induces expression of several target genes including SDF1
and CXCR4. Auto- and paracrine SDF1/CXCR4 signalling, in turn, results in Ca2+

release and subsequent activation of Ca2+-entry pathways, as well as of Ca2+-
sensitive K+ channels (Edalat et al. 2016). Most importantly, K+ channel activity
is required to fine-tune Ca2+ signals that mediate activation of downstream effector
proteins such as Ca2+/calmodulin-dependent kinase-II isoforms (CaMKIIs) (Steinle
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et al. 2011; Stegen et al. 2016). K+ channel-dependent activation of cytosolic
CaMKII and further Ca2+-dependent kinases such as the proline-rich-tyrosine-
kinase-2 (Pyk2), in turn, have been demonstrated to programme stress-stimulated
migration (Steinle et al. 2011; Edalat et al. 2016; Stegen et al. 2016) (Fig. 1).

Similarly, irradiation triggers Ca2+ signalling and activation of nuclear translated
CaMKII isoforms in a K+ channel-dependent manner. Intriguingly, BKCa and IKCa

in glioblastoma (Stegen et al. 2016), as well as Kv3.4 and hERG1 K+ channel in
leukaemia (Palme et al. 2020, 2013) seem to exert antagonizing effects on cytosolic
free Ca2+ levels hinting to a complex crosstalk between different K+ channel types
with Ca2+ entry, release and/or sequestration and extrusion. Radiation-induced
CaMKII activation halts cell cycle progression by triggering G2/M cell cycle arrest
via inactivating phosphorylation of cdc25 isoforms. Active cdc25 is required to
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Fig. 1 K+ channel electrosignalling is required for cellular stress response. Ionizing radiation and
hypoxia stabilize hypoxia-inducible factor (HIF) resulting in auto- and paracrine signalling of the
stromal cell-derived factor-1 (SDF1) via its C-X-C-motif chemokine receptor-4 (CXCR4) and
generation of Ca2+ signals. Importantly, Ca2+-activated (KCa) and voltage-activated (Kv) K+

channels act downstream and upstream of Ca2+ and generate, in concert with Ca2+ entry pathway
and the Ca2+-dependent tyrosine kinase Pyk2 complex, Ca2+ signals needed for activation of
downstream Ca2+ effector proteins such as Ca2+/calmodulin kinase-II isoforms (CaMKIIs).
Directed migration is motorized by cell volume increase at the lamellipodium and volume decrease
at the cell rear. Volume changes are accomplished by ion and iso-osmotically obliged H2O fluxes.
In glioblastoma, K+ channel-regulated cytosolic CaMKII isoforms trigger local cell volume loss by
activating the ClC-3 Cl� efflux pathway. Moreover, K+ channel-regulated nuclear translocated
CaMKII isoforms are required for G2/M cell cycle arrest in glioblastoma and leukaemia cells. DNA
double-strand breaks (DNA DSB) caused by ionizing radiation or reoxygenation of hypoxic cells
may induce G1 cell cycle arrest via activation of the protein kinase ataxia-telangiectasia mutated
(ATM), subsequent stabilization of p53, and induction of p21 as well as G2/M arrest via activation
of checkpoint kinases (Chk), and inhibitory phosphorylation of the cdc25 phosphatases. The latter
results in inactivity of the cdc2/cyclin B mitosis-promoting factor. Importantly, inhibition of cdc25
also requires its phosphorylation by CaMKII. Activation of the latter crucially depends on K+

channel signalling that is probably triggered by the HIF/SDF1/CXCR4 axis (for details see main
text)
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de-phosphorylate and thereby activate cdc2 (cyclin-dependent kinase-1, CDK1), a
subunit of the mitosis-promoting factor which initiates entry into mitosis (Heise et al.
2010; Steinle et al. 2011; Palme et al. 2013; Klumpp et al. 2017) (Fig. 1).

Besides electrosignalling at the plasma membrane, K+ channels residing in
intracellular membranes of, e.g. mitochondria and the nucleus, also have been
reported to exert signalling functions (for review, see Leanza et al. 2013). For
instance, BKCa channel activity in the nuclear envelope has been shown to regulate
gene expression in neurons via modulating nuclear Ca2+ signalling (Li et al. 2014a).
In cardiomyocytes, mitochondrial BKCa channels (mtBKCa) affect ischaemia/perfu-
sion-induced ROS production (Frankenreiter et al. 2017). K+ channels may also
signal via modulating intracellular K+ concentrations as described in the next
paragraph.

4 Metabolic Reprogramming and Adaptation to Tumour
Hypoxia

Already in the 1920, Otto Heinrich Warburg hypothesized that cancer cells
reprogramme their metabolisms towards aerobic glycolysis at the expense of the
much more energy-efficient mitochondrial oxidative phosphorylation. In aerobic
glycolysis, pyruvate is reduced to and extruded as lactic acid even at high oxygen
pressure (Warburg et al. 1927). Among enzymes that directly utilize K+ as cofactor
(or depend via other mechanisms on K+ concentration) are pyruvate kinase
(Kachmar and Boyer 1953), pyruvate dehydrogenase kinase (Kato et al. 2005),
ribokinase (Quiroga-Roger et al. 2015) and hexokinase II (Rose and Warms
1982). In particular, recent research demonstrated that cellular K+ depletion as
well as the presence and activation of specific K+ channels in the plasma membrane
alters the glucose metabolism and energy homeostasis of hexokinase II positive
cancer cells in culture (Bischof et al. 2021). Whether such K+ dependence is
sufficient to alter the enzyme activities under (patho-)physiological alterations has
not been defined.

All solid tumours at a certain size experience hypoxia due to insufficient tumour
perfusion. Under hypoxia the O2-sensitive hypoxia-inducible transcription factors
(HIFs) and the cellular energy-sensing AMP kinase trigger downregulation of
anabolic metabolism, upregulation of nutrient import and anaerobic glycolysis, an
adaptation of glutamine metabolisms to maintain fuelling of the citrate pool, alter-
ation of lipid metabolism, as well as upregulation of oxidative defence and attenua-
tion of mitochondrial superoxide anion formation (for review, see Xie and Simon
2017; Eckert et al. 2019). The latter is promoted, e.g. during reoxygenation of
intermittently hypoxic volumes of solid tumours upon mitochondrial Ca2+ overflow
and ΔΨm hyperpolarization (Fig. 2; for review, see Huber et al. 2013).

Beyond their expression in the plasma membrane, some K+ channels are found in
the inner mitochondrial membrane; these include ATP-sensitive mitochondrial
(mt) mtKir6.x (Fu et al. 2003; Paggio et al. 2019), Ca2+-activated mtBKCa (Singh
et al. 2013; Gu et al. 2014; Frankenreiter et al. 2017), mtIKCa (De Marchi et al. 2009)
and mtSKCa (Stowe et al. 2013), as well as voltage-gated (e.g. mtKv1.3, KCNA3)
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channel (Roberta et al. 2020). These and other K+ channels may dissipate the
mitochondrial inner membrane potential (ΔΨm). Mechanistically, mtBKCa is report-
edly involved in oxygen sensing by increasing its open probability with decreasing
oxygen pressure (Gu et al. 2014). mtK

+ channels-mediated ΔΨm dissipation lowers
oxidative phosphorylation capacity and thereby ATP production and superoxide
anion formation, which are directly associated with ΔΨm (Kulawiak et al. 2008). By
these mechanisms, mtK

+ channels may contribute to adaptation of solid tumours to
chronic or intermittent hypoxia as deduced from the phenomenon of cardiac
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Fig. 2 Ca2+-activated (mtKCa), voltage-activated (mtKv) and ATP-sensitive (mtKATP, mtKir6.x) K
+

channels in the inner mitochondrial membrane may be involved in oxygen sensing, formation of
superoxide anion radicals, metabolic reprogramming and adaptation to a radioresistance-conferring
hypoxic tumour microenvironment (a hypothetical model). (a) K+ channel expressed in the inner
mitochondrial membrane. (b) Inner mitochondrial membrane (ΔΨm) hyperpolarization-associated
superoxide anion (O•

2
�) formation by the mitochondrial electron transport chain that particularly

occurs during reoxygenation of intermittently hypoxic cells. Complexes I to IV and the ATP
synthase in the inner mitochondrial membrane are shown (Q: ubiquinone, cyt C: cytochrome C,
e�: electron). (c) Partial dissipation of ΔΨm by upregulation of mtK

+ channels in cancer cells lowers
O•

2
� formation, oxidative phosphorylation and metabolic ATP yield. The latter might contribute to

metabolic reprogramming towards aerobic glycolysis and lactic acid formation via activation of
AMP kinase. mtBKCa channels are reportedly activated by hypoxia and have been proposed to act as
oxygen sensors (for details see main text)
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ischaemic preconditioning whereby the upregulation of mtK
+ channel protects the

heart from ischaemia-reperfusion injury (Fig. 2; for review, see Madreiter-
Sokolowski et al. 2019). In contrast to this proposed mechanism, mtKV1.3 channels
have been demonstrated to directly interact with complex I of the respiratory chain in
leukaemia and melanoma cells where inhibition of mtKV1.3 results in superoxide
anion formation and triggering of cell death (Roberta et al. 2020).

Hypoxia-stimulated metabolic reprogramming may be accompanied by an
increase in cellular plasticity of tumour and stroma cells that drives tumour hetero-
geneity. Well documented is a hypoxia-driven epithelial-mesenchymal transition
(EMT) (or neural/glial-mesenchymal transition in brain tumours) or induction of
cancer stem(-like)/tumour initiating cells (CSCs). Importantly, EMT and
upregulation of CSC properties are accompanied by a change from a “grow” to a
“go” phenotype increasing the risk of tissue infiltration and metastasis as discussed
in the next paragraphs (for review, see Eckert et al. 2019).

5 Maintenance of Cancer Stemness

A small population of tumour cells, the CSCs, has been suggested to exhibit higher
therapy resistance and propensity to invade healthy tissue as compared to the bulk of
“differentiated” cancer cells. CSCs, therefore, are held responsible for local therapy
failure and metastases. K+ channels contribute to maintenance of the CSC pheno-
type. This can be deduced from in vitro and animal studies demonstrating that
salinomycin, an antibiotic with probable K+ ionophore function, specifically targets
CSCs in breast-, lung- and colorectal cancer as well as in leukaemia (Fuchs et al.
2009; Gupta et al. 2009; Dong et al. 2011; Wang 2011; Alama et al. 2012). Notably,
CSCs of ovarian cancer which exhibit ABC transporter-mediated salinomycin
resistance are eradicated by a synthetic K+ ionophore (Shen et al. 2020). Together,
this might suggest that the CSC phenotype is more sensitive to disruption of K+

channel function and/or K+ homeostasis as compared to “differentiated” bulk tumour
cells. Along those lines, tetraethylammonium (TEA), a largely unselective K+

channel antagonist, reportedly decreases clonogenicity of CSCs in endometrial
cancer (Schickling et al. 2011). Likewise, clonogenicity of CD34+ haematopoietic
progenitor cells and the proliferative subpopulation of blasts in acute myeloid
leukaemia (AML) reportedly requires hERG channel activity (Pillozzi et al. 2002).

In breast cancer cells, overexpression of G protein-activated inward rectifier K+

channel-1 (Kir3.1, KCNJ3) has been shown to boost mammosphere formation
suggesting that the self-renewal capacity depends on Kir3.1 (Kammerer et al.
2016). Moreover, Kv channel blockers or a Kv7 opener has been shown to sensitize
CSCs of a lung cancer cell line to the tyrosine kinase inhibitor gefitinib (Choi et al.
2017). Furthermore, CSC subpopulations of neuroblastoma and glioblastoma cell
lines have been demonstrated to exhibit elevated expression of BKCa as compared to
non-CSCs (Park et al. 2010; Rosa et al. 2017). Importantly, high BKCa-expressing
glioblastoma CSCs (GSCs) tend to favour neuronal above astrocyte lineage differ-
entiation suggesting that BKCa contributes to lineage priming (Rosa et al. 2017). In
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addition, migration of GSCs requires BKCa (Rosa et al. 2017) and IKCa (Ruggieri
et al. 2012) activity. Notably, IKCa upregulation is associated with the migration/
invasion-prone mesenchymal subpopulation of GSCs (Klumpp et al. 2018),
suggesting that tumour spread and metastasis are tightly controlled by K+ channel
pathways, a topic which is introduced in the next paragraph.

6 Tumour Spreading and Metastasis

To adopt a migratory, invasive and infiltrating phenotype, tumour cells undergo
epithelial-mesenchymal (EMT) or – in the case of gliomas – glial-mesenchymal
transition (GMT) that reportedly is accompanied by remodelling of the Ca2+

signalosome and associated with altered K+ channel expression and activity (for
review, see Klumpp et al. 2016b). Directed cell migration is orchestrated by
polarized and local cell volume changes that are paralleled by reorganization of
the cytoskeleton and the plasma membrane. The mechanics of cell migration is
propelled by H2O influx-driven protrusion of the lamellipodium and H2O efflux-
mediated retraction of the cell rear. To maintain iso-osmotic balance these H2O
fluxes require transmembrane transport of ions, in particular Cl� and K+. In addition,
osmolyte transport is a key process for the motorization of migration (for review, see
Schwab et al. 2012).

In glioblastoma, a highly infiltrating primary brain tumour, the involved transport
processes have been identified by the pioneering work of Harald Sontheimer’s
group. These colleagues reported that at the lamellipodium, a Na+/K+/2Cl�-
cotansport not only acquires cell volume for protrusion of the leading edge but
also accumulates Cl� in the cytosol highly above its electrochemical equilibrium.
Cl�, which reaches cytosolic concentrations of up to 100 mM, in turn, can be used as
osmolyte for highly effective and fast local cell volume decrease upon efflux of Cl�

together with the counterion K+ and iso-osmotically obliged H2O (for review, see
Sontheimer 2008). Glioblastoma cells invade the brain parenchyma by squeezing
through interstitial spaces alongside vessels or axon bundles which are used as
tracks. Therefore, effective cell volume regulation is a prerequisite for brain infiltra-
tion, contributing to the high malignancy of glioblastoma cells (Watkins and
Sontheimer 2011) (Fig. 1).

In glioblastoma (Catacuzzeno et al. 2011) as well as in endometric, hepatocellu-
lar, pancreatic, prostate and lung carcinoma mouse and cell models (Liu et al. 2015b;
Bonito et al. 2016; Storck et al. 2017; Du et al. 2019; Zhang et al. 2019), IKCa

channels have been identified as essential drivers of basal or agonist-stimulated
tumour cell migration. This suggests that IKCa is not only associated with a
pro-migratory mesenchymal cancer stem cell phenotype (see above), but also essen-
tially required for the execution and/or programming of cell migration of various
tumour entities from different origins. BKCa activity, on the other hand, is required
for ionizing radiation-induced hypermigration of glioblastoma cells as demonstrated
in vitro (Steinle et al. 2011) and in an orthotopic mouse model (Edalat et al. 2016).
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Besides boosting migration, K+ channels may promote therapy resistance as
described in more detail in the next paragraphs.

7 Therapy Resistance

About half of all cancer patients undergo radiotherapy in order to induce lethal DNA
damages such as DNA double-strand breaks (DSBs) in the targeted cancer cells.
Beyond the dose of ionizing radiation, the extent of DNA damages depends on the
O2 tension of the tumour microenvironment, the activity of mitochondrial metabo-
lism and the cellular anti-oxidative defence. Passing through mitosis with unrepaired
DSBs introduces chromosome aberrations in proliferating cells, finally leading to
mitotic catastrophe and, eventually, programmed cell death (for review, see Roth and
Huber 2020). On the other hand, DSBs trigger the cellular DNA damage response
which comprises deceleration of the cell cycle, activation of DNA repair pathways
and metabolic reprogramming. Radiogenic K+ channel activity has been suggested
to contribute to all these DSB-triggered responses.

Within 1–2 h after ionizing radiation, BKCa (Steinle et al. 2011) and IKCa (Stegen
et al. 2015) are activated in the plasma membrane of glioblastoma cells. Radiogenic
IKCa activity has also been shown in human lung adenocarcinoma (Gibhardt et al.
2015; Roth et al. 2015), in murine breast cancer (Mohr et al. 2019a) and in human T
cell leukaemia cells (Klumpp et al. 2016a; Voos et al. 2018). Moreover, in chronic
myeloid leukaemia (CML) cells, ionizing radiation stimulates the activity of Kv3.4
(KCNC4) (Palme et al. 2013) and hERG1 (Palme et al. 2020). Radiogenic K+

channel activity is preceded and/or accompanied by cytoplasmic Ca2+ signalling.
In particular, in T-cell leukaemia (Klumpp et al. 2016a), CML (Heise et al. 2010)
and glioblastoma cell lines (Klumpp et al. 2017) radiogenic activation of transient
receptor potential (TRP) Ca2+ permeable nonselective cation channels has been
proposed to trigger K+ channel activity by membrane depolarization and/or a rise
of the cytosolic free Ca2+ concentration. By modulating driving force and/or activity
of Ca2+ entry pathways, radiogenic electrosignalling by K+ channels, in turn,
contributes to complex Ca2+ signals that regulate downstream Ca2+ effector proteins
involved in DNA damage response (Fig. 1). Importantly, pharmacological blockage
or knockdown of these channels radiosensitizes the cells in vitro and in preclinical
mouse models (Palme et al. 2020, 2013; Stegen et al. 2015; Mohr et al. 2019a),
indicating the pivotal function of K+ channels in DNA damage response of irradiated
cancer cells.

A significant fraction of radiogenic DNA damages occurs late (hours after irradi-
ation) through Ca2+-mediated mitochondrial formation of ROS. It is hardly
surprising that adaptation to hypoxia, for example by upregulation of mitochondrial
K+ (mtK

+) channels (see above) and uncoupling proteins (Braun et al. 2015) in the
inner mitochondrial membrane at the same time, confers radioresistance (Braun et al.
2015). Moreover, hypoxic tumour volumes are per se more radioresistant than
normoxic tumours due to the oxygen-dependent efficacy of ionizing radiation (for
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review, see Eckert et al. 2019; Roth and Huber 2020). Consequently, tumour cells
automatically acquire radioresistance when residing in hypoxic areas.

Along those lines, metabolic reprogramming of tumour cells from mitochondrial
oxidative phosphorylation towards aerobic glycolysis and lactic acid formation is
associated with a gain in radioresistance (Cruz-Gregorio et al. 2019). This
reprogramming also involves altered membrane transports including upregulation
of glucose uptake across the plasma membrane. Glucose uptake via electrogenic
Na+-coupled cotransport (SGLT) is reportedly upregulated during DNA damage
response of irradiated lung adenocarcinoma and head and neck squamous cell
carcinoma cell lines (Huber et al. 2012). This increased glucose uptake is likely to
counteract the elevated ATP consumption and provides the overhang of
carbohydrates required as a source of metabolites for chromatin remodelling by
histone acetylation and DNA repair (Dittmann et al. 2013). Radiogenic co-activation
of IKCa in the plasma membrane (Roth et al. 2015) most probably counteracts
SGLT-mediated membrane depolarization (Huber et al. 2012) and maintains
the inwardly directed driving force for Na+-coupled glucose uptake. Hence, besides
mtK

+ channel activity, plasmalemmal K+ channels may also contribute to metabolic
reprogramming of tumour cells towards a radioresistant phenotype.

In addition to radioresistance, K+ channels have been demonstrated to modulate
the resistance against chemotherapeutics in cancer cells. To give few examples,
doxorubicin resistance induced in acute lymphoblastic leukaemia cells by co-culture
with bone marrow mesenchymal cells reportedly depends on the formation of a
hERG1/β1-integrin/CXCR4 signalling complex that triggers pro-survival signals via
ERK1/2 and PI3K/Akt (Pillozzi et al. 2011). Likewise, hERG1 expression or activity
has been demonstrated to confer cisplatin and 5-fluorouracil resistance to colorectal
cancer cells (Fortunato 2017; Pillozzi et al. 2018; Petroni 2020), as well as the
resistance to vincristine, paclitaxel and hydroxy-camptothecin to lung adenocarci-
noma cells (Chen et al. 2005). Additionally hERG1 is associated with
chemoresistance of retinoblastoma cells (Fortunato et al. 2010). A
chemoresistance-promoting action has been documented for further K+ channel
types such as hEAG1 (Hui et al. 2015; Sales et al. 2016; García-Quiroz et al.
2019), BKCa (Samuel et al. 2016) and Kir2.1 (KCNJ2) (Liu et al. 2015a).

On the contrary, in liver carcinoma and HeLa-derived KB cells, hERG1 channel
activity does not alter cisplatin sensitivity (Liang et al. 2005) while in gastric cancer
cells, hERG1 expression has been shown to be required for cisplatin-induced
apoptotic cell death (Zhang et al. 2012). Similarly, BKCa (Samuel et al. 2016) and
IKCa (Pillozzi et al. 2018) activity reportedly promotes cisplatin sensitivity in
ovarian and colorectal cancer, respectively. Notably, in colorectal cancer pharmaco-
logical IKCa activation and hERG1 blockage exert additive effects on cisplatin
sensitivity, suggesting an antagonizing electrosignalling by both channel types
during stress response to cisplatin-mediated DNA damage (Pillozzi et al. 2018).

Finally, BKCa has been demonstrated to modulate hormone treatment in breast
cancer in vitro and in orthotopic mouse models (Mohr et al. 2020). Together, these
data indicate that K+ channels interfere with therapy response in cancer cells,
highlighting the potential of their modulation as new anti-cancer treatment concepts.
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Nonetheless, such targeting of K+ channels may also interfere with
immunotherapies.

8 Immune Surveillance, Immunosuppression
and Anti-cancer Immune Response

Lifelong our immune system eradicates tumour cells which emerge permanently by
neoplastic transformation. To form a primary tumour and micro-metastasis, nascent
and spread tumour cells, respectively, must evade the local immune surveillance. To
this end, transformed or metastasized cells may pursue perfidious strategies such as
dormancy or normal tissue mimicry to hide themselves from the immune system (for
review, see Klumpp et al. 2016b). Once established, solid tumours build up an
immunosuppressive microenvironment with the help of recruited immune cells such
as tumour-associated macrophages (TAM), regulatory T cells (Treg) or, in the case of
brain tumours, microglia cells. Currently developed and applied immunotherapies
aim to attenuate immunosuppression in the tumour and to boost the anti-tumour
immune response (for review, see Eckert et al. 2019). Innate and adaptive immunity
in oncology, however, critically depend on ion channel function. Hence, any strategy
of targeting K+ channels for anti-cancer therapy must also consider the effects on
anti-cancer immune responses, especially if K+ channel targeting should be com-
bined with immunotherapy.

As comprehensively summarized by Feske and colleagues, ion channels play
major roles in all stages of immune responses (Feske et al. 2015). Thus, T cell
activation following antigen recognition and activation is dependent on Ca2+ influx
with subsequent calcineurin signalling (Trebak and Kinet 2019). This signalling is
tightly regulated by several ion channels including Kv1.3 and IKCa (Chiang et al.
2017). The role of ion channels in immunology is also highlighted by the fact that
immunosuppression is a key feature of genetic channelopathies such as XMEN
(X-linked immunodeficiency with magnesium defect, Epstein-Barr virus infection
and neoplasia) disease (Li et al. 2014b) and CRAC channelopathies (disorders
caused by mutations in ORAI1 or STIM1, major constituents of the Ca2+ release
activated Ca2+ channel, CRAC) (Lacruz and Feske 2015; Feske 2019).

Kv1.3 and IKCa seem to have different roles in different T cell subsets. While
naïve T cells mostly express Kv1.3, after activation the abundance of IKCa increases.
Kv1.3 has been described to play a central role in CD4+ Th17 cells, as well as
effector memory T cells. Treg cells show IKCa expression. The role in central
memory T cells led to the development of Kv1.3 channel blockers for the treatment
of Psoriasis with Shk-186 (dalazatide) (Tarcha et al. 2017).

In the cancer microenvironment, the function of several tumour infiltrating cell
types is influenced by K+ channel activity. In vitro and in vivo data show that human
natural killer (NK) cells express both Kv1.3 and IKCa. Blocking of those channels
results in enhanced proliferation of NK cells and reduced growth of xenografted
tumours (Koshy et al. 2013). In an orthotopic glioblastoma mouse model, IKCa

inhibition led to a macrophage/microglia polarization towards M1 and, thus, to a
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tumour inhibiting phenotype (Grimaldi et al. 2016). In addition, IKCa inhibition has
been demonstrated to mitigate microglia activation in an orthotopic mouse glioblas-
toma model and to reduce phagocytosis and chemotactic activity of primary
microglia cells exposed to glioblastoma-conditioned medium (D’Alessandro et al.
2013).

Moreover, in tumour and blood samples acquired from patients with head and
neck squamous cell carcinomas, Kv1.3 expression correlated with several markers of
CD8+ T cell activation (Chimote et al. 2017). In addition, IKCa activity has been
demonstrated to contribute to chemotaxis of CD8+ T cells in the presence of
immunosuppressive agent, adenosine, in the TME (Chimote et al. 2018). These
effects may suggest an immunosuppressing effect of IKCa or Kv1.3 targeting. In
addition, tumour-associated macrophages seem to need the activity of IKCa to release
pro-inflammatory IL-6 and IL-8 cytokines that promote tumour invasiveness in
colorectal cancer (Xu et al. 2014).

Besides the abundance and activity of potassium channels in different immune
cell subsets, the ionic tumour microenvironment also plays a role in cancer immu-
nology (Eil et al. 2016). High interstitial K+ concentrations [K+]e suppress the
function of tumour infiltrating lymphocytes (Chandy and Norton 2016; Eil et al.
2016; Conforti 2017) by impairing the proliferation of central memory and effector
memory T cells, T cell cytokine production and anti-tumour cytotoxicity. In addi-
tion, high [K+]e stimulates upregulation of the immune checkpoint protein PD-1 in
activated T cells. Importantly, pharmacological IKCa activation rescues T cell
function in high [K+]e environment (Ong et al. 2019).

Combined, the limited data available suggest that targeting of K+ channels such
as Kv1.3 and IKCa may both stimulate and suppress the anti-tumour immune
response. These opposing effects may differ between the various tumour entities.
Many approved drugs that are directed against K+ channels or modulate them by
off-target effects are available. These drugs may be repurposed for anti-cancer
therapy as discussed in the next paragraphs.

9 Repurposing Drugs for Potassium Channel-Targeting
Therapies

Approved drugs targeting directly or indirectly K+ channels comprise anaesthetics,
neuroleptics, antidepressants, antihistamines, fluoroquinolone antibiotics,
analgesics, anticonvulsants, antiarrhythmics, antihypertensives, antidiabetics and
others (for review, see Kale et al. 2015). The observed side effects of pharmacologi-
cal or molecular K+ channel targeting in preclinical models range from mild hyper-
tension to life-threatening cardiac arrhythmias. As an example, for the latter,
“torsadogenic” hERG blockers may delay cardiac repolarization and cause Torsade
de Pointes and sudden cardiac death, due to the pivotal function of hERG1 in the
repolarization of the heart action potential (see also chapter “Cardiac hERG K+

channel as safety and pharmacological target”). Nevertheless, pharmacological
modulation of oncogenic hERG1 channels may remain an option. Drugs such as
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some antiepileptics exert off-target inhibition of hERG1 partially with
submicromolar IC50s without being “torsadogenic”. One reason might be that
these “non-torsadogenic” hERG1 inhibitors do not achieve steady-state free plasma
concentrations required for clinically relevant hERG1 inhibition (Lehmann et al.
2018). Another reason for their “non-torsadogenicity”might be that the potency of a
certain drug to induce fatal arrhythmia relies not only on hERG1 inhibition but also
on the whole spectrum of other ion channels modulated by this specific drug (for
commentary, see Arcangeli and Becchetti 2017). Accordingly, “non-torsadogenic”
hERG1 inhibitors might impact tumour biology without exerting severe side effects.
Along those lines, multivariate analysis of glioblastoma defined hERG1 protein
abundance in the tumour specimen as an independent prognostic parameter for
shorter patient survival. Importantly, overall survival of patients with highly
hERG1-expressing glioblastoma (but not of those with low hERG1 abundance in
the tumour) seemed to benefit from “non-torsadogenic” hERG1-inhibiting drugs
(Pointer et al. 2017). Consistently, several mouse tumour models have proven the
anti-cancer efficacy of hERG1 targeting strategies (Pillozzi et al. 2011).

Beyond that, approved drugs for targeting of oncogenic EAG1 such as the
neuroleptic chlorpromazine (Wang et al. 2020), the tricycle antidepressant imipra-
mine (García-Ferreiro et al. 2004), or the second-generation antihistamine
astemizole (García-Ferreiro et al. 2004) are available. In preclinical in vitro and
mouse tumour models (García-Quiroz et al. 2014), astemizole exhibits tumouricidal
and/or chemo- or hormone therapy-sensitizing activity. Likewise, EAG2 can be
targeted by the antipsychotic drug thioridazine. EAG2 expression has been reported
at the trailing edge of migrating medulloblastoma cells where it regulates local cell
volume dynamics and cell motility. Blockage of EAG2 by thioridazine has been
shown to reduce growth and metastasis of medulloblastoma cell xenografts (Huang
et al. 2015).

Classical neuroleptics such as haloperidol or chlorpromazine inhibit BKCa

channels with IC50s in the low micromolar range (Lee et al. 1997). As well as in a
bunch of other cell types, BKCa channels are expressed in neurons of the central
nervous system (Sausbier et al. 2006). Haloperidol and chlorpromazine may accu-
mulate in the human brain up to micromolar concentrations (Huang and Ruskin
1964; Korpi et al. 1984). Reported side effects of BKCa channel blockage in the
central nervous systems are ataxia and uncontrollable tremors as impressively
illustrated by ovine “ryegrass staggers” caused by intoxication of paxilline, a very
potent BKCa channel blocker produced by the endophytic fungus Penicillium paxilli
(Imlach et al. 2008).

The topically administered antifungal imidazole derivative clotrimazole inhibits
IKCa channels with submicromolar IC50s (Jensen et al. 1998). Systemically, clotri-
mazole is no longer in clinical use due to the inhibition of cytochrome P450-
dependent enzymes and associated liver toxicity. By replacing the imidazole ring
of clotrimazole, responsible for the inhibition of cytochrome P450-dependent
enzymes, further IKCa channel blockers were developed. Among those, the orally
bioavailable ICA-17043 (Senicapoc®; Icagen) inhibits IKCa with an IC50 of 11 nM
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(for review, see Wulff and Castle 2010), and was well tolerated in clinical trials
(Ataga et al. 2008).

Besides ERG, EAG, BKCa and IKCa, further Kv-, Ca
2+-activated-, background

(K2P)- or inwardly rectifying K+ channel types are druggable with pharmaceutics in
clinical use. As an example for the latter channel types, KATP channels (Kir6.1,-2,
KCNJ8, -11) can be targeted by sulphonylurea receptor antagonists such as
glibenclamide used in type-2 diabetes. Additionally, Kv1.3 channels can be targeted
by the anti-psoriasis drug dalazatide which is well tolerated in clinical trials (for
review, see Kale et al. 2015). Combined, this suggests that clinical trials on K+

channel-targeted therapies in cancer might be feasible. By repurposing approved
drugs that are in clinical use with well-described pharmacokinetics, the achievable
concentrations in the organ of interest are known. Thus, efficacy of pharmaceutical
K+ channel modulation should become predictable. The same holds true for the
associated side effects.

10 Concluding Remarks

Theoretically, prescription of certain drugs (for whatever reason) which modulate
oncogenic K+ channels “off-target” should lower the incidence of tumours or
improve the survival of cancer patients in that specific population. Such epidemio-
logical evidence, however, is rare (Pointer et al. 2017) or missing. In addition, to the
best of our knowledge, not a single clinical trial on K+ channel-targeted therapies in
cancer has been announced up to date (https://clinicaltrials.gov). Thus, robust
clinical proof-of-concepts for the oncogenic function of K+ channels are lacking.
This might be a reason why K+ channel-targeting seems not to be considered in
currently developing concepts of anti-cancer therapy. Given the pivotal functions of
K+ channels in physiology, the fear of unmanageable side effects might further
hinder the development of K+ channel-targeting therapies, particularly if dose
escalation is required to reach therapeutic concentrations in the tumour.

A better tumour specificity of K+ channel-targeting might be achieved by tailor-
ing K+ channel-targeting drugs to tumour-associated/specific variants or molecular
complexes of K+ channels. For instance, glioblastoma upregulates a variant of BKCa,
gBKCa, that contains an additional 34-amino-acid exon at splice site 2 in the
C-terminal tail of BKCa channels (Liu et al. 2002). Additional approaches to translate
our current knowledge on oncogenic K+ channels into clinical applications include
the use of K+ channels as tumour biomarkers (Erdem et al. 2015) or delivery of
targeting molecules to tumour cells by coupling them to antibodies directed against
tumour-associated K+ channels (Hartung and Pardo 2016). Beyond that, pharmaco-
logical modulation of K+ channel activity in normal tissue may be used to mitigate
the normal tissue toxicity of anti-cancer therapy (Li et al. 2019).

The “executive” functions of K+ channels in the plasma membrane for generating
ionic currents and potentials, transmembrane transports and cell volume regulation
during, e.g. cell cycling of cancer cells, are fairly well understood. There are also a
very few examples of specific oncogenic pathways, where K+ channels, either within
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molecular complexes with receptors and kinases or by reciprocal interaction with the
Ca2+ signalosome and downstream Ca2+ effector proteins, function as integral
modules of biochemical signalling cascades. However, for designing of treatment
protocols and time schedules of K+ channel-targeting therapies (in addition to
standard radio/chemotherapy) a more comprehensive understanding of the specific
oncogenic functions of the relevant K+ channel types in a given tumour entity is
urgently needed. We are just at the very beginning of understanding how K+

channels in the inner mitochondrial membrane might contribute to redox signalling,
metabolic reprogramming, or adaptation to intermittent or chronic hypoxia of cancer
cells. The functions of other intracellular K+ channels such as those in the inner and
outer membrane of the nuclear envelope, by contrast, are almost completely unde-
fined. Likewise, it cannot be foreseen at present how pharmacological targeting of
K+ channels in the tumour alters the highly complex crosstalk between tumour and
stroma cells that may also express the targeted channel type. Indeed, IKCa and Kv1.3
channels upregulated in many solid tumours are also expressed in immune cells and
required for, e.g. T cell priming and clonal expansion. Targeting these channels
might, therefore, be a double-edged sword leading to tumouricidal, but also unin-
tended immunosuppressive effects.
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Abstract

For the past two decades several scholarly reviews have appeared on the inwardly
rectifying potassium (Kir) channels. We would like to highlight two efforts in
particular, which have provided comprehensive reviews of the literature up to
2010 (Hibino et al., Physiol Rev 90(1):291–366, 2010; Stanfield et al., Rev
Physiol Biochem Pharmacol 145:47–179, 2002). In the past decade, great
insights into the 3-D atomic resolution structures of Kir channels have begun to
provide the molecular basis for their functional properties. More recently, compu-
tational studies are beginning to close the time domain gap between in silico
dynamic and patch-clamp functional studies. The pharmacology of these
channels has also been expanding and the dynamic structural studies provide
hope that we are heading toward successful structure-based drug design for this
family of K+ channels. In the present review we focus on placing the physiology
and pharmacology of this K+ channel family in the context of atomic resolution
structures and in providing a glimpse of the promising future of therapeutic
opportunities.

Keywords

Cytosolic G-loop gate · GIRK · Helix bundle crossing gate · K+ transport
channel · KATP · Phosphoinositides · Potassium inward rectifiers · Resting
potential

1 Historical Perspective: The Pre-structure Era

Inward Rectification and Dependence of Conductance on [K+]o: Kir currents were
first described in skeletal muscle fibers, where Bernard Katz observed (Katz
1949a, b) that when these cells were immersed in solutions containing high
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potassium the membrane conductance was larger at hyperpolarizing potentials. This
behavior was the opposite from what Cole and Curtis had reported in squid giant
axon (Cole and Curtis 1941), where the depolarization-induced non-linear conduc-
tance had been described as rectification, borrowing from electrical engineering
terminology used for diodes. The fact that the first example of outward rectification,
demonstrated by the delayed rectifier Kv current, was also in Katz’s laboratory with
Hodgkin and Huxley (Hodgkin et al. 1952; Katz 1949a, b), led Katz to describe the
skeletal muscle conductance in high K+ as “anomalous rectification” (“propriétés
détectrices anormales,” from the French description). This anomalous rectification
was later (Adrian et al. 1970) renamed “inward rectification,” the term most used at
the present. Another difference between the Kir and the outwardly rectifying Kv

currents was their respective voltage dependence. Kir currents were voltage-
independent but instead their activation depended on the driving force (Vm-EK,
i.e. the distance of the membrane potential Vm from the equilibrium potential EK

for K+ ions). Activation was shown to depend on (Vm-EK) if [K
+]o, but not [K

+]i, was
changed (Hagiwara and Yoshii 1979; Leech and Stanfield 1981; Stanfield et al.
2002). The dependence of Kir current rectification and conductance on [K+]o is
shown in Fig. 1a (Hagiwara et al. 1976). Early on, the inward rectification was
attributed to block of the channel by particles from the cytosol (Armstrong 1969;
Hille and Schwarz 1978; Standen and Stanfield 1978), and later the intracellular
blocking substances were identified to be the millimolar levels of Mg2+ as well as
polyamines that exist in sub-millimolar concentrations inside of cells (Lopatin et al.
1994; Matsuda et al. 1987). Upon hyperpolarization, the inward Kir current showed
a time-independent increase due to fast Mg2+ unblock, followed by a time-dependent
increase due to slow polyamine unblock (Lopatin et al. 1995).

1.1 Tissue Distribution of Kir Family Members

Kir channels have been found in a wide variety of cells, including: cardiac myocytes
(Beeler and Reuter 1970; Kurachi 1985; McAllister and Noble 1966; Rougier et al.
1967), neurons (Brown and Carpentier 1990; Gahwiler and Brown 1985; Lacey et al.
1988; North et al. 1987; Takahashi 1990; Williams et al. 1988), blood cells (Lewis
et al. 1991; McKinney and Gallin 1988), osteoclasts (Sims and Dixon 1989),
endothelial cells (Silver and DeCoursey 1990), glial cells (Kuffler and Nicholls
1966; Newman 1984), epithelial cells (Greger et al. 1990; Hebert et al. 2005;
Lorenz et al. 2002; Lu et al. 2002), and oocytes (Hagiwara et al. 1978; Hagiwara
et al. 1976; Hagiwara and Takahashi 1974). Figure 2 shows the tissue/organ
expression of each Kir subfamily throughout the body. The Kir tissue expression
has been comprehensively reviewed (de Boer et al. 2010; Hibino et al. 2010). The
role of Kir channels lies in contributing to the cellular resting potential and keeping
Vm near EK. This serves to reduce action potential firing in excitable cells, to control
K+ transport in non-excitable cells or to transduce extracellular (by external stimuli)
to intracellular (by internal metabolites) communication and vice versa. In 1993 the
first 3 of the 16 members of the Kir channel family were cloned (Dascal et al. 1993;
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Fig. 1 Kir channel inward rectification and phylogenetic/functional classification. (a) I-V relation-
ship of the starfish Kir at four different [K+]o. Continuous and broken lines indicate instantaneous
and steady-state currents, respectively (from Hagiwara et al. 1976) (b) Phylogenetic analysis of the
16 known subunits of human Kir channels (for identity/similarity see Fig. 10). These subunits have
been classified into four functional groups

Fig. 2 Expression in indicated organs and tissues of Kir channel members of each of the seven
subfamilies. Blank indicates no, striations intermediate, and black prominent levels of expression.
Adapted (permission obtained) from de Boer et al. (2010)
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Ho et al. 1993; Kubo et al. 1993a; Kubo et al. 1993b). Based on sequence alignment
(see Fig. 9) and phylogenetic analysis, the 16 human isoforms have been classified
into seven subfamilies (Kir1-7) and four functional groups (a. the K+ transport, b. the
classical, c. the ATP-sensitive, and d. the G protein-gated K+ channels) (Fig. 1b).
The strong sequence similarity among family members (30–99%) (Fig. 10) allows
for formation of heteromeric assemblies along with homomeric ones, in one case
across subfamilies (Kir4.1 and Kir5.1) and in most cases within subfamilies (e.g.,
Kir3.1/3.2 in neuronal tissues and Kir3.1/3.4 in atrial cells of the heart). The
resulting heteromers display unique functional properties compared to the
homomers that will be discussed individually for each subfamily.

1.2 Kir Channel Gating

The signaling phospholipid, phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2 or
PIP2] found in the inner leaflet of the plasma membrane plays an essential role in
supporting Kir channel gating (Hilgemann and Ball 1996; Huang et al. 1998;
Logothetis et al. 2015; Petit-Jacques et al. 1999; Sui et al. 1998). Excision into
inside-out patches in ATP-free solutions showed a typical gradual decline in channel
activity, referred to as “run-down” (Hilgemann and Ball 1996). Run-down activity
could be restored by hydrolyzable forms of ATP or by PIP2 (Hilgemann and Ball
1996; Huang et al. 1998; Petit-Jacques et al. 1999; Sui et al. 1998). The seven Kir
subfamily members could be classified into four groups depending on the degree of
stereospecificity and affinity to PI(4,5)P2 (over PI(3,4,5)P3 and PI(3,4)P2) (Rohacs
et al. 2003): Highest or Group 1 (Kir2.1, Kir2.4, Kir4.1), Moderate or Group
2 (Kir1.1, Kir2.2, Kir2.3, Kir4.2, Kir7.1), Weak or Group 3 (Kir3.4, Kir3.1/3.4),
Lowest or Group 4 (Kir6.2, Kir6.2/SURs). Mutagenesis studies identified channel
regions critical for the effects of PIP2 and linked basic and non-basic residues to
sensitivity to PIP2 and Kir channelopathies (Lopes et al. 2002).

1.3 Kir Channel Trafficking

Kir channel mutations that lead to channelopathies, especially those that affect
trafficking, have been recently reviewed (Zangerl-Plessl et al. 2019). As other
transmembrane proteins, Kir channels are translated in the endoplasmic reticulum
(ER) and transported through the Golgi apparatus and the trans-Golgi network to the
plasma membrane through the process known as forward trafficking. Upon removal
from the plasma membrane, channel proteins enter the degradation pathway through
trafficking to the early endosome and the multivesicular body to the lysosome,
through a process known as backward trafficking. Kir channels could instead of
becoming degraded be recycled back to the plasma membrane from the early
endosome to the trans-Golgi network. Kir channel mutations resulting in loss
(LOF) or gain (GOF) of function are associated with a variety of human diseases,
including Bartter syndrome type II (Kir1.1 LOF), Andersen-Tawil syndrome (Kir2.1
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LOF and GOF), thyrotoxic hypokalemic periodic paralysis (Kir2.6 LOF), Keppen-
Lubinsky syndrome (Kir3.2 LOF), familial hyperaldosteronism type III and long QT
syndrome 12 (Kir3.4 LOF), EAST/SeSAME syndrome (Kir4.1 LOF), Cantú syn-
drome (Kir6.1 or SUR2 GOF) and hyperinsulinism and hypoglycemia (Kir6.2 LOF)
and diabetes (Kir6.2 GOF), Leber congenital amaurosis type 16 and Snowflake
vitreoretinal degeneration (Kir7.1 LOF). In many of the diseases mentioned above
LOF has been associated with defective forward trafficking, while GOF mutations or
loss of specificity mutations (e.g., some Kir3.4 mutations) are not likely to be related
to trafficking abnormalities. The likely causes of trafficking defects are either
(1) defects in trafficking motifs compromising interactions with the proteins
involved in the trafficking machinery, or (2) protein structure defects leading to
channel misfolding, destabilization and ER-associated degradation (Zangerl-Plessl
et al. 2019).

1.4 The Structural Era

1.4.1 Kir Structures by 2020
The first Kir channel high-resolution crystal structure to be solved in 2002 was the
cytoplasmic domain (CTD) of Kir3.1 (Nishida and MacKinnon 2002). In this crystal
structure, the transmembrane domain of the channel was removed, and the
N-terminus was fused to the CTD and expressed in bacteria (PDBID: 1N9P). Soon
after this structure, the CTDs of Kir2.1 (PDBID: 1U4F, 2005), (Pegan et al. 2005)
pointing to the potential of a cytosolic constriction, coined as the G-loop gate, and
Kir3.2 (PDBID: 2E4F, 2007) (Inanobe et al. 2007) were solved. Subsequently, in
2007, a crystal structure of a Kir3.1 prokaryotic Kir channel chimera was solved
(PDBID: 2QKS) (Table 1). In this structure, two thirds of the transmembrane
domains (TMDs) were replaced with the corresponding region of a homologous
prokaryotic Kir channel, revealing the continuity of the permeation pathway from
the membrane (2/3 prokaryotic, 1/3 mammalian) to the cytosolic (mammalian)
domains of the Kir3.1 channel. Two distinct conformations of the G-loop gate
were captured, in one structure the apex of the CTD was open (or dilated), and in
the other it was closed (or constricted) (Nishida et al. 2007). The transmembrane
gate, referred to as the helix bundle crossing (HBC) gate was captured in the closed
conformation in both structures. Even though Nishida and colleagues were not able
to show that the chimera they constructed was functional (Nishida et al. 2007), a
subsequent paper showed that the purified chimera once reconstituted in planar lipid
bilayers with PIP2 was indeed functional (Leal-Pinto et al. 2010). In 2009, a crystal
structure of the chicken Kir2.2, 90% identical to the human Kir2.2, was solved
(PDBID:3JYC), where large structured turrets and an unusual selectivity filter
entryway were seen, which may explain the relative insensitivity of eukaryotic Kir
channels to toxins (Tao et al. 2009). In 2011, the crystal structure of Kir2.2 channel
in complex with a short-chain derivative of PIP2 was solved [PDBID:3SPI] (see
Fig. 3b). This structure showed that PIP2 binds at an interface between the TMD and
CTD of the Kir2.2 channel. Upon PIP2 binding, a flexible linker between the TMD
and CTD transforms to a helical structure, which causes a 6 Å translation of the CTD
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toward the TMD, as the HBC gate begins to open (Hansen et al. 2011). In the same
year (2011), the crystal structure of Kir3.2 in complex with sodium and PIP2 was
solved (PDBID:3SYA). The structures suggested that the presence of PIP2 couples
the G loop and HBC gates to open in a coordinated manner. The intracellular Na+

binding site was also confirmed in this structure (Whorton and MacKinnon 2011). In
2013, the crystal structure of Kir3.2-βγ G-protein (Gβγ) complex was solved
(PDBID:4KFM). In this structure, the Gβγ subunit bound to the interfaces between
four pairs of adjacent Kir3.2 channel CTD subunits that were also bound to sodium
and a PIP2 analog. The structure was thought to represent a “pre-open” state, an
intermediate between the closed and open but still a non-conducting conformation of
the channel (Whorton and MacKinnon 2013) (shown later in Fig. 7b). In 2017, a
hetero-octameric pancreatic KATP channel in complex with the non-competitive
inhibitor glibenclamide was solved by cryo-electron microscopy (EM) at a 5.6-Å
resolution [PBDID:5WUA]. This structure showed four SUR1 regulatory subunits
located in the periphery of a centrally located Kir6.2 channel tetramer (Li et al.

Table 1 Selected functional Kir channel structures solved by X-ray crystallography (X-ray) or
cryo-electron microscopy (Cryo-EM)

PDBID Channel Resolution Method Year References

2QKS Kir3.1-prokaryotic Kir
channel chimera

2.2 Å X-ray 2007 Nishida et al.
(2007), Leal-
Pinto et al.
(2010)

3JYC Kir2.2 3.11 Å X-ray 2009 Tao et al.
(2009)

3SPI Kir2.2/PIP2 3.31 Å X-ray 2011 Hansen et al.
(2011)

3SYO Kir3.2/sodium 3.54 Å X-ray 2011 Whorton and
MacKinnon
(2011)

3SYA Kir3.2 in complex with
sodium and PIP2

2.98 Å X-ray 2011 Whorton and
MacKinnon
(2011)

4KFM Kir3.2/βγ G protein subunits 3.45 Å X-ray 2013 Whorton and
MacKinnon
(2013)

5WUA ATP-sensitive K+ channel 5.6 Å Cryo-
EM

2017 Li et al. (2017)

5YW8/
5YWC/
6YKE

Pancreatic ATP-sensitive
potassium channel bound with
ATPγS

4.4 Å Cryo-
EM

2017 Wu et al. (2018)

6BAA Kir6.2/SUR1/Glibenclamide,
ATP

3.63 Å Cryo-
EM

2017 Martin et al.
(2017)

6C3O/
6C3P

Kir6.2/SUR1/ATP(ADP),
Mg2+

3.9 Å/
5.6 Å

Cryo-
EM

2017 Lee et al. (2017)

6JB1 Pancreatic ATP-sensitive K+

channel bound with
repaglinide and ATPγS

3.3 Å Cryo-
EM

2019 Ding et al.
(2019)
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2019). In 2017, Wu and colleagues solved complexes of the KATP channel (KIR6.2/
SUR1) with ATP, Mg-ADP, and ATP/glibenclamide, respectively, by using cryo-
EM (PDBID: 5YW8, 5YWC, 5YKE). These structures depict the binding site of
glibenclamide, ATP, and suggested a mechanism of how Mg-ADP binding on
nucleotide-binding domains drives a conformational change of the SUR1 subunit
(Wu et al. 2018). Martin and colleagues solved a cryo-EM structure of SUR1/Kir6.2
channel bound to glibenclamide and ATP at 3.63 Å resolution (PDBID: 6BAA). The
structure showed that the drug bonded to the transmembrane bundle of SUR1, and
mutation of the interacting residues in the binding site reduced the channel sensitiv-
ity to the drug (Martin et al. 2017). Lee and colleagues solved two cryo-EM structures
of the human KATP channel (Kir6.2/SUR1) in complex with Mg2+ and nucleotides,
referred to as the quatrefoil (PDBID: 6C3O) and propeller (PDBID: 6C3P) forms. In
both forms, ATP binds to the inhibitory site in Kir6.2. Mg2+-ATP andMg2+-ADP bind
to the degenerate and consensus sites, respectively, in the nucleotide-binding domains
of SUR1. A lasso extension interface between Kir6.2 and SUR1 formed in the
propeller form but was disrupted in the quatrefoil form (Lee et al. 2017). In 2019, a
higher resolution (3.3 Å) cryo-EM structure of the same pancreatic KATP channel was
achieved in complex with the short-acting insulin secretagogue repaglinide and
adenosine-50-(γ-thio)-triphosphate (ATPγS) (PDBID: 6JB1) (Ding et al. 2019)
(shown later in Fig. 8). Table 1 summarizes crystal and cryo-EM Kir channel
structures for which functional expression has been demonstrated.

Fig. 3 (a) Crystal structure of Kir2.2 (PDBID: 3SPI) in complex with PIP2. (b) Selectivity Filter.
(c) Helix bundle crossing gate. (d) G-loop gate. (e) PIP2 binding site
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1.4.2 Structural Features of Kir Channels
The Kir channel structures have provided new insights into the mechanism of
channel function, such as channel gating, selectivity, rectification, and modulation
by PIP2, sodium ions, alcohol, G proteins, ATP, etc. Figure 3 shows the classical
Kir2.2 crystal structure with which we will illustrate some key features of this
channel family. Kir channels are either homotetramers or heterotetramers formed
by four subunits. Each subunit contains a transmembrane region, the TM1 (or outer)
and TM2 (or inner) helices (see Fig. 3b), and a cytoplasmic domain (Fig. 3d).

Selectivity Filter (SF)
The selectivity filter (SF) of the Kir channel is similar to that of other potassium
channels (Fig. 3b), but instead of the canonical filter sequence TXGYGDX (X:
aliphatic amino acid), the corresponding sequence in Kir channels is TIGYGXR (X:
Y/F/H, V/L, T, G), with very few exceptions (Kir2.4-S147, Kir6.1/6.2-F143/133,
Kir7.1-M125) (see Fig. 9). The conserved Kir2.2(R149) forms an ionized hydrogen
bond with E139 in the pore helix. Kir channels also contain a highly conserved
disulfide bond flanking the pore region (C123-C155) (see Figs. 3b and 9). Between
the outer helix and pore region “turret,” there is the conserved 3–10 helical HGDL
signature sequence for Kir channels (Tao et al. 2009), with very few exceptions:
Kir3.1/3.3/3.4 (RGDL), Kir3.2 (RGDM), Kir1.1 (HKDL), and Kir7.1 (NGDL) (see
Figs. 3b and 9).

Gates
The residues I177 and M181 on the TM2 helix in Kir2.2 form two hydrophobic seals
that close the path from the pore to the CTD, which is referred to as the helix bundle
crossing (HBC) gate (Fig. 3c). In other K+ channels, such as KcsA and Kv channels,
a small or polar amino acid exists at the position corresponding to I177. Alternate
residues can be utilized in other Kirs at these positions [at I177: V/L/T/C and at
M181: Kir2 (M), Kir3/6 (F), Kir1/4/5 (L), Kir7.1 (V)] (see Figs. 3c and 9). In
addition to the HBC gate, Kir channels have a second unique cytoplasmic gate
(G loop) at the apex of the cytoplasmic domain (see Figs. 3d and 9) (Tao et al. 2009).

PIP2 Binding Site
PIP2 binds to the interface between TMD and CTD and is thought to cause a 6 Å
translation of the CTD toward the TMD (Fig. 3a, e). The negatively charged
phosphate groups interact with the Kir channel through highly conserved salt bridge
interactions. The 10 phosphate interacts with the R78 and R80 of the RWR highly
conserved sequence motif with a few exceptions (Kir2.2 numbers, unless otherwise
specified): at R78 – Kir2/7 (R), Kir1/3.1/3.2/3.4/4.2/5/6 (K), Kir3.3/4 (Q) and at
R80 – Kir6.2(P69) (see Figs. 3e and 9) at the N-terminus of the outer helix. The 40

and 50 phosphates interact with the TM2 residue K183 (absolutely conserved) and
the highly conserved residues of the B-loop region sequence motif – 186-RPKKR-
190 – with the following exceptions: R186 (Kir3/6 (Q), Kir5.1(T174)); K188 (Kir6
(H), Kir3.3 (N)); and K189 (Kir6 (R); Kir7.1(N165)) (see Figs. 3e and 9). These

Kir Channel Molecular Physiology, Pharmacology, and Therapeutic Implications 285



basic amino acids are critical for PIP2 activation of Kir channels (Hansen et al. 2011;
Tao et al. 2009).

Cholesterol Regulation
Cholesterol enrichment or depletion was shown to decrease or increase, respectively,
Kir2.1 currents in endothelial cells (Romanenko et al. 2002). Through mutagenesis
structural determinants could be identified, suggesting strongly that specific
interactions of cholesterol with the Kir proteins were responsible for the observed
effects (Epshtein et al. 2009; Rosenhouse-Dantsker 2019). Cholesterol enrichment
caused significant inhibition to several active Kir channels (Kir1.1, Kir2.1, Kir3.1
(F137S), Kir6.2Δ36) and activation (rather than inhibition) to others (Kir3.2, Kir3.4
(S143T)). Modeling studies and site-directed mutagenesis suggested that the inter-
action sites were located between α-helices of two adjacent channel subunits and
involved hydrophobic and aromatic residues (Rosenhouse-Dantsker 2019). Even
though some key determinant residues for cholesterol sensitivity overlapped with
those for PIP2 sensitivity, others did not, making the interrelationship between
cholesterol and PIP2 influences on Kir channels unclear. A recent cryo-EM structure
of Kir3.2 with a cholesterol analog (in the presence and absence of PIP2) suggests
that cholesterol binds near PIP2 potentiating its effects (Mathiharan et al. 2020).

Rectification Determinants
Kir channels can be classified as strong, intermediate, and weak rectifiers based on
their rectification properties (Table 2; Yellow – Kir2, Blue – Kir3, Green –

Transport, Orange – Kir6). The rectification features of Kir channel are generally
believed to occur through blocking of the channels by Mg2+ and polyamines
(spermine, spermidine, and putrescine) (Nichols and Lee 2018). Key acidic residues
involved in the rectification of Kir channels have been identified through mutagene-
sis. A TM2 aspartate residue (corresponding to D173 in the Kir2.2 channel) was the
first residue identified as critical for inward rectification. Mutation of this residue
affected both polyamine-blocking affinity and voltage dependence (Fakler et al.
1996; Lopatin et al. 1994; Wible et al. 1994; Yang et al. 1995). The corresponding
residue in intermediate/weak rectifiers such as Kir1.1 and Kir6.2 is an asparagine.
Mutation of this asparagine to an aspartate residue converted these channels to
strong rectifier channels (Lopatin et al. 1994; Lu and MacKinnon 1994; Shyng
et al. 1997). Thus, this residue has been termed as the “rectification controller.”
Several other negatively charged residues in the pore-lining region of the CTD in Kir
channels are important for rectification. For example, mutation of E224, E229,
D259, and E299 of Kir2.1 (numbers are one less than Kir2.2) to a neutral residue
reduced the intensity of inward rectification (Fujiwara and Kubo 2006; Guo and Lu
2003; Kubo and Murata 2001; Taglialatela et al. 1995; Xie et al. 2002; Yang et al.
1995). Figure 4 shows a comparison of these residues between the strong rectifier
Kir2.2 and the weak rectifier Kir6.2. Table 2 shows that the number of acidic
residues per Kir channel subunit correlates well with the functional rectification
properties of each subfamily member, such that 4–5 negatively charged residues per
subunit (Q/s) result in strong, 3 Q/s in intermediate and 1 Q/s in weak rectification.
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Recent microsecond MD simulation studies on polyamine blocking of the
mKir3.2 channel were conducted by Chen et al. (2020). Two binding sites for
putrescine were identified, one located close to the E236 (hE234) in the CTD, and
another located close to the T154 (hT152) from the SF. These observations were
consistent with previous experimentally identified residues. By applying a cross-
membrane electric field, putrescine was transferred from the CTD binding site to the
SF site. In contrast to putrescine (+2 charges), spermine (+4 charges) did not transfer
to the SF site, but remained bound to the CTD site. An additional force was needed
to be applied to make spermine transfer from the CTD to the SF binding site (Chen
et al. 2020). These results contribute toward a dynamic molecular insight of the
rectification mechanism through polyamines. In future studies, additional dynamic
simulations will be needed to provide further molecular insight into the dynamic
rectification mechanisms of Kir channels, such as how polyamines limit potassium
ion permeation.

Table 2 Kir channel critical residues for inward rectification

Yellow – Kir2 family, blue – Kir3 Family, green – Transport family, orange – Kir6 family
R Rectification, S Strong, I Intermediate, W Weak, NF Non-functional, Q/s number of charges per
subunit for each Kir channel
Residue numbers from Kir2.2 channel
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2 Classical Kir2 Channels

2.1 Historical Perspective

The classical (also sometimes referred to as “canonical”) rectifiers display strong
inward rectification, with little outward current at depolarizing potentials. As we
mentioned already in Sect. 1, they were differentiated early on from voltage-gated
K+ (Kv) channels (outward rectifiers) in that at membrane potentials around the K+

equilibrium potential (EK), where Kv channels are closed, they are constitutively
open, albeit conducting small but physiologically relevant outward currents. They
conduct very little to not at all at depolarized membrane potentials, where Kv

channels are open and conduct the most. This property of strong inward rectifiers
is critical for setting a background K+ conductance in excitable tissues, such as in
muscle (both skeletal and cardiac, where Kir2 channels are expressed – see below),
driving the resting potential near EK and enabling rapid conduction of excitation and
coordinated contraction (Nichols et al. 1996). As already mentioned, the molecular
mechanisms underlying Kir rectification, such as the blockade by polyamines, have
been studied extensively (Fujiwara and Kubo 2006; Guo and Lu 2003; Ishihara and
Ehara 2004; Kubo and Murata 2001; Nishida et al. 2007; Taglialatela et al. 1995; Xie
et al. 2003; Yang et al. 1995). Yet, several aspects of the mechanisms involved
remain unclear (Liu et al. 2012; Xu et al. 2009). One of these is the voltage
dependence of inward rectification (i.e., polyamine block) displaying shifts that
occur with changes in EK when [K+]o but not [K

+]i is varied (see Fig. 1a) (Hagiwara
and Takahashi 1974; Hagiwara and Yoshii 1979; Hestrin 1981; Kubo 1996; Kubo

Fig. 4 Critical residues for Kir channel rectification. (a) Kir2.2 (PDBID: 3SPI); (b) Kir6.2
(PDBID: 6C3O)
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et al. 1993a; Lopatin and Nichols 1996; Nishida et al. 2007). Thus, the probability of
channels being open (Popen) shifts along the voltage axis by 25 mV for an e-fold
change in [K+]o and the open channel conductance (inward or outward) is propor-
tional to [K+]o with a power of 0.2–0.6, referred to as a “square root” proportionality
(Hagiwara and Takahashi 1974; Hille and Schwarz 1978; Kubo et al. 1993a;
Matsuda 1988; Ohmori 1978; Sackmann et al. 1984). It has been argued that this
dependence of the Kir conductance on [K+]o, particularly the outward conductance,
plays a significant role in regulating the myocardial action potential duration
(Matsuoka et al. 2003; Nichols et al. 1996; Shimoni et al. 1992), cardiac contractility
(Bouchard et al. 2004), and arrhythmogenicity (Asakura et al. 2014; Ishihara et al.
2009; Maruyama et al. 2011). Ishihara has recently shown (2018) that in the absence
of Na+ in the external solutions, the open conductance of Kir2.1 does not change
over a wide [K+]o range but in its presence, Na+ competitively inhibits K+ conduc-
tance in a voltage-dependent manner. Thus, it is an impermeant physiological cation
that mediates the apparent [K+]o dependence of the open Kir channel conductance
(Ishihara 2018). The structural determinants of the Na+ binding site have not yet
been elucidated. A guiding clue comes from Kir7.1, that differs from other Kir
channels in lacking to a great extent in the property of being activated by [K+]o. We
will revisit this clue of the structural determinants for the dependence of the K+

conductance on [K+]o and how Na+ may be involved when we discuss Kir7.1 in the
“K+ transport Kir channels” in Sect. 5.3.

2.2 Subfamily Members and Tissue Distribution

The first subfamily member Kir2.1 (also referred to as IRK1) was cloned in 1993
from a mouse macrophage cell line (Kubo et al. 1993a). In the following 2 years
three additional members were cloned, Kir2.2, Kir2.3, and Kir2.4 (Bond et al. 1994;
Bredt et al. 1995; Morishige et al. 1994). Kir2.5 was cloned from fish in 2008
(Crucian carp; Carassius carassius) (Hassinen et al. 2008), while Kir2.6 was
revealed as the fifth mammalian isoform in 2010 (Ryan et al. 2010).

In excitable cells, Kir2 channels are expressed in skeletal muscle (Kir2.1, Kir2.2,
Kir2.6), brain (Kir2.1, Kir2.2, Kir2.3, Kir2.4), and heart (Kir2.1, Kir2.2, Kir2.3),
while an intermediate level of expression is seen in smooth muscle tissue and the
retina (Fig. 2) (de Boer et al. 2010; Hibino et al. 2010). Their role in non-excitable
cells remains to be elucidated (e.g., in macrophages where Kir2.1 was first cloned
from) (Kubo et al. 1993a). Not only these channel subunits assemble as
homotetramers but also as heterotetramers, both in heterologous expression systems
and in native tissues where they are expressed, endowing tissues with greater
versatility in the physiological roles they play (Hibino et al. 2010). Only a small
fraction of Kir2.6 manages to leave the endoplasmic reticulum to make it to the cell
surface, whilst the almost identical subunit Kir2.2 (6 differences in the human clones
Kir2.6-Kir2.2: L15S, A56E, V100I, H118R, L156P, G430E) is trafficked robustly.
Dassau and colleagues showed that the L156P and P156L accounted for the majority
of the endoplasmic reticulum rescue and retention of Kir2.6 and Kir2.2, respectively.
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In addition, they showed that the wild-type Kir2.6 co-assembles with Kir2.1 and
Kir2.2 in vitro and in skeletal muscle acting as a dominant negative subunit, limiting
Kir2.1 and Kir2.2 localization to the cell surface (Dassau et al. 2011).

2.3 Physiology/Pathophysiology

The physiology and pathophysiology of Kir2 channels has been previously reviewed
(de Boer et al. 2010; Hibino et al. 2010). Here, we will highlight the major roles of
this channel subfamily members in the various tissues they are expressed.

Heart: Kir2 channels are critically involved in determining the shape of the
cardiac action potential by (1) setting the resting potential, (2) permitting the plateau
phase (through their Mg2+ and polyamine block at depolarized potentials), and
(3) inducing a rapid final stage of repolarization. Contributions of different Kir2
subunits in comprising cardiac Kir currents have revealed that Kir2.1 knockout in
mice abolishes ventricular Kir2 currents, while Kir2.2 knockout reduces the currents
by 50% (Zaritsky et al. 2001). This suggests that Kir2.1 is the dominant expressing
subunit and Kir2.2 contributes to the current by assembling with Kir2.1. Kir2.1
dysfunction due to 21 mutations identified in 30 families have been identified to
cause Andersen-Tawil syndrome (ATS) by multiple mechanisms, including alloste-
ric decreases in channel-PIP2 interactions (Donaldson et al. 2004; Lopes et al. 2002).
ATS is an autosomal-dominant disorder resulting in cardiac arrhythmias (long Q-T
syndrome 7, LQT7), periodic paralysis, and dysmorphic bone structure in the face
and fingers (Tawil et al. 1994). The cardiac symptoms entail a depolarized VREST

and this loss of the stabilization of Vm can trigger arrhythmias. The inability to
contribute to the late phase of the repolarization of the action potential results in a
prolonged action potential duration, hence the LQT7 arrhythmia. Differential
expression is seen within tissues of the same organ, as in the heart for example,
where dominant expression in the atria is seen for Kir2.3, while in the ventricles for
Kir2.1 (Anumonwo and Lopatin 2010). Besides ATS, Kir2.1 has been implicated in
atrial fibrillation (AF), the most prevalent arrhythmia that ranges from 1–2% in the
general population to 9–10% in the elderly population (Dobrev et al. 2005). Kir3.1
and Kir3.4 have also been implicated in AF but will be discussed in the next section
devoted to Kir3 channels. Enhanced expression of the Kir2.1 channel leads to AF
and this has been linked with downregulation for two microRNAs: miR-1
(Girmatsion et al. 2009; Yang et al. 2007) and miR-26 (Luo et al. 2013). Addition-
ally, the Kir2.1(V93I) is a gain-of-function mutation that has been linked to heredi-
tary AF (Xia et al. 2005).

Skeletal muscle: The periodic paralysis symptom of ATS is due to the effects of
the IKir2.1 reduction in skeletal muscle. There, the depolarized VREST inactivates Nav
channels making them unavailable for initiation and propagation of the action
potential, leading to paralysis. Kir2.1 has been reported to be essential for myoblast
differentiation (Konig et al. 2004) and also for fusion of mononucleated myoblasts to
form multinucleated skeletal muscle fibers (Fischer-Lougheed et al. 2001). Kir2.1
underlies a 60 mV hyperpolarization in the VREST of myoblasts during development,
which drives Ca2+ entry through Ca2+-permeant ion channels that promotes
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differentiation and fusion of myoblasts. Even though there are no gross skeletal
muscle developmental defects in ATS patients, their “slender” built could be related
to the mild developmental defects caused by the Kir2.1 dysfunction. Kir2.6 is also
expressed in skeletal muscle and as already mentioned is nearly identical to Kir2.2
(Ryan et al. 2010). It was discovered in a screen for candidate genes responsible for
thyrotoxic hypokalemic periodic paralysis, a serious complication of hyperthyroid-
ism characterized by skeletal muscle paralysis and hypokalemia, affecting young
adult male patients of Asian descent (Kung et al. 2006). The gene coding for Kir2.6
(KCNJ18) is transcriptionally regulated by thyroid hormone via a thyroid-responsive
element in its promoter region. Thirty three percent of the patients afflicted by this
condition bear mutations mainly localized in the C-terminus causing decreased
current densities (de Boer et al. 2010). Destabilizing VREST would inactivate Nav
channels yielding paralysis.

Bone: The dysmorphic facial bone structure defects point out the role of Kir2.1
channels in bone development. Indeed, it has been recently reported that Kir2.1 is
important for efficient signaling by the bone morphogenic proteins in mammalian
face development (Belus et al. 2018).

Blood vessels – Endothelial cells: Both the endothelial and smooth muscle cells
that comprise the vasculature express Kir2 channels (Adams and Hill 2004; Nilius
and Droogmans 2001). In fact, for vascular endothelial cells these are considered the
most prominent channels expressed (Nilius and Droogmans 2001; Nilius et al. 1993;
von Beckerath et al. 1996). By setting VREST near EK, they drive Ca2+ entry into
endothelial cells (Kwan et al. 2003; Wellman and Bevan 1995) that triggers
NO-mediated vasodilation. More recently, Kir2.1 channels were shown to boost the
endothelial cell-dependent vasodilation generated by Ca2+-dependent activation of
small and intermediate conductance Ca2+-activated K+ channels in resistance-sized
arteries (Sonkusare et al. 2016). In aortic endothelial cells evidence has suggested that
Kir2.2 channels are the dominant Kir2 conductance (Fang et al. 2005).

Smooth muscle cells: A mild increase in [K+]o (from 6 to 15 mM) hyperpolarizes
the Vm of smooth muscle cells by 15 mV (from �45 to �60 mV) by increasing Kir
conductance and vasodilating cerebral and coronary arteries (Knot et al. 1996;
McCarron and Halpern 1990; Nelson et al. 1995). The hyperpolarization closes Cav
channels reducing [Ca2+]i leading to vasodilation (Knot and Nelson 1998). In cerebral
arteries, evidence has been presented arguing for astrocyte secretion of K+ upon
neuronal stimulation, suggesting a way to couple neuronal activity to local blood
flow in the brain (Filosa et al. 2006). Kir2.1, rather than Kir2.2 or Kir2.3, is thought to
underlie these hyperpolarization effects in vascular smooth muscle cells (Bradley et al.
1999; Zaritsky et al. 2000). This capillary-to-arteriole coupling, whereby neuronal
activity results in a small increase in extracellular K+, is sensed by the Kir2.1 channels
of capillaries to increase Kir2.1 outward current and hyperpolarization that in turn
vasodilates the arterioles to cause an increase in local cerebral blood flow (Longden
et al. 2017). Interestingly, this is a regulated process, as signaling through Gq-protein
coupled receptors (GqPCRs) that hydrolyzes PIP2 prevents activation of Kir2.1 by the
[K+]o increase and uncouples this intricate sensing mechanism (Harraz et al. 2018).

Neurons: Kir2 channels are abundantly and differentially expressed in somata and
dendrites of neurons in the brain: diffusely and weakly in the whole brain (Kir2.1),
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moderately throughout the forebrain and strongly in the cerebellum (Kir2.2), mainly
in the forebrain and olfactory bulb (Kir2.3), and in the cranial nerve motor nuclei in
the midbrain, pons (Kir2.4) (Hibino et al. 2010). PIP2 depletion, once again,
modulates activity, this time of striatopallidal neurons, as stimulation of their
dendritic spines that contain Kir2.3 channels results in enhancement of dendritic
excitability (Shen et al. 2007). The microvilli of Schwann cells at the node of
Ranvier express Kir2.1 and Kir2.3 which may be serving a buffering role to maintain
[K+]o by absorbing excess K+ released by excited neurons as done by astroglia
(Mi et al. 1996).

2.4 Pharmacology

Kir2 channel inhibitors: A number of small molecule inhibitors for Kir2 channels
have been reported. Tamoxifen, an estrogen receptor antagonist for breast cancer
treatment, inhibits Kir2.1, Kir2.2, and Kir2.3. The experimental results suggested the
compound inhibits the channels by interfering with channel–PIP2 interactions
(Ponce-Balbuena et al. 2009). Chloroquine, an important anti-malaria drug, inhibits
the Kir2.1 channel and can induce lethal ventricular arrhythmias. Molecular
modeling and mutagenesis suggested that chloroquine blocks the Kir2.1 channel
by plugging the cytoplasmic conduction pathway, interacting with the negatively
charged and aromatic residues within the central pocket (Rodriguez-Menchaca et al.
2008).

Gambogic acid (GA) was discovered as a Kir2.1 inhibitor through a library
screening of 720 naturally occurring compounds. GA acts slowly at nanomolar
concentrations to abolish Kir2.1 but not Kv2.1, HERG or Kir1.1 channel activity.
GA could interfere with Kir2.1 channel trafficking to the cell surface (Zaks-Makhina
et al. 2009). VU573 was discovered through a thallium (Tl+) flux-based high-
throughput screen of a Kir1.1 inhibitor library. The compound inhibits Kir3,
Kir2.3, and Kir7.1 over Kir1.1 and Kir2.1 channels (Raphemot et al. 2011).
ML133 was discovered through a high-throughput screen (HTS) of a library
(>300,000 small molecules). It inhibits Kir2.1 with little selectivity against other
Kir2 family channels. However, ML133 has no effect on Kir1.1, and a weak
activating effect on Kir4.1 and Kir7.1 channels. Using a chimera between Kir2.1
and Kir1.1, the molecular determinants were identified to be residues D172 (the
“rectification controller” residue) and I176 (one of the two HBC gates, I177 in
Kir2.2) of the TM2 segment in Kir2.1 (Wang et al. 2011). Chloroethylclonidine
(CEC) has been reported as an agonist for α2-adrenergic receptors and an antagonist
for α1x-receptors. It inhibits Kir2.1 by directly blocking the channel pore, possibly at
an intracellular polyamine binding site. Mutation of E172 in Kir2.1 to asparagine
abolished CEC inhibition (Barrett-Jolley et al. 1999). Celastrol has been discovered
as an inhibitor for the Kir2.1 and hERG channels and causes QT prolongation. It also
alters the rate of channel transport and causes a reduction of channel density at the
cell surface (Sun et al. 2006a). 3-bicyclo [2.2.1] hept-2-yl-benzene-1,2-diol was
discovered as an inhibitor of the Kir2.1 and Kv2.1 channels through screening of
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10,000 small molecules from a combinatorial chemical library. It is a weak inhibitor
of Kir2.1 compared to Kv2.1 channels (Zaks-Makhina et al. 2004).

Kir2 channel activators: Pregnenolone sulfate (PREGS) belongs to the
neurosteroid family and has been shown to be a Kir2.3 activator from the extracel-
lular side of the membrane with no effect from the intracellular side. The activation
was not affected by changes in the external pH. Other Kir channels, such as, Kir1.1,
Kir2.1, Kir2.2, and Kir3 channels, were insensitive to PREGS (Kobayashi et al.
2009). Tenidap was discovered as a potent activator of Kir2.3 channels using an
86Rb+ efflux assay. The action of tenidap was from the extracellular side of the
membrane. It had little or no effect on Kir2.1, Kv1.5, and Nav channels. Tenidap
could serve as a pharmacological tool, an opener of Kir2.3 channels (Liu et al. 2002)
(Table 3).

Table 3 Small molecule inhibitors and activators of Kir2 channels

Drug name
Species
system

Potency (IC50/
EC50) References

Inhibitor

ML133 HEK-293
cells

Kir2.1
(IC50 ¼ 1.8 μM)
Kir2.6
(IC50 ¼ 2.8 μM)
Kir2.2
(IC50 ¼ 2.9 μM)
Kir2.3
(IC50 ¼ 4.0 μM)

Wang et al. (2011)

VU573 HEK-293
cells

Kir2.3
(IC50 ¼ 4.7 μM)

Raphemot et al. (2011)

Tamoxifen (antiestrogens) HEK-293
cells

Kir2.1
(IC50 ¼ 0.93 μM)
Kir2.2
(IC50 ¼ 0.87 μM)
Kir2.3
(IC50 ¼ 0.31 μM)

Ponce-Balbuena et al.
(2009)

Gambogic acid (xanthonoid) HEK-293
cells

Kir2.1
(IC50 ¼ 27 nM)

Zaks-Makhina et al.
(2009)

Chloroquine
(4-aminoquinoline)

HEK-293
cells

Kir2.1
(IC50 ¼ 8.7 μM

Rodriguez-Menchaca
et al. (2008)

Chloroethylclonidine
(imidazoline)

Skeletal
muscle

Kir2.1
(IC50 ¼ 37 μM)

Barrett-Jolley et al.
(1999)

Celastrol (dienonephenolic
triterpene)

HEK-293
cells

Kir2.1
(IC50 ¼ 20 μM)

Sun et al. (2006a)

3-Bicyclo[2.2.1] hept-2-yl-
benzene-1,2-diol

HEK-293
cells

Kir2.1
(IC50 ¼ 60 μM)

Zaks-Makhina et al.
(2004)

Activator

Pregnenolone sulfate
(neurosteroids)

Xenopus
oocytes

Kir2.3
(EC50 ¼ 1.43 μM)

Kobayashi et al. (2009)

Tenidap (indoles) CHO cells Kir2.3
(EC50 ¼ 402 nM)

Liu et al. (2002)
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2.5 Structural Studies

Channel activation of all Kir channels requires PIP2, but Kir2 channels have been
shown to require an additional secondary non-specific phospholipid (PL-) (i.e., PA,
phosphatidic acid; PG, phosphatidylglycerol; PS, phosphatidylserine; PI,
phosphatidylinositol) for high PIP2 sensitivity. Lee et al. (2013) using molecular
docking simulations and experimental validation identified a putative anionic phos-
pholipid [PL(�)] binding site, which is located adjacent to the PIP2 binding site
formed by two lysine residues, K64 and K219. Neutralization of either of these
residues to Cys reduces channel activity, but lipid-tethering K64C with decyl-MTS
(methanethiosulfonate) induces high-affinity PIP2 activation even in the absence of
PL(�). These results suggest a molecular mechanism for a PL(�) synergistic effect
on PIP2-dependent activation of Kir2 channels. Interestingly, the residues K64 and
K219 in Kir2.1 are not highly conserved in the Kir channel family. For example, the
corresponding residues in Kir 3.2 are E71 and N229 (Fig. 9). Thus, for Kir3
channels, instead of PL(�), it is the regulators Gβγ and Na+ that play a critical role
in stimulating channel activity by enhancing channel-PIP2 interactions (Lee et al.
2013). Lee and colleagues further characterized the PL(�) site by introducing a Trp
mutation at the K62 position in Kir2.2 channel (corresponding to the K64 in Kir2.1),
which enhances PIP2 sensitivity even in absence of PL(�). High-resolution crystal
structures of Kir2.2(K62W) were solved in the presence and absence of PIP2. The
mutation caused a tight tethering of the CTD to the TMD of the channel regardless of
the presence of PIP2 and mimicked the PL(�) binding to the second site, inducing
formation of the high affinity primary PIP2 site. MD simulations have revealed a
more extensive hydrogen bonding to basic residues at the PIP2 binding site in the
Kir2.2 (K62W) mutant compared to the wild-type channel (Lee et al. 2016). To
elucidate the open conformation and mechanism of K+ ion permeation, Zangerl-
Plessl et al. (2020) introduced an additional G178D mutation in the Kir2.2 (K62W)
mutant channel to generate the “forced open” mutant channel (KW/GD). Crystal
structures of the KW/GD mutant channel were solved in the presence and absence of
PIP2. The PIP2 bound form of the KW/GD structure showed a slight widening of the
HBC gate (�1.5 Å) compared to the PIP2 bound K62W structure. However,
microsecond MD simulations for KW/GD in lipid bilayer showed opening of the
HBC gate and K+ permeation. Simulation results showed K+ ion permeation through
the SF via a strict ion-ion knock-on mechanism with rates comparable to the
experimentally measured ion conductance (Zangerl-Plessl et al. 2020).

3 G Protein Kir3 Channels

3.1 Historical Perspective

In the mid-1950s after the advent of intracellular microelectrodes and voltage-clamp
techniques Burgen and Terroux (1953) revisited the vagal induced hyperpolarization
of heart muscle reported by Gaskell in the mid-1880s (Gaskell 1886; Gaskell 1887).
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They first confirmed that hyperpolarization is induced by ACh application (Burgen
and Terroux 1953) and then by measuring the effect of external K+ concentration on
resting potential in the absence and presence of ACh, they also demonstrated that an
increased cell permeability to potassium may underlie hyperpolarization. Del
Castillo and Katz used microelectrodes to directly show hyperpolarization of the
sinus node upon vagal stimulation (Del Castillo and Katz 1955). Voltage clamp
allowed Trautwein and Dudel to directly confirm changes in cell potassium perme-
ability by measuring K+ reversal potentials (Trautwein and Dudel 1958). Noma and
Trautwein studied activation kinetics of ACh-induced K+ currents and concluded
that ACh binding activates a specific ion channel, KACh (Noma and Trautwein
1978). The introduction of the patch-clamp technique (Hamill et al. 1981) led to
the first single-channel recordings of KACh currents (IK-ACh) (Sakmann et al. 1983),
which clearly demonstrated kinetic properties distinct from other background potas-
sium channels. In the mid-1980s five studies shed light as to how ACh activated
IK-ACh. First, following the advent of the patch-clamp technique, Soejima and Noma
demonstrated the membrane-delimited nature of IK-ACh activation, when in cell-
attached recordings they showed that ACh could only activate the channels if it was
perfused (or loaded) directly in the pipette but not in the bath, arguing that no second
messenger was involved in activating IK-ACh (Soejima and Noma 1984). The
following year two reports published back-to-back provided evidence that pertussis
toxin- (PTX-) sensitive Gi/o proteins coupled muscarinic receptors to IK-ACh, either
by showing that PTX treatment disabled ACh stimulation of channel activity
(Pfaffinger et al. 1985) or showing that non-hydrolyzable GTP analogs activated
IK-ACh constitutively (Breitwieser and Szabo 1985). The following year using inside-
out patches from atrial cells Kurachi and colleagues showed that in the presence of
adenosine (or ACh) in the pipette GTP perfusion in the bath supported activation of
IK-ACh (Kurachi et al. 1986). In 1987, Logothetis and colleagues showed that purified
Gβγ (but not Gα subunits) activated IK-ACh in a manner similar to non-hydrolyzable
GTP analogs, identifying IK-ACh as the first direct effector of the Gβγ subunits
(Fig. 5a – top). A controversy arose as Birnbaumer and Brown argued that the
activated Gα (i.e., Gα-GTPγS) and not the Gβγ subunits were the activators of IK-ACh
(Birnbaumer and Brown 1987). The controversy was resolved 7 years later when
Reuveny and colleagues confirmed with recombinant channels in Xenopus oocytes
that Gβγ subunits were the G protein activators of IK-ACh (Reuveny et al. 1994).
Intracellular Na+ ions were also shown to activate Kir3.4 and Kir3.2 homo- and
heterotetramers in a G protein-independent manner (Ho and Murrell-Lagnado 1999;
Sui et al. 1996). Ethanol was also shown to activate Kir3 currents (Kobayashi et al.
1999; Lewohl et al. 1999). In 1998, Kir3 currents activated by Gβγ or Na+ were
shown to require PIP2 in the plasma membrane for activation (Huang et al. 1998;
Petit-Jacques et al. 1999; Sui et al. 1998). Although for classical Kir channels, PIP2
was sufficient to stimulate activity, Kir3 channels required a gating molecule (e.g.,
Na+, Gβγ, alcohol, etc.) together with PIP2 to stimulate activity (Huang et al. 1998;
Sui et al. 1998). These gating molecules seemed to strengthen the interactions of
Kir3 channels with PIP2, as a single point mutant (Kir3.4-I229L) removed the
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requirement for gating molecules, allowing PIP2 to activate on its own (Zhang et al.
1999).

3.2 Subfamily Members and Tissue Distribution

It wasn’t until 1993 that the first member Kir3.1 of this subfamily was cloned
(Dascal et al. 1993; Kubo et al. 1993b). The following year the neuronal Kir3.2
and Kir3.3 subunits were identified (Lesage et al. 1994). Finally, in 1995 the Kir3.4
subunit was cloned and when co-expressed together with Kir3.1 was shown to
produce the biophysical properties of IK-ACh expressed in heterologous cells (Chan
et al. 1996; Krapivinsky et al. 1995). Kir3.2 and Kir3.4 are capable of conducting
currents through homotetramers, while Kir3.1 and Kir3.3 need to heteromerize with

Fig. 5 The Kir3 GEMMA (Gi/opcr-Effector-Macromolecular-Membrane-Assembly) before acti-
vation (name/concept adapted from Ferré et al. 2021)
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other subunits to produce functional channels. In the brain, multiple signals includ-
ing ACh, adenosine, dopamine, opioids, GABA, etc. bind their respective Gi/o

protein-coupled receptors (Gi/oPCRs) to activate Kir3 channels using the Gβγ
subunits of PTX-sensitive G proteins (Fig. 5b – bottom). Expression of different
subunits within distinct neuronal populations defines their responsiveness to
neurotransmitters. The ventral tegmental area (VTA) in the reward centers of the
brain illustrates well the relevance of the Kir3 subunit composition (Lujan et al.
2014). Dopaminergic neurons within the VTA do not express Kir3.1 but do express
Kir3.2 and Kir3.3, producing Kir3.2 homotetramers as well as Kir3.2/3.3
heterotetramers (Cruz et al. 2004; Jelacic et al. 2000; Kotecki et al. 2015).
GABAergic neurons within the VTA also express Kir3.2 and Kir3.3 along with
Kir3.1 producing also the dominating Kir3.1/3.2 heterotetramers. VTA dopaminer-
gic neurons show less sensitivity to GABA than GABAergic neurons do (Cruz et al.
2004; Labouebe et al. 2007). Genetic ablation of Kir3.3 in the dopaminergic neurons
enhances their sensitivity to GABA, suggesting an inhibitory role by Kir3.3. Thus,
low concentrations of agonists preferentially inhibit GABAergic neurons and
thereby disinhibit dopaminergic neurons. This disinhibition might confer reinforcing
properties on addictive GABAB receptor agonists (Labouebe et al. 2007).

Three major alternatively spliced isoforms of Kir3.2 are differentially expressed
in the brain Kir3.2a-c. Kir3.2c is longer than Kir3.2a, which is longer than Kir3.2b
and also shows differences in 8 C-terminal aa (Hibino et al. 2010). In the periphery,
Kir3 channels show moderate expression in the heart and pancreas (Fig. 2) as well as
in the testis and the pituitary and adrenal glands.

Heart: Kir3.1 and Kir3.4 subunits are predominantly expressed in the atria, in
nodal cells and pulmonary vein myocardial sleeves (Ehrlich et al. 2004; Greener
et al. 2011; Krapivinsky et al. 1995). Expression in mouse ventricles has also been
reported but it is not thought to impact cardiac physiology or ventricular
arrhythmogenesis (Anderson et al. 2018).

Pancreas: Four Kir3 isoforms have been reported to be expressed and play
important roles in the physiology of the pancreas. Kir3.4 subunits exist in α, β,
and δ cells of pancreatic islets and in the exocrine pancreas, whereas the Kir3.2c
isoform is expressed in α and δ cells (Ferrer et al. 1995; Iwanir and Reuveny 2008;
Vaughn et al. 2000; Yoshimoto et al. 1999).

Testis: Kir3.1 and Kir3.2d (another splice isoform, 18 aa shorter than Kir3.2c, that
has been described only in the testis) have been reported to be expressed in the
spermatids and in spermatogonia and spermatocytes (Inanobe et al. 1999).

Anterior pituitary lobe: Kir3.1, Kir3.2, and Kir3.4 have all been reported to be
expressed in the anterior pituitary (Gregerson et al. 2001; Morishige et al. 1999).

Adrenal gland: Since 2011 it was reported that in patients with severe hereditary
hypertension Kir3.4 mutations were found in adrenal aldosterone-producing
adenomas to cause hyperaldosteronism. These findings brought a greater apprecia-
tion of the role of Kir3.4 in aldosterone production and disease (Choi et al. 2011;
Gomez-Sanchez and Oki 2014). Other tissues including the eye, skin, and the colon
have also been reported to express Kir3 channels (Huang et al. 2018a; Yamada et al.
1998).
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Central nervous system (CNS): Kir3.1-Kir3.3 are expressed throughout, with
highest levels seen in the olfactory bulb, neocortex, hippocampus, and the granule
cell layer of the cerebellum but notably also in the amygdala, thalamus, substantia
nigra, ventral tegmental area, locus coeruleus, some nuclei of the brainstem, and the
spinal cord (Kobayashi and Ikeda 2006; Lujan and Aguado 2015). In contrast,
Kir3.4 is expressed in relatively fewer brain regions with highest levels in deep
cortical pyramidal neurons, the endopiriform nucleus and claustrum of the insular
cortex, the globus pallidus, the ventromedial hypothalamic nucleus, parafascicular
and paraventricular thalamic nuclei, and a few brainstem nuclei, such as the inferior
olive and vestibular nuclei (Wickman et al. 2000).

3.3 Physiology/Pathophysiology

Physiology: The Kir3 channels and the adenylyl cyclase enzymes have been studied
extensively as prototypical effectors coupled to G proteins and their corresponding
GPCRs. There is a vast body of literature supporting the existence of pre-coupled
macromolecular complexes that have been coined as GEMMAs, GPCR-Effector-
Macromolecular-Membrane-Αssemblies (Ferré et al. 2021). Thus, the various Gi/

oPCRs-Gαi/oβγ-Kir3 channel tetramers constitute unique GEMMAs (Fig. 5). The
GEMMA concept is significant in that it extends the collision coupling model by
which receptors, G proteins, and effectors communicate and transduce signals. In a
GEMMA, agonists set a series of conformational changes in the pre-coupled
elements that communicate with each other like clock gears rather than billiard
balls. Clearly, the best evidence for GEMMAs is yet to come from high-resolution
structures capturing them in their pre-coupled inactive and active states and
elucidating their interactions at atomic resolution. With cryogenic electron micros-
copy (cryo-EM) having achieved technological breakthroughs in the past decade,
structures of complexes are becoming a reality and it is only a matter of time before
we obtain high-resolution images of GEMMAs. Computational power to perform
dynamic simulations of large systems is also in the midst of technological
breakthroughs, such that the workings of GEMMAs can be captured in the course
of a computer simulation. This unprecedented progress in our ability to make reliable
dynamic structure-based models of macromolecular membrane assemblies of
proteins promises to illuminate our understanding of the molecular physiology and
pharmacology of GEMMAs.

GEMMAs use a core assembly, as shown in Fig. 5 with the examples of the KACh

and KMOR GEMMAs, to carry out their basic function but can accommodate in a
dynamic manner the coming and going of multiple other partners to fine-tune
effector function in response to external and internal signals. Each member of the
core GEMMA can recruit additional regulatory partners or scaffold proteins that
orchestrate a symphony of regulatory partners with the GEMMA core proteins. RGS
(regulator of G protein signaling) proteins, for example, enhance the GTPase activity
of G proteins and as such they accelerate receptor-induced Kir3 current deactivation
kinetics and inhibit GPCR-Kir3 signaling (Doupnik 2015; Doupnik et al. 1997;

298 M. Cui et al.



Sjogren 2011). Molecular platforms to achieve subcellular localization of membrane
proteins or post-translational modifications needed to serve the physiology of the
GEMMA have been reviewed by Ferré and colleagues (2021).

Utilization of motifs in the C-termini of any of the core proteins of the GEMMA
can recruit specific modulatory proteins. As an example, let us consider the Kir3
channels using their PDZ domains to recruit scaffold proteins. The PDZ domain is a
common structural domain of 80–90 amino acids found in signaling proteins from
bacteria to animals. Proteins containing PDZ domains play a key role in anchoring
receptor proteins in the membrane to cytoskeletal components. Proteins with these
domains help hold together and organize signaling complexes at cellular
membranes. PDZ got its name by combining the first letters of the first three proteins
discovered to share the domain – post synaptic density protein (PSD95), Drosophila
disc large tumor suppressor (Dlg1), and zonula occludens-1 protein (zo-1). Scaffold
proteins of the PSD-95 and Shank families recognize class I PDZ motifs (x-S/T-x-F:
F is a hydrophobic aa and x is any aa) and can bind the C-termini of these channel
subunits. Kir3.2c and Kir3.3 possess a C-terminal motif for class I PDZ domain-
containing proteins (ESKV) that is absent in Kir3.2a. PDZ-scaffold proteins are
considered to be one of the major determinants of postsynaptic localization of
various proteins (Sheng and Sala 2001). Thus, Kir3.2c and Kir3.3 channels could
be localized post-synaptically through direct or indirect interactions with
PDZ-scaffold proteins. Classical Kir2 channels, for which there is no evidence that
they are part of a GEMMA, also contain class I PDZ motifs. Interestingly, Kir2, but
not Kir3 subunits, has been found to interact directly with PSD-95 (Nehring et al.
2000), indicating that the mere presence of the binding motif does not necessarily
imply a direct binding of the scaffold protein. Instead, the scaffold protein sorting
nexin 27 (SNX27) binds the Kir3.2c and Kir3.3 channels but not the Kir2 (or a Kir4
channel that also contains the motif (Balana et al. 2011; Lunn et al. 2007)). SNX27
association with the Kir3 subunits leads to a reduction of signaling at the plasma
membrane, likely by promoting internalization of the channel (Lunn et al. 2007).
This example points to how subunit composition (in this case Kir3.2c and Kir3.3)
makes the channel and potentially its GEMMA prone to another regulatory control
of channel density at the plasma membrane to control cellular function. Interactions
of Kir3.1/3.2 with NCAM (neural cell adhesion molecule) in lipid raft microdomains
of hippocampal neurons have been reported to decrease Kir3.1/3.2 cell surface
density (Delling et al. 2002).

Finally, let us consider post-translational modifications of Kir3 channels, such as
phosphorylation. Kir3 (as well as several other Kir) channels have been reported to
be modified in a functionally meaningful manner by phosphorylation, e.g. by protein
kinases A and C (PKA, PKC): (Keselman et al. 2007; Leaney et al. 2001; Lei et al.
2001; Lopes et al. 2007; Mao et al. 2004; Medina et al. 2000; Mullner et al. 2000;
Sharon et al. 1997; Sohn et al. 2007; Stevens et al. 1999; Witkowski et al. 2008;
Gada and Logothetis 2021). Another large (more than 50-member) class of scaffold-
ing proteins called AKAPs (A kinase anchoring proteins) binds to a common motif
on effectors or GPCRs to organize recruitment of specific kinases and phosphatases
(e.g., AKAP5 anchors PKA, PKC, calcineurin to proteins it binds) to modify the
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protein(s) of interest (Ferré et al. 2021). Is phosphorylation of Kir3 channels
involving the use of scaffolding partner proteins, such as AKAPs? Although direct
evidence is not yet available for Kir channels, GPCRs have been studied extensively
and as parts of a GEMMA they could provide the organization needed for phos-
phorylation/dephosphorylation of Kir channels. Pathophysiology Studies on mutant
mice lacking specific Kir3 subunits have provided evidence for physiological/
pathophysiological effects suggesting these channels as therapeutic targets and
highlighting the usefulness of potential Kir3 activators/inhibitors (Fig. 6).

Cardiac arrhythmias: As we have discussed above, stimulation of M2R in
supraventricular tissues by ACh released by the vagus nerve activates IK-ACh slowing
down heart rate and endowing the heart with the adaptability needed to respond to
rate adjustments (heart rate variability or HRV) and meet the demands of the body,

Fig. 6 Pathophysiological Kir3 conditions and drug regulators needed as potential therapeutics
(A) Activators (I) Inhibitors. CB, cannabinoids, ETOH ethanol, MOR μ-opioid receptor, PSVT
paroxysmal supraventricular tachycardia
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as in exercise. Adenosine has similar effects on IK-ACh (Kurachi et al. 1986), acting
through adenosine 1 receptors (A1Rs). Although Kir3.4 or Kir3.1 knockout in mice
resulted at best in mild resting tachycardia, these deletions strongly decreased
chronotropic response and HRV (Bettahi et al. 2002; Wickman et al. 1998). Kir3.4
loss of function mutations in people have been described resulting in Long QT
(LQT) syndrome (Yang et al. 2010). Similarly, in cases of paroxysmal supraventric-
ular tachycardia (PSVT), adenosine and other A1R receptor agonists have been used
successfully for its acute treatment (Prystowsky et al. 2003). Vagal denervation
(or knockout of the Kir3.4 channel) prevents the induction of atrial fibrillation (AF),
the most common arrhythmia in clinical practice (Kovoor et al. 2001). On the other
hand, gain of function conditions, such as vagal stimulation, predispose to AF. In
AF, a constitutive increase in IKACh, in the absence of channel stimulation by
acetylcholine, promotes the shortening of action potential duration (Carlsson et al.
2010; Dobrev et al. 2005; Kovoor et al. 2001). This increase in basal activity of the
channel is ATP dependent and is enhanced in the presence of phosphatase inhibitors
(Makary et al. 2011), suggesting kinase-mediated activity. Conventional PKC
isoforms inhibit, while novel PKC isoforms stimulate IK-ACh (Makary et al. 2011).
A decrease in PKCα and a concomitant increase in PKCε expression have been
reported from patients with AF (Voigt et al. 2014; Gada and Logothetis 2021).

Hyperaldosteronism: As mentioned above, Kir3.4 mutations were found in
adrenal aldosterone-producing adenomas causing hyperaldosteronism in patients
with severe hereditary hypertension (Choi et al. 2011).

Hyperalgesia and decreased analgesia: Kir3.1 and/or Kir3.2 knockout mice
exhibit hyperalgesia (Marker et al. 2004). Moreover, Gi/oPCR ligands for opioid,
M2 muscarinic, α2 adrenergic, GABAB, and cannabinoid receptors show reduced
analgesic effects in Kir3.2 and/or Kir3.3 knockout mice (Blednov et al. 2003; Cruz
et al. 2008; Lotsch et al. 2010; Lujan et al. 2014; Luscher and Slesinger 2010;
Mitrovic et al. 2003; Nishizawa et al. 2009; Smith et al. 2008; Tipps and Buck 2015).
Gene polymorphisms in KCNJ6 (coding of Kir3.2) in humans have been associated
with analgesia and pain sensitivity (Bruehl et al. 2013; Nishizawa et al. 2014). Thus,
a plethora of studies converge on the mechanism that Kir3 channel activation
induces analgesia accounting for the action of many drugs that reduce pain.

Drug addiction: As discussed earlier, Kir3 channels are thought to play an
important role in the communication between the midbrain GABAergic and VTA
dopaminergic neurons in the mesolimbic reward system, resulting in disinhibition of
the VTA dopaminergic neurons which have been connected to reward behaviors
(Kotecki et al. 2015; Marron Fernandez de Velasco et al. 2015; Tipps and Buck
2015). Kir3 channels play a role in mediating the rewarding effects of ethanol and
addictive drugs that target GPCRS, such as theMOR and cannabinoid type 1 receptor
(Blednov et al. 2003; Blednov et al. 2001a; Blednov et al. 2001b; Marron Fernandez
de Velasco et al. 2015; Nagi and Pineyro 2014; Nassirpour et al. 2010; Rifkin et al.
2017; Tipps and Buck 2015). Kir3.2 and Kir3.3 knockout mice showed reduced self-
administration of cocaine compared to wild-type mice indicating that in the absence
of Kir3 channels the behavioral response to drugs of abuse is altered (Morgan et al.
2003). It has been shown in multiple cell lines that exposure to these addictive drugs
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reduces Kir3 currents (Marron Fernandez de Velasco et al. 2015; Rifkin et al. 2017;
Tipps and Buck 2015). Recent studies have attempted to generate cell-specific Kir3
channel knockouts with cre-lox methodologies (Kotecki et al. 2015). Whether
specific Kir3 subunit composition selective modulators could become useful
pharmacotherapies for managing addiction remains to be tested.

Epilepsy: Unlike Kir3.4 (Wickman et al. 2000), Kir3.2 knockout mice exhibit
spontaneous seizures and increased susceptibility to a convulsant agent (Signorini
et al. 1997). Adenosine-induced hyperpolarization in hippocampal brain slice
recordings could be blocked by a Kir3 blocker, which induced seizure activity
(Hill et al. 2020). In temporal lobe epilepsy, the most common epilepsy in adults
(Tellez-Zenteno and Hernandez-Ronquillo 2012) that progresses to drug-resistant
seizures, N-methyl-D-aspartate receptor (NMDAR) hyperactivity triggers apoptotic
mechanisms, including activation of cysteinyl aspartate-specific proteases (caspases)
that characterize the severity of epileptic seizures. It has been recently shown that
caspase-3 targets the Kir3.1 and Kir3.2 proteins, cleaving their C-terminal ends to
compromise Gβγ activation and cell surface localization of these channels,
implicating them strongly in the progression of this disease (Baculis et al. 2017).

Down syndrome: The KCNJ6 that encodes for Kir3.2 is located in human
chromosome 21. In Down syndrome there is a trisomy of chromosome 21, resulting
in a duplication of the KCNJ6 gene that alters synaptic transmission (Reeves et al.
1995; Sago et al. 1998). Full or partial duplication of the corresponding mouse gene
that contains KCNJ6 produced hallmark characteristics of the disease (Reeves et al.
1995; Sago et al. 1998). Kir3.2 protein upregulation resulted in altered reward
mechanisms, cognitive functions, and synaptic plasticity (Reeves et al. 1995; Sago
et al. 1998; Siarey et al. 1999). To control for the fact that there are several gene
duplications that make the pathophysiology more complex in this disorder, a single
trisomy of the KCNJ6 gene was produced in mice recapitulating deficits character-
istic of the syndrome, suggesting that triplication of only this gene is key in some of
the abnormal neurological phenotypes seen in Down syndrome (Cooper et al. 2012).

Alzheimer’s disease (AD): AD is characterized by progressive cognitive decline
accompanied by formation of amyloid-beta (Aβ) plaques, neurofibrillary tangles,
and aggregates of hyperphosphorylated tau protein. The main brain regions affected
by AD are the hippocampus and amygdala, where early onset AD pathogenesis is
seen (Arriagada et al. 1992; Haass and Selkoe 2007; Hardy and Selkoe 2002; Huang
and Mucke 2012; Swanberg et al. 2004; Zald 2003). Imbalances of excitatory/
inhibitory synaptic transmission occur early in the pathogenesis of AD, leading to
hippocampal hyperexcitability and causing synaptic, network, and cognitive dys-
function. Neuronal Kir3 channels control neuronal excitability contributing to the
inhibitory signaling in the hippocampus. The tonic Kir3 currents related to GABAB

receptors contribute critically to the balancing of membrane excitability and synaptic
transmission (Lujan et al. 2009; Nava-Mesa et al. 2013; Sanchez-Rodriguez et al.
2020). Intracerebroventricular injections of Aβ impaired inhibitory signaling and
disrupted synaptic plasticity (Sanchez-Rodriguez et al. 2017). Aβ25–35 significantly
decreased Kir3 channel conductance in the hippocampus (Mayordomo-Cava et al.
2015). RT-qPCR revealed that in CA3-CA1 hippocampal neurons application of Aβ
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decreased mRNA transcripts for Kir3.2, Kir3.3, and Kir3.4 subunits (Mayordomo-
Cava et al. 2015). Contradictory results have also been published suggesting that a
Kir3-mediated potassium efflux triggers apoptosis in hippocampal neurons (May
et al. 2017). These conflicting results will need to be resolved in future studies.

Fear: Kir3.2 knockout mice showed impairments in both hippocampal-
dependent contextual fear conditioning and hippocampal-independent cue fear con-
ditioning (Victoria et al. 2016). Mice subjected to auditory cue-induced fear extin-
guish the fear by activating pathways between basolateral amygdala (BLA) and the
nucleus accumbens (NAc) in the ventral striatum. BLA expresses all Kir3 isoforms,
except Kir3.4, and displays baclofen-induced Kir3 currents through GABAB

receptors (Xu et al. 2020).

3.4 Pharmacology

Kir3 channel inhibitors: Table 4 lists a number of inhibitors of Kir3 currents that
have been studied in supraventricular cardiac arrhythmias and AF in particular.

3.4.1 Inhibitors in Disease
Atrial fibrillation (AF): The discovery that potent low nanomolar inhibition of
Kir3.1/3.4 could be achieved by tertiapin (TPN), the 21 aa peptide extracted from
the honey bee venom that also inhibits similarly Kir1.1 channels (Jin and Lu 1998),
provided a useful tool to explore the role of this channel in AF. A non-oxidizable
variant of TPN(M13Q) (or TPNQ) shows a similar Ki value to TPN and is often used
instead (Jin and Lu 1999). Its specificity limitation, however, encouraged explora-
tion for small molecule inhibitors.

Three compounds in the benzopyran class emerged, NIP-142, NIP-151, and
NTC-801 with outstanding potency but not high enough specificity, especially
against the neuronal Kir3.1/3.2. NTC-801 in particular inhibited Kir3.1/3.4 channels
with a sub-nanomolar IC50 but inhibited Kir3.1/3.2 with an IC50 of 24 nM (Machida
et al. 2011).

Although NTC-801 was able to convert AF to normal sinus rhythm in canine
tachypacing models (Yamamoto et al. 2014), in clinical trials it failed to reduce AF
burden in 20 patients with paroxysmal AF (Podd et al. 2016). The reason for this
failure was likely that due to lack of specificity between Kir3.1/3.2 and Kir3.1/3.4 it
was not possible to reach concentrations required for antiarrhythmic effect without
producing CNS side effects. Cui and colleagues have revealed the mechanism of
action of this class of compounds by the prototypic Benzopyran-G1 (likely to be
NTC-801) revealing its binding site in Kir3.1 and showing that it acts
non-specifically in Kir3.1 heteromeric channels (Cui et al. 2021). Recently,
XAF-1407 was reported to inhibit Kir3.1/3.4 with an IC50 of 1 nM and to decrease
the AF rate in an equine model of persistent AF (Fenner et al. 2020) but whether due
to specificity issues it will have a similar fate as NTC-801 remains to be seen.

Pain: TPNQ (tertiapin-Q) was shown to reduce MOR agonist activity in the
immersion tail flick test (Marker et al. 2004). Additionally, intrathecal administration
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Table 4 Small molecule inhibitors and activators of Kir3 channels

Drug name
Species
system

Kir3.1/3.2 ~IC50/
EC50 or Tc (Tc:
typical
concentration) NR:
not reported

Kir3.1/3.4 ~IC50/
EC50 Tc (Tc: typical
concentration) N/A:
not applicable References

Inhibitor

Tertiapin-Q
(peptide)

Xenopus
oocyte

NR 0.0082 μM Jin and Lu
(1998)

SCH3390
(D1R
antagonist)

CHO
cells

7.78 μM NR Kuzhikandathil
and Oxford
(2002)

NIP-151
(tricyclic
benzopyran)

HEK-
293 cells

NR 0.0016 μM Hashimoto
et al. (2008)

NIP-142
(tricyclic
benzopyran)

Xenopus
oocyte
HEK293
cells

NR 10.0 μM
0.64 μM

Matsuda et al.
(2005, 2006)

NTC-801
(BMS914392)
BP-G1
(tricyclic
benzopyran)

Xenopus
oocytes
Guinea
pig atrial
cells

0.024 0.0007 μM Machida et al.
(2011)
Cui et al. (2021)

Halothane
(general
anesthetic)

Xenopus
oocyte

Tc ¼ 2MAC NR Yamakura et al.
(2001)

Haloperidol
(antipsychotic)

Xenopus
oocyte

75.5 μM 40.9 μM Kobayashi et al.
(2000)

Desipramine
(tricyclic
antidepressant)

Xenopus
oocyte

36.4 μM 53.9 μM Kobayashi et al.
(2004)

Methadone
(MOR agonist)

Xenopus
oocyte

53.3 μM NR Ulens et al.
(1999)

Ifenprodil
(α-1R
antagonist
NMDAR
inhibitor)

Xenopus
oocyte

7.01 μM 2.83 μM Kobayashi et al.
(2006)

Fluoxetine
(prozac -SSRI)

Xenopus
oocyte

16.9 μM 18.4 μM Kobayashi et al.
(2003)

Falcatin-A
(terpenoid)

HEK-
293 cells

NR 2.5 μM Vasas et al.
(2016)

VU573 HEK-
293 cells

1.3 μM 1.3 μM Raphemot et al.
(2011)

XAF-1407 HEK-
293 cells

NR 0.0011 μM Fenner et al.
(2020)

(continued)
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of TPNQ attenuated oxycodone-induced antinociceptive effects in mice (Nakamura
et al. 2014).

Epilepsy: TPNQ administered intrathecally induced seizures (Mazarati et al.
2006). Several drugs used clinically as antipsychotics and antidepressants in the
early 2000s (e.g., haloperidol, clozapine, desipramine, fluoxetine) were identified to
inhibit Kir3 channels at higher concentrations and to induce seizures as a side effect
(Kobayashi et al. 2000; Kobayashi et al. 2003; Kobayashi et al. 2004; Kobayashi
et al. 2006; Luscher and Slesinger 2010; Ulens et al. 1999; Yamakura et al. 2001).

Kir3 channel activators: Table 4 also lists a number of Kir3 activators. Specifi-
cally, there is a highly potent urea scaffold class that gave rise to a completely
neuronal specific Kir3.1/3.2 activator with no effect on the cardiac Kir3.1/3.4
channels (i.e., GAT1508 – see below – Xu et al. 2020).

Ethanol was the first direct Kir3 channel drug activator, as a series of N-alkyl
alcohols were shown to activate Kir3.1/3.2 and Kir3.1/3.4 channels with 1-propanol

Table 4 (continued)

Drug name
Species
system

Kir3.1/3.2 ~IC50/
EC50 or Tc (Tc:
typical
concentration) NR:
not reported

Kir3.1/3.4 ~IC50/
EC50 Tc (Tc: typical
concentration) N/A:
not applicable References

Activator

Ethanol
(n-alcohol)

Xenopus
oocyte

Tc ¼ 100 mM Tc ¼ 100 mM Kobayashi et al.
(1999), Lewohl
et al. (1999)

Naringin
(flavonoid)

Xenopus
oocyte

111.0 μM 120.9 μM Yow et al.
(2011)

ML297
(N-phenyl
pyrazole urea)

HEK-
293 cells

0.16 μM 1.8 μM Kaufmann et al.
(2013)

VU0466551
(N-benzyl
pyrazole urea)

HEK-
293 cells

0.07 μM 0.11 μM Wen et al.
(2013)

VU464
(N-cyclohexyl
pyrazole
acetamide)

HEK-
293 cells

0.165 μM 0.72 μM Wieting et al.
(2017)

GAT1508
(N-phenyl
pyrazole urea)

Xenopus
oocyte
HEK-
293 cells

0.37 μM
0.075 μM

N/A Xu et al. (2020)

VU331 HEK-
293 cells

5.2 μM
(Kir3.2 ¼ 5.1 μM)

N/A Kozek et al.
(2019)

Ivermectin
(antiparasitic)

Xenopus
oocyte

3.5 μM 7.5 μM Chen et al.
(2017)

GiGA1 (urea) HEK-
293 cells

31 μM NR Zhao et al.
(2020)
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being the most effective and potent activator (Kobayashi et al. 1999; Lewohl et al.
1999). In 2011 it was identified that at high micromolar concentrations the flavonoid
Naringin from grapefruit could activate Kir3.1/3.2 channels (Yow et al. 2011). In
2013, data mining and development of the thallium flux fluorescent assay for Kir
channels allowed for early identification of CID736191 (nF-ML297), revealing an
urea core scaffold that was connecting a left side benzene ring, to the N-phenyl
pyrazole on the right side (see Fig. 11, Kir3 Channel Activators, ML297) (Kaufmann
et al. 2013; Weaver et al. 2004; Wen et al. 2013). Structure-activity relationship
studies produced compound ML297 [1-(3,4-difluorophenyl)-3-(3-methyl-1-phenyl-
1H-pyrazol-5-yl) urea]. ML297 has a Kir3.1/3.2 EC50 of 0.160 μM and a Kir3.1/3.4
EC50 of 1.8 μM and did not show any local motor impairments at efficacious doses in
the rotor rod behavioral test in mice. ML297 was effective in two models of epilepsy
in mice (Kaufmann et al. 2013). A slight chemical modification of the ML297
scaffold changing a phenyl group to a benzyl group produced compound
VU0466551, 1-(1-benzyl-3-methyl-1H-pyrazol-5-yl)-3-(3,4-difluorophenyl) urea.
VU0466551 has a Kir3.1/3.2 EC50 of 0.07 μM and Kir3.1/3.4 EC50 of 0.11 μM
and was efficacious in two rodent models of pain (Abney et al. 2019; Wen et al.
2013). A second scaffold was data mined and screened for Kir3.1-containing
channel activity by Weaver and colleagues, VU0259369, (2-(2-chlorophenyl)-N-
(3-(N,N-dimethylsulfamoyl)-4-methylphenyl) acetamide) with an acetamide core,
similar to the Urea-pyrazole class of compounds. However, this compound lacked
selectivity and potency and was not pursued (Ramos-Hunter et al. 2013). The
following SAR reported in 2017 was a scaffold merging of ML297’s pyrazole
core and replacing the urea with the acetamide core from VU0259369 to yield the
hybrid compound VU0810464, 2-(3-chloro-4-fluorophenyl)-N-(1-cyclohexyl-3-
methyl-1H-pyrazol-5-yl) acetamide. VU0810464 was synthesized to improve
blood brain barrier (BBB) penetration (Wieting et al. 2017). In 2018, VU0810464
was evaluated in cultured hippocampal neurons and a stress induced hyperthermia
model for anxiety and was found to be effective at reducing induced hyperthermia
and activated Kir3 currents in hippocampal neurons (Vo et al. 2019). However,
VU0810464 was not efficacious in the elevated plus maze model of anxiety in mice,
similar to its parent compound ML297 (Vo et al. 2019). Recent studies identified
GAT1508, a highly selective potent and efficacious Kir3.1/3.2 activator, with an
EC50 of 0.075 μM, which is devoid of cardiac Kir3.1/3.4 channel activity (Xu et al.
2020). GAT1508 was evaluated in a rat auditory cue-induced fear extinction model
of post-traumatic stress disorder (PTSD) that was found to be effective at
extinguishing conditioned fear (Xu et al. 2020). GAT1508 also was found to induce
Kir3 currents in basolateral amygdala (BLA) brain slice recordings where at low
ineffective concentrations it potentiated baclofen-induced current showing syner-
gism (Xu et al. 2020). Additionally, in 2017 a larger macrocyclic antiparasitic drug,
Ivermectin was also shown to activate Kir3.1/3.2 channels with an EC50 of 3.5 μM
and Kir3.1/3.4 channel with an EC50 of 7.5 μM (Chen et al. 2017).
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3.4.2 Activators in Disease
Pain: Flupirtine, a non-opioid analgesic that non-selectively activates potassium
channels and indirectly antagonizes NMDA receptors, activated Kir3 channels in
rat hippocampal neurons and in cultured retinal ganglion cells (Jakob and Krieglstein
1997; Sattler et al. 2008). When given in combination with morphine it potentiated
antinociception in two rat models of pain, suggesting a role for Kir3 in flupirtine-
induced analgesia (Devulder 2010; Jakob and Krieglstein 1997).

Epilepsy: Gi/oPCR agonists, like a selective A1 adenosine receptor ligand, could
be effective in suppressing seizures in a model of pharmaco-resistant epilepsy in
mice (Gouder et al. 2003). Urea-based activators (e.g., ML297) of Kir3.1/3.2
heteromers have been shown to exert antiepileptic efficacy both in maximal electric
shock-induced and in chemically-induced models of epilepsy in rodents (Huang
et al. 2018b; Kaufmann et al. 2013; Zhao et al. 2020).

Alzheimer’s disease (AD): Activation of Kir3 channels by ML297 was able to
rescue all hippocampal deficits induced by intracerebroventricular injection of
Aβ1–42, restoring proper excitability in CA3-CA1 synapses (Sanchez-Rodriguez
et al. 2017). ML297 prevented increased excitability, restored long-term potentiation
(LTP) hindered by Aβ, and recovered hippocampal oscillatory activity (Sanchez-
Rodriguez et al. 2017). ML297 was also able to restore long-term potentiation and
novel object recognition deficits (Sanchez-Rodriguez et al. 2017). These findings
suggest that Kir3 channel activation may represent a novel therapeutic strategy to
recover excitation imbalances conferred by Aβ in early onset AD.

3.5 Structural Studies

Numerous MD simulation studies have been performed with Kir3 channels.
Pioneering MD simulations were conducted based on homology models of Kir1.1,
Kir3.1, and Kir6.2 (Haider et al. 2007; Stansfeld et al. 2009). The results provided
insights into the nature of Kir channel–lipid interactions, in particular the importance
of the slide helix and linker of the TMD and CTD in forming interactions with the
headgroups of lipids. However, the timescale of the simulations at these early studies
was limited to 10 ns that is a relatively short time period for an adequate sampling of
protein motions (Haider et al. 2007). Using a combination of coarse-grained (1.5 μs)
and atomistic MD simulations (20 ns), the interactions of PIP2 and KirBac1.1,
Kir3.1-KirBac1.3 chimera, and Kir 6.2 channels were explored. The PIP2-binding
site was identified at the N-terminal end of the slide helix and interface between
adjacent subunits of Kir channels (Stansfeld et al. 2009). Meng et al. (2012) provided
the first dynamic molecular view of PIP2-induced channel gating by conducting MD
simulations on the Kir3.1-KirBac1.3 chimera in the presence and absence of PIP2
(100 ns). Simulations of the closed state with PIP2 revealed an intermediate state
between the closed and open conformations of the channel. A PIP2-driven move-
ment of the N-terminus and C-linker led to CD-loop stabilization of the G-loop gate
in the open state (Meng et al. 2012). Due to timescale limitations of the MD
simulations, the opening of the HBC gate of Kir channels had not been observed
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in any of these early studies. A highly conserved glycine residue in the middle of
TM2 plays an important pivoting role in channel gating. Replacement of the residue
immediately following this glycine by a proline in Kir3 channels leads to constitu-
tively active channels (Jin et al. 2002; Sadja et al. 2001). Meng et al. (2016)
conducted MD simulations on the Kir3.1 chimera (M170P) mutant (2QKS) in the
presence of PIP2 (100 ns). Interestingly, the HBC gate of the channel mutant was
opened within 30 ns of the simulations. The open HBC gate reached 6 Å in diameter,
which allowed partial hydrated K+ ions to pass through. During the gating process, a
cooperative rotation of TM1 and TM2 in counterclockwise direction (viewed from
the extracellular side) was observed. Three K+ ions passed through the HBC gate
during a 100 ns simulation. Introduction of the proline mutation decreased the free
energy barrier for opening the channel by 1.4 kcal/mol (Meng et al. 2016).

Lacin et al. (2017) studied the role of a conserved basic residue, Kir3.2(K200) at
the tether helix region, combining functional studies with MD simulations (400 ns).
Both experiments and simulations demonstrated that K200 in Kir3.2 supports a
dynamic interaction with PIP2. When K200 was mutated to a Tyr, it activated the
channel by enhancing the interaction with PIP2. The mutant K200Y opened the HBC
gate during a 400 ns simulation (Lacin et al. 2017). Bernsteiner et al. (2019)
conducted multi-microsecond–timescale MD simulations based on the crystal
structures of Kir3.2 bound to PIP2. The simulations provided detailed insights into
the channel’s gating dynamics, as well as the movement of K+ ions through the
channel under an electric field across the membrane (Bernsteiner et al. 2019). Li
et al. (2019) also conducted microsecond-scale MD simulations based on the Kir3.2
crystal structure (PDB code 4KFM) in complex with PIP2, Na

+, and Gβγ to under-
stand which gates are controlled by Na+ and Gβγ and how each regulator uses the
channel domain movements to control gate transitions. The simulation results
suggested that Na+ ions control the cytosolic gate of the channel through an anti-
clockwise rotation, whereas Gβγ stabilizes the transmembrane gate in the open state
through a rocking movement of the cytosolic domain. Both effects alter the way in
which the channel interacts with PIP2 and thereby stabilize the open states of the
respective gates (Fig. 7) (Li et al. 2019). Li et al. (2016a, b) predicted Tertiapin and
Kir3.2 channel interactions using MD simulations and PMF (potentials of mean
force) calculations. The residue K17 of TPN was predicted to protrude into the pore
of the channel and form a hydrogen bond with carbonyl group of T157, and R7 of
TPN to form a salt bridge with the E127 from the channel turret (Li et al. 2016b). As
discussed under the “Kir3 Channel Activators” (Sect. 3.4), ML297 and particularly
its derivative GAT1508 proved to be potent and specific activators of Kir3.1/3.2
channels. Molecular docking and MD simulations predicted a GAT1508 binding site
validated by mutagenesis experiments, providing molecular insights into how
GAT1508 interacts with the channel and allosterically modulates channel–PIP2
interactions (Xu et al. 2020).
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4 ATP-Sensitive Kir6 Channels

4.1 Introduction

The pharmacology of ATP-sensitive K+ channels (KATP) is in part addressed by Li
and colleagues (2021, in this issue chapter). KATP channels are comprised of four
pore-forming subunits (Kir6.1 or Kir6.2) and four sulfonylurea receptors subunits
(SUR1, SUR2A or SUR2B) creating an octomeric structure (eight total subunits).
Here we complement (Li et al. 2021) with emphasis on the Kir6 subunits of the KATP

channels, as members of the Kir channel family at large. KATP channels (different
combinations of SUR/Kir6 subunits) are found in cardiomyocytes, pancreatic β cells,
neurons, skeletal muscle, smooth muscle, endothelial cells, and in membranes of
mitochondria (Rodrigo and Standen 2005; Li et al. 2021). They couple metabolic
changes (ATP to ADP ratio) to cellular excitability. They are regulated by a variety
of physiological regulators including H2S, long chain CoA esters,
phosphatidylinositol phosphates (PIPs), carbon monoxide (CO), and changes in
intracellular pH. As the intracellular pH acidifies, the channel activates, increasing
rectification (Baukrowitz et al. 1999; Li et al. 2016a; Tinker et al. 2018; Rohacs et al.
2003; Shumilina et al. 2006). Like most other ion channels, KATP is regulated by
post-translational modifications, such as S-palmitoylation (Yang et al. 2020) and
phosphorylation affecting open probability and functional channel cell surface
expression (Beguin et al. 1999). Analogous to all other Kir channels, KATP channels
are ultimately regulated by phosphatidylinositol (4,5) bisphosphate (PIP2). The
sensitivity of the channel to ATP is regulated by PIP2. PIP2 decreases the ATP
sensitivity resulting in a reversal of channel closure by ATP and stabilizing the open

Fig. 7 Modulators, PIP2, Na
+, and Gβγ stabilize Kir3.2 channel in open state conformation. (a)

Kir3.2 (Apo) is in a close conformation. (b) Kir3.2 (Holo, with PIP2, Na
+ and Gβγ) is in an open

conformation. Residues F192 form HBC gate, and M319 form G loop gate. The structural
coordinates were obtained from MD simulations (Li et al. 2019)
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state (Shyng et al. 2000). However, these channels are the least stereospecific to
regulation by PI(4,5)P2 relative to other PIPs. The electrostatic interactions, dictated
by the number of negative charges in the head group of PIPs, and the stereoselective
nature, length of acyl chain, is less important for KATP channels, allowing PI(4,5)P2,
PI(3,4,5)P3, PI(3,4)P2, and PI(4)P to regulate the channel equally (Rohacs et al.
2003). Furthermore, long chain CoA esters activate and regulate the KATP channel
by binding residues 311–332 on the C-terminus, a site distinct to both PIP2 and ATP
binding sites (Branstrom et al. 2007; Shyng et al. 2000). The metabolic sensing
capability and its coupling to the electrical activity of KATP channels along with its
distinct tissue localization has put much of the clinical emphasis on insulin regula-
tion, cardiac rhythm, and neurological function.

4.2 Channel Regulation and Trafficking

ATP binds directly to Kir6 while MgADP binds to SUR. As ATP levels increase,
ATP binds to the Kir6 subunits causing closure of the channel gates leading to a
depolarization of the membrane and thus an increase in electrical activity. Con-
versely, as ATP levels fall and the ADP levels increase, MgADP binds to the SUR
subunits causing the channels to open leading to hyperpolarization of the membrane
and reduction in electrical activity (Ashcroft 2005).

Trafficking: Both SUR and Kir have a putative ER retention signal, RKR, in the
distal portion of the C-termini. The SUR and Kir subunits co-assemble and in doing
so mask each other’s ER retention signals. This allows for the octameric complex to
exit the ER and localize to the plasma membrane (Zerangue et al. 1999). The
truncated Kir6.2 channel (Kir6.2ΔC36) is a functional channel in the absence of
any SUR subunits due to its lack of ER retention motif and is an experimentally
useful tool (Reimann et al. 2001; Zerangue et al. 1999). KATP channels may also be
post-translationally trafficked to specific excitable membrane domains by the cyto-
skeletal adapter ankyrin-B (AnkB) (Kline et al. 2009). SUR and Kir6 are regulated in
the ER by proteasome-mediated degradation as well as through protein recognition
and translocation by Derlin-1 and folding by the chaperone protein Hsp90 (Wang
et al. 2012; Yan et al. 2010).

4.3 Physiology/Pathophysiology and Tissue Distribution

We will briefly summarize major points of channel characteristics, disease
implications, and tissue distribution. For a more detailed discussion of channel
characteristics and disease implications, refer to (Li et al. 2021) as well as to more
in-depth reviews (e.g., Tinker et al. 2018).

Pancreatic: The KATP channels of pancreatic β cells are comprised of SUR1/
Kir6.2. These channels couple the metabolic state of the cell to the release of insulin.
In the presence of elevated blood glucose levels, ATP levels rise, bind directly to the
Kir6 subunit, and cause channel closure. In β cells this closure depolarizes the cell
leading to activation of voltage-gated Ca2+ channels, thus increasing levels of

310 M. Cui et al.



intracellular Ca2+, which results in insulin vesicle fusion to the plasma membrane
and secretion (Hibino et al. 2010). There are a range of polymorphisms in the SUR1
and Kir6 subunit that leads to insulin secretory disorders. Hyperinsulinemia, neona-
tal diabetes, and DEND syndrome have all been linked to loss of function or gain of
function mutations in the Kir6.2 subunit (Ashcroft 2005).

Cardiac: Cardiac KATP channels were initially thought to be an assembly of
SUR2A and Kir6.2 due to most studies being conducted with ventricular cells.
However, there has been discovery of other subunit assemblies within various
tissues in the heart (for a list see Table 3 in Li et al. 2021). Cardiac KATP channels
play an important cardioprotective role. Depending on their location in the heart,
conductance and Ki of ATP do vary. KATP channels appear to be predominantly
cardiac adaptive/protective in the presence of stressors (Tinker et al. 2018). Activa-
tion of cardiac KATP channels plays a significant role in ischemic preconditioning,
and by shortening the action potential duration during myocardial ischemia increases
cell survival (Tamargo et al. 2004). There is also evidence of KATP channels having
altered expression patterns due to exercise leading to physiological adaptation
(Tinker et al. 2018; Zingman et al. 2011).

Skeletal muscle: The classical skeletal muscle KATP channel assembly is SUR2A/
Kir6.2, however skeletal muscles have also been shown to contain SUR1/Kir6.2.
This has been found in fast twitch muscle, where the current density is larger (Tinker
et al. 2018). Like cardiac KATP channels, in the skeletal muscle these channels
contribute little to the membrane potential at rest. Their roles in skeletal muscle
are still being investigated but it is evident they prevent muscle fatigue and muscle
damage as well as regulate glucose uptake and cellular metabolism (Tinker et al.
2018). These findings suggest potential roles in muscle disorders, weight gain, and
glucose regulation.

Vasculature and smooth muscle: Vascular smooth muscle, smooth muscle, and
endothelial KATP channels are all comprised of Kir6.1/SUR2B (Suzuki et al. 2001;
Aziz et al. 2017). Regulation of vascular smooth muscle through KATP channels is
due to the ability of channel activity to regulate membrane potential. When hyper-
polarization occurs through activation, intracellular Ca2+ is reduced causing dilation.
This can occur through the Gs/PKA phosphorylation pathway as well as indirectly
through hypoxic conditions via the mitochondria. Contraction occurs through the Gi/
PLCβ2/3/PKC pathway that inhibits channel activity, causes depolarization and
therefore contraction due to increased intracellular Ca2+ (Tinker et al. 2018). Smooth
muscle KATP, like cardiac and neuronal KATP, plays a protective role in hypoxia and
ischemic reperfusion (Aziz et al. 2017). However, there may be variation in expres-
sion depending on the location of the smooth muscle. KATP channels have been
found in smooth muscle in the GI tract, bladder, uterus, urethra, and respiratory tract.

Neuronal: There is extensive expression of KATP channels in neuronal
populations including glial cells (SUR1/Kir6.1 or Kir6.2) and neurons in the cortex,
hippocampus, dorsal root ganglion (Kir6.2/SUR1 or SUR2), hypothalamus (Kir6.2/
SUR1), and substantia nigra pars reticulata (Kir6.2/SUR1) (Liss et al. 1999; Sun
et al. 2006b). The differential expression of Kir6 and SUR in neuronal populations
leads to distinct roles in metabolic and non-metabolic sensing (Sun et al. 2006b;
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Tinker et al. 2018). KATP channels have been implicated in pain, locomotion and
behavior, nerve function, immune activity of glial cells, and most notably
neuroprotection against ischemia in hypoxic conditions (Sun and Feng 2013; Tinker
et al. 2018). In hypoxic conditions, KATP channels open leading to hyperpolarization
which dampens neuronal firing and reduces metabolic demands. Depolarization
increases Ca2+ entry which can lead to neuronal death. The neuroprotective nature
of KATP appears to be linked directly to the Kir6 subunit (Sun et al. 2006b; Heron-
Milhavet et al. 2004; Tinker et al. 2018).

4.4 Pharmacology

Therapeutic compounds that regulate KATP channels belong to a few main classes,
the sulfonylureas and the general class of potassium channel openers (KCOs) or
potassium channel blockers (KBOs). These drug classes exert their effects on KATP

channels by binding to the sulfonylurea receptors (SURs) and allosterically
inhibiting or activating the channel or by directly engaging with the channel pore.

Small molecule drugs may exert their regulatory properties affecting gating by
allosteric modulation or direct interaction with the binding pockets of PIP2, ATP, or
the channel pore. Experimental and MD studies have uncovered other specific
chemical scaffolds that bind directly to the Kir6 channels to exert regulatory effects
(see Fig. 11). The exact mechanism of action by these chemicals varies and, in some
cases, remains elusive. Therapeutic compounds that bind directly to the Kir6
channels, which have been experimentally confirmed, include the imidazoline
compounds, thiazolidinedione (“glitazone”) compounds, morpholinoguanidines,
quinine, the antiarrhythmic, cibenzoline, biguanides and various anesthetics such
as propofol and bupivacaine (Cui et al. 2003; Grosse-Lackmann et al. 2003;
Kawahito et al. 2011; Kawano et al. 2004a; Kawano et al. 2004b; Kovalev et al.
2004; Mukai et al. 1998; Proks and Ashcroft 1997; Rui Zhang et al. 2010; Yu et al.
2012).

Computational simulations, including MD, have suggested travoprost, betaxolol,
and ritodrine as other drugs that bind directly to the Kir6 subunit to exert their effects
(Chen et al. 2019). These latter drugs, along with others uncovered through in silico
screens and dynamic studies, will need to be experimentally validated for their
binding affinity for the Kir6 subunit and the mechanistic impact on channel gating.
However, they provide important insights into new therapeutic chemical scaffolds
for Kir6 subunits. It remains an open question whether Kir6 targeting drugs control
activity either directly by altering channel-PIP2 interactions or indirectly by altering
channel-ATP interactions. With the differential expression of both SUR and Kir6
subunits, drugs that bind each with varying affinities offer substantial advantage to
subtype specific targeting and reduced off target effects.

Another mechanism of KATP channel regulation is the rescue of surface expres-
sion impairments causing biogenesis or trafficking defects, through pharmacological
correctors (Shyng et al. 2000). There are well-established mutations in SUR domains
that cause trafficking defects of the KATP complex to the cell surface (Zhou et al.
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2014). Carbamazepine is a clinically approved anticonvulsant drug, approved for the
treatment of epilepsy and bipolar disorder, known to bind to NaV channels, CaV
channels, and GABAA receptors (Chen et al. 2013). Carbamazepine rescued traf-
ficking of KATP with trafficking mutations occurring in the TMD0 of SUR1 (Zhou
et al. 2014). The TMD0 is part of the N-terminal region of the SUR which binds and
couples to the Kir6 channel to form the KATP complex (Chan et al. 2003; Chen et al.
2013). Interestingly, carbamazepine also appears to affect MgADP binding to the
NBD domains of SUR, so while it rescues trafficking and expression can inhibit the
channel by abolishing the MgADP activation effect (Zhou et al. 2014). It has also
been established that sulfonylurea drugs may also be able to rescue trafficking and
folding in specific SUR mutants (Yan et al. 2004). Again, they also have an impact
on KATP activity and conductance once folding and cell surface expression is
rescued, increasing the complexity of the pharmacology of such drugs.

The following listed drugs (Table 5 and Fig. 11) were validated with the func-
tional channels Kir6.2ΔC26 or Kir6.2ΔC36 that do not require the presence of SUR
subunits, therefore suggesting they act directly on the Kir6 subunit. While they all
provide valuable insights into structure-based drug discovery, they all require further
computational and experimental investigation to better understand the binding sites
and mechanisms of gating.

4.4.1 Drugs Acting Through the Kir6 Subunits
Imidazolines: Imidazolines, including clinically relevant clonidine and phentol-
amine, and others not on the clinical market, such as idazoxan, efaroxan, and
RX871024, bind directly to Kir6 channels (Kawahito et al. 2011; Proks and Ashcroft
1997; Rui Zhang et al. 2010). Clonidine and phentolamine made it to the market
based on their ability to bind α-adrenergic receptors but later discovered to bind
endogenous imidazoline receptors (Bousquet et al. 2020). Computational studies
have elucidated various putative binding sites on the Kir6 channels including the
PIP2 binding site (Idazoxan) and near the slide helix (clonidine and efaroxan).

Despite such differences, they all bind close to the interface between the trans-
membrane domain and cytosolic domain of the Kir6 subunit (Rui Zhang et al. 2010).
Functional studies of clonidine and phentolamine (Kir6.2ΔC36 channel in HEK293
cells and Xenopus oocyte macropatches, respectively) suggest they do not act
through SUR (Grosse-Lackmann et al. 2003; Kawahito et al. 2011; Proks and
Ashcroft 1997). This finding has been further validated (Kawahito et al. 2011).
RX871024 binds in the channel pore forming two hydrogen bonds with interior
pore-lining residues. This causes direct block of the channel (Rui Zhang et al. 2010).
Aside from RX871024, imidazoline drugs are likely candidates to be working
through direct or allosteric alteration of channel–PIP2 interactions. The
ATP-insensitive mutant (Kir6.2ΔC36-K185Q) showed no reduction in current in
the presence of ATP but both clonidine (1 mM) and phentolamine (1 μM) were still
able to block the current as effectively as in the Kir6.2ΔC36 channel, suggesting the
binding site of these two imidazolines is not directly at the ATP binding site or
involving key ATP binding residues (Kawahito et al. 2011; Proks and Ashcroft
1997).
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Thiazolidinediones: The thiazolidinediones (TZDs), also known as the
glitazones, are a drug class whose members exert their clinical anti-diabetic effect
by binding to the nuclear transcription factor, PPAR and as such they do have
increased cardiovascular risks (Chen et al. 2020; Nanjan et al. 2018). Rosiglitazone
(RSG) and pioglitazone are two important clinically approved anti-diabetic drugs of
this class. TZDs are reported to have a direct and indirect mechanism of action in
relation to diabetes. It is also well characterized that TZDs can directly bind to the
Kir6 subunits of the KATP channel through functional studies (Yu et al. 2012). More
interestingly, it has been shown computationally that RSG binds in close proximity
to the helix bundle crossing (HBC) gate and PIP2, without complete PIP2 binding
site occupation (Chen et al. 2020). The main impact of RSG on Kir6 channel current
is increased mean closed times (Yu et al. 2012). Based on the putative binding site
proposed by Stary-Weinzinger, RSG binds residues in or near the slide helix
separating the putative binding site to be distinct from that of the ATP binding site
(Chen et al. 2019; Martin et al. 2017).

Morpholinoguanidines: The most historically studied morpholinoguanidine in
relation to KATP channels is PNU-37883A. It acts directly on the Kir6 subunit and
has selectivity for Kir6.1 over Kir6.2 making it more selective for smooth muscle
with some selectivity for the vascular KATP channels (Cui et al. 2003). The selectiv-
ity of PNU-37883A for KATP channels is largely impacted by the SUR that
complexes with the Kir6.1 (Cui et al. 2003). This likely has to do with either
obstruction of the drug binding pocket or an allosteric conformational change of
Kir6 upon SUR binding (Humphrey 1999; Kovalev et al. 2004). The binding region
for the PNU-38773A has been mapped to amino acids 200–280 on the C-terminus of
Kir6 (Kovalev et al. 2004). It is still unclear if binding to the C-terminus allows the
molecule to position into the channel pore or it causes a conformational rearrange-
ment of the gating machinery to close the channel. The effect of PNU-37883A on the
binding of ATP or PIP2 to the Kir6 channel has not been adequately explored.
Neither the precise binding site of PNU-37883A is determined nor how its binding
results in current inhibition. Could it promote ATP binding? Could it disrupt
MgADP binding to the SUR, since the SUR NBD interfaces with the Kir6.2
CTD? Could it work by disrupting channel–PIP2 interactions directly or allosteri-
cally? Such questions would need to be further addressed in future studies (Lee et al.
2017). The non-KATP channel-specific nature of the drug leading to a variety of
pharmacological actions does not make it a good drug candidate but its further study
will provide a chemical and structural framework for developing more specific KATP

channel inhibitors (Teramoto 2006).
Anesthetics (propofol, bupivacaine): Propofol is a general anesthetic that is used

widely throughout the world. Its pharmacological action has been largely attributed
to its action on the GABAAR (Tang and Eckenhoff 2018). Growing functional
evidence has uncovered its action at KATP channels. Propofol is selective for KATP

channels containing Kir6.2 over Kir6.1 and directly binds the Kir6 subunit of the
KATP channel (Kawano et al. 2004b). Utilizing the ATP-insensitive mutant and the
R31E mutation, inhibition was abolished indicating propofol has at least some
partial overlap with the ATP binding site and with an N-terminal binding site
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(Kawano et al. 2004b). There is also evidence to suggest that propofol affects the
expression level of Kir6.1 (Zhang et al. 2016).

Bupivacaine is a local anesthetic with a chemical structure different and more
complex than that of propofol (see Fig. 11). Bupivacaine was experimentally proven
to have a potency on Kir6.2ΔC36 equal to that of Kir6.1/SUR2B. It has a greater
affinity for the cardiac channel (Kir6.2/SUR2A). It had higher affinity over
levobupivacaine and ropivacaine due to the stereoselective nature of the Kir6
binding pocket (Kawano et al. 2004a). It likely exerts its effects by binding residues
at the cytosolic end of TM2 which are important in the channel gating properties
likely relinquishing any interference with ATP binding to the channel (Kawano et al.
2004a). Bupivacaine and other similar local anesthetics bind to NaV channels as well
as CaV and KV channels leading to their major cardiotoxic effects. It has been
proposed that local anesthetics inhibit Kir3 channels through antagonism of
channel–PIP2 interactions (Zhou et al. 2001). If local anesthetics work at the same
conserved site on KATP as they do on Kir3 channels, PIP2 binding residues may be
important candidates to explore.

Biguanides: Metformin and phenformin are the most well-known, clinically
relevant biguanides. They are used to increase insulin sensitivity in type 2 DM
(Hansen 2006). Phenformin was withdrawn from the market in the 1970s.
Biguanides activate AMPK with several downstream implications of the metabolic
state of the cell as well as potentially increasing KATP cell surface expression with
evidence that they directly affect KATP channels independently of AMPK signaling
(Aziz et al. 2010). Aziz et al. (2010) were able to show that there is differential
activity of phenformin based on SUR subunit composition but equivalent activity of
Kir6 in the absence of SUR subunits. While they appear to bind Kir6 directly, SUR
does play a role in modulating the affinity of biguanides to the channel (Aziz et al.
2010).

Drugs acting through the SURs: KATP channel openers and inhibitors acting
through the SURs of the KATP channel complexes have been discussed in chapter
“The pharmacology of ATP-sensitive K+ channels (KATP)” (Li et al. 2021).

Miscellaneous drugs: Quinine, chloroquine, and quinacrine are all structurally
related drugs containing the quinolone bicyclic ring. These drugs have been shown
to bind and alter the conductance of Kirs (Lopez-Izquierdo et al. 2011; Grosse-
Lackmann et al. 2003). Quinolones are used as one of the most common antibacterial
in the world and their mechanism may limit their potential use on KATP regulation
for the current clinically used quinolones (Aldred et al. 2014).

The well-known antiarrhythmic agent, cibenzoline, is a diphenylmethane with
inhibitory properties on the Kir6 subunit shown by functional studies. There is
evidence that cibenzoline binds the K+-recognition site on KATP channels similar
to how it binds the H+, K+ -ATPase (Tabuchi et al. 2001). This may prove to be a
novel mechanism of binding but would decrease its selectivity for Kir6 over other
Kirs given the conservation of the putative binding site. In 2018 Ramu and
colleagues uncovered a 54-residue protein toxin recovered from the venom of
S. polymorpha (SpTx) that inhibited Kir6 from the extracellular side (Ramu et al.
2018). SpTx binds the Kir subunit and not the SUR subunit. Further investigation is
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needed to determine the mechanism of channel closure but nonetheless this discov-
ery opens a new possibility in the pharmacology of Kir6 channel gating. There is
evidence to suggest that glinides or the benzylsuccinic acid derivative, mitiglinide,
bind both to the SUR at a high affinity site and directly to the Kir6 subunit at a lower
affinity site (Aziz et al. 2010; Reimann et al. 2001). Similarly, the repaglinide
binding site is on the SUR, as resolved by cryo-EM, but it also has a partial
contribution by the N-terminus of the Kir6.2 subunit. This was confirmed through
binding studies in which co-expression of Kir6.2 enhanced binding affinity and
deletion of the N-terminal peptide of Kir6.2 abolished the binding enhancement
(Ding et al. 2019).

4.5 Structural Studies

Before atomic resolution structures of the KATP were available, in order to identify
the PIP2 binding site, Haider and colleagues conducted molecular docking and MD
simulations (10 ns) based on a Kir6.2 homology model. The PIP2 head group was
predicted to interact with K39, N41, and R54 in the N-terminus, K67 in the
transmembrane domain and R176, R177, E179, and R301 in the C-terminus. The
model predictions are consistent with a large body of functional data, suggesting
how PIP2 binding may lead to an increase in Kir6.2 open probability and a reduction
in ATP sensitivity (Haider et al. 2007). In order to understand the mechanism by
which disease mutations exert their deleterious effects, in 2017, Cooper and
colleagues worked on a Cantu syndrome (CS) mutant, where the Kir6.1(V65M)/
Kir6.2(V64M) GoF mutations in the slide helix enhance the channel activity when
co-expressed with the SUR1 or SUR2 regulatory subunits (Cooper et al. 2017). The
Val to Leu mutation that does not cause the disease was used as a negative control.
The disease mutations abolished the sensitivity of KATP to ATP and to the blocker
glibenclamide, which acts on the SUR subunit. This finding suggested that sulfonyl-
urea therapy may not be successful, at least for some CS mutations. Homology
modeling and MD simulations (100 ns) were conducted on the Kir6.1(WT), Kir6.1
(V65L), and Kir6.1(V65M) systems. The stabilization of the open state of the Val to
Met mutations (but not to Leu) that was obtained experimentally could not be shown
computationally in the 100 ns simulation time frame. The same year in 2017, near-
atomic resolution structures were obtained from three independent labs (Chen in
Beijing, Shyng in Oregon and MacKinnon in New York). These structures were
solved for the Kir6.2/SUR1 in complex with ADP, ATP, and glibenclamide (Lee
et al. 2017; Martin et al. 2017; Wu et al. 2018). In 2019, a higher resolution (3.3 Å)
cryo-EM structure of Kir6.2/SUR1 in complex with ATPγS and repaglinide was
solved by the Chen lab. Figure 8 shows the Kir6.2 channel surrounded by four SUR1
subunits, the two distinct binding sites for ATPγS (one in Kir6.2 and the other in
SUR1), and the binding site for repaglinide in the transmembrane domain of SUR1
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(Ding et al. 2019). This study also suggested through cryo-EM and binding studies
that the N-terminal portion of Kir6.2 adds to the binding pocket for repaglinide. This
is further supported by earlier functional studies done by Reimann et al. (2001) in
which a structurally similar drug, mitiglinide, had a biphasic dose-response curve,
suggesting a high affinity binding site at SUR and a low affinity binding site at
Kir6.2. Chen and colleagues conducted MD simulations (at a microsecond time
scale) on Kir6.1 channel to investigate the blocking mechanism by rosiglitazone
(RSG). The putative RSG binding site was identified through unbiased MD
simulations of Kir6.1 channel with 20 RSG molecules randomly placed in the
solvent, and followed by free energy calculations. Based on the predicted RSG
binding site, dynamic pharmacophore models were constructed and used for screen-
ing of hits in the DrugBank database. Three new high affinity blockers, betaxolol,
ritodrine, and travoprost, were identified and subsequently tested functionally. Using
the inside-out patch-clamp mode in HEK293T cells expressing Kir6.2/SUR2A,
travoprost, betaxolol, and ritodrine had IC50s of 2.46 μM, 22.06 μM, and 7.09 μM,
respectively (Chen et al. 2019). Given the computational identification of direct
binding to Kir6, the expectation would be that these three drugs should have similar
potency when tested on Kir6.2ΔC channels. Computational simulations to under-
stand the dynamics of KATP channel structure and function are still lacking. The
recent cryo-EM structures have provided us with the opportunity to characterize the
channel dynamic function using long timescale MD simulations, and a molecular
basis for structure-based drug discovery for these important drug targets.

Fig. 8 Cryo-EM structure of KATP channel in complex with ATPγS and Repaglinide
(PDBID:6JB1), (a) side view. (b) top view. The KATP channel and SUR1 are drawn in Newcartoon,
the ATPγS and Repaglinide are drawn in VDW
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5 K+ Transport Kir (1, 4, 4/5, 7) Channels

5.1 Kir1.1: Historical Perspective

The first member of the Kir family to be cloned (see below) was initially referred to
as the “rat outer medullary K+

” (ROMK1) channel for its prominent role in the
kidney.

The task of renal epithelial cells is to maintain ionic homeostatic control of K+,
Na+, and Cl� in the urine and blood and Kir1 channels play a key role in achieving
this task. The channels are specifically localized in the apical rather than the
basolateral membrane of these cells. To appreciate the strategic importance of Kir1
channels let us consider their role in the thick ascending loop of Henle (TAL), the
segment of the nephron responsible for 25–30% of the total Na+ reabsorbed by the
kidney and the site of action of loop diuretics. Here, K+ efflux through Kir1 channels
also maintains the Na+-K+-2Cl� symporter active by supplying K+ to the extracellu-
lar site of the transporter and enabling the uptake of NaCl along with K+ into the
TAL cells. The Na+ entering the cytoplasm from the apical (lumen or urine side)
through the symporter fuels the basolateral Na+-K+ ATPase to continue transporting
Na+ to the blood side. K+ channels (e.g., Kir1, Kir4, Kir7) co-expressed with the
Na+-K+-ATPase in basolateral membranes supply K+ to the extracellular side of the
pump to maintain its activity. This is referred to as “K+ recycling” (Hibino et al.
2010). Furthermore, the hyperpolarization caused by Kir1 channels accelerates Cl�

exit from basolateral Cl� channels, establishing “the lumen positive transepithelial
potential,” which serves as the main driving force for paracellular Na+, Ca2+, and
Mg2+ transport from the lumen to blood side. Deletion of Kir1 channels impairs renal
NaCl absorption yielding “Barter’s syndrome”-like phenotypes, as we will discuss
below (Bleich et al. 1990; Greger et al. 1990). Moreover, Kir1 channels on the apical
membrane of TAL epithelial cells are functionally coupled to Cl� channels (the
cystic fibrosis transmembrane regulator – CFTR) in that CFTR decreases Kir1
activity. This effect can be reversed by PKA phosphorylation and may underlie
the actions of the antidiuretic hormone arginine vasopressin that increases Kir1
activity, limiting K+ secretion and urinary K+ loss (Field et al. 1984).

5.1.1 Subfamily Members and Tissue Distribution
In early 1993 the first two Kir channel cDNAs were reported, Kir1.1 and Kir2.1,
followed by Kir3.1 later the same year (Dascal et al. 1993; Ho et al. 1993; Kubo et al.
1993a; Kubo et al. 1993b). Six alternatively spliced isoforms of Kir1.1(a-f) have
been identified but only two of these (a, c) give rise to distinct proteins from the other
four isoforms (b, d-f) (Boim et al. 1995; Ho et al. 1993; Kondo et al. 1996; Shuck
et al. 1994; Zhou et al. 1994). The splice isoforms differ in their N-termini with
Kir1.1b being the shortest, Kir1.1a 19 aa and Kir1.1c 26 aa longer than Kir1.1b (the
human isoform shown in Fig. 9 is the Kir1.1a isoform with 391 aa). No Kir1.1
heteromers with members of other Kir subfamilies have been reported. As men-
tioned above, Kir1.1 is expressed in the kidney (TAL, distal convoluted tubule, and
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cortical collecting duct) and, as shown by in situ hybridization, in cortical and
hippocampal neurons (Kenna et al. 1994).

5.1.2 Physiology/Pathophysiology
Kir1.1 function is regulated by internal pH, phosphorylation by a number of different
kinases, miRNAs, and ubiquitination. Acidification closes Kir1.1 channels with a
pKa of ~6.5 (Choe et al. 1997; Doi et al. 1996; Fakler et al. 1996; McNicholas et al.
1998; Tsai et al. 1995). Multiple studies have implicated the involvement of several
residues in pH sensitivity but structural insights are still lacking (Hibino et al. 2010).
Kir1.1 has ER retention signals (368R-X/A-R370 and K370-R371) (Ma et al. 2001;
Yoo et al. 2005). It is regulated by phosphorylation of S44 (by both PKA, SGK –

Ser/Thr protein kinases), increasing trafficking to the plasma membrane
(McNicholas et al. 1994; Xu et al. 1996; Yoo et al. 2005). Additionally,
PKA-mediated phosphorylation of S219 and S313 increases the channel open
probability, likely by enhancing channel–PIP2 interactions (Liou et al. 1999;
MacGregor et al. 1998). Another class of Ser/Thr kinases, WNKs (With-no-K –

K ¼ Lys) decreases Kir1.1 cell surface expression by unique mechanisms (Hibino
et al. 2010). A number of microRNAs have been shown to be upregulated in high-K+

diet and, in turn, they regulate Kir1.1: miR-802 increased Kir1.1 surface expression
and channel activity by reducing caveolin-1 that limits Kir1.1 expression at the
plasma membrane (Lin et al. 2014); miR-194 also enhanced Kir1.1 surface expres-
sion by counteracting the opposite regulation by WNK and intersectin 1 (He et al.
2007). Finally, monoubiquitination of K22 decreased cell surface Kir1.1 serving as a
signal to process the channel for lysosomal degradation (Lin et al. 2005). The Kir1.1
knockout mouse resulted in mice afflicted with Barter’s syndrome (BS) (Lorenz
et al. 2002; Lu et al. 2002). BS is an autosomal recessive renal tubulopathy
characterized by hypokalemic metabolic alkalosis, renal salt wasting,
hyperreninemia, and hyperaldosteronism (Asteria 1997; Guay-Woodford 1995;
Hebert 2003; Karolyi et al. 1998; Peters et al. 2002; Rodriguez-Soriano 1998).
Loss-of-function mutations of Kir1.1 (type II BS) affect many aspects of the
functional integrity of the channel and its regulation, including interactions with
PIP2 (Hibino et al. 2010; Lopes et al. 2002). BS patients and Kir1.1 mice are
characterized by hypokalemia and excess K+ in the urine, which is contrary to the
role of Kir1.1 as providing the main secretory pathway of K+ in renal tubules. Bailey
and colleagues addressed the conundrum showing that in the absence of Kir1.1 in the
TAL cells K+ secretion is sustained in the late distal tubule by maxi-K+ channels
(Bailey et al. 2006).

5.2 Kir4/Kir5: Historical Perspective and Tissue Distribution

Kir4 are expressed as homotetramers as well as heterotetramers with Kir5.1, while
when Kir5.1 is expressed alone in a heterologous expression system it shows no
function.
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These channels are the molecular identities of neuro- and retinal glial cell K+

channels. Their cloning provided a boost to their long-recognized importance
(Kuffler and Nicholls 1966; Newman 1984). Kir4channel cDNAs were first
identified in the mid-90s and Kir4.1 has been referred to under a variety of names:
BIR10 (Bond et al. 1994), KAB-2 (Takumi et al. 1995), BIRK-1 (Bredt et al. 1995),
and Kir1.2 (Shuck et al. 1997). In situ hybridization showed Kir4.1 predominantly
expressed in glial cells in the CNS (brain and spinal cord) and retina (Müller cells)
(Hibino et al. 2010; Takumi et al. 1995). Kir4.1 has also been reported to be
expressed in the kidney (reviewed in Manis et al. 2020), stomach (Fujita et al.
2002), and the cochlea of the inner ear (Hibino and Kurachi 2006). Kir4.2 was
first isolated from a kidney library, where it is highly expressed, along with liver,
embryonic fibrocytes, and microvascular endothelial cells (Lachheb et al. 2008;
Pearson et al. 1999; Shuck et al. 1997). A single member of the Kir5 subfamily,
Kir5.1, was identified in 1994 (Bond et al. 1994). It is highly expressed in kidney,
spleen, adrenal glands, liver, in several brain regions and in spermatozoa and
spermatogenic tissue (Bond et al. 1994; Salvatore et al. 1999). Kir5.1 is only
functional as a heteromer with Kir4.1 and Kir4.2. The nephron serves as a great
example of where expression and heteromerization with one, the other, or both of the
Kir4 isoforms best serves overall renal salt handling (see below in Sect. 5.2.1). Its
distribution and co-expression with the Kir4 isoforms vary along the nephron to
fulfill specific functional characteristics of each tubule segment (full validation of the
expression and activity of Kir4.2 is still pending). Thus, in the proximal convoluted
tubule Kir5.1 is co-expressed with Kir4.2, in the cortical collecting duct and also in
the connecting tubule (connecting the distal convoluted tubule to the cortical
collecting duct) it is co-expressed with Kir4.1, while in the thick ascending limb
of Henle it is not expressed at all (only Kir4.1 is expressed), and in the distal
convoluted tubule it is co-expressed with both Kir4 isoforms (Manis et al. 2020).

5.2.1 Physiology/Pathophysiology
Kir5.1 confers several unique functional characteristics to Kir4 isoforms: (1) greater
pH sensitivity (Tucker et al. 2000) (2) maintenance of pH homeostasis (Puissant
et al. 2019), (3) inhibition of the dependence of channel conductance on [K+]o
(Edvinsson et al. 2011a; Edvinsson et al. 2011b) (shown only for Kir4.2 thus far),
and (4) activation by [Na+]i (Rosenhouse-Dantsker et al. 2008). Kir4.1/Kir5.1
channels have been shown to act as K+ sensors in the distal nephron (Cuevas et al.
2017) regulating expression of apical Na+ transporting proteins and renal salt
handling in response to dietary salt intake (Manis et al. 2020). Dysfunction of
these channels has been proposed to contribute to the pathogenesis of salt-sensitive
hypertension (Palygin et al. 2017; Palygin et al. 2018). Knockouts of either Kir4.1
(Cuevas et al. 2017) or Kir5.1 (Wu et al. 2019) compromise [K+]o sensing and K+

excretion. A unifying link for action of various Kir4/5 modulators could be the
allosteric changes in channel–PIP2 interactions. The modulators proposed to work in
this way include [Na+]i (entering through the apical side; Rosenhouse-Dantsker et al.
2008)), [K+]o at the basolateral side (Harraz et al. 2018), changes in intracellular pH
or phosphorylation by kinases, such as WNK-4, (Du et al. 2004). Differences in
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Kir4.1 versus Kir4.2 and their relative heteromers with Kir5.1, along with their
characteristic expression may underlie their distinct physiological roles. Thus,
Kir4.2 is more pH sensitive than Kir4.1. Heteromerization of Kir4.2 with Kir5.1,
unlike Kir4.1, converts Kir4.2 from a strong to a weak rectifier, rendering it more
sensitive to intracellular pH. Knockout mice have shown that Kir4.2 plays a distinct
role in acid-base homeostasis compared to Kir4.1, resulting in metabolic acidosis
with intracellular alkanization and membrane depolarization in the proximal convo-
luted tubules of the kidney (Manis et al. 2020). In the CNS, the Kir4 isoforms and
their regulatory Kir5.1 subunits exhibit very interesting physiology by allowing for
control of [K+]o in nearby neurons to regulate neuronal excitability (Hibino et al.
2010).

5.3 Kir7.1: Historical Perspective

Kir7.1 is the only member identified in this subfamily and the most distant relative of
all other Kir channels, showing the highest homology/identity to the Kir4 isoforms
(~50% similarity and 40% identity; Fig. 10). Three groups reported cloning of
Kir7.1 from CNS neurons in 1998 (Doring et al. 1998; Krapivinsky et al. 1998;
Partiseti et al. 1998). A splice variant in native human retinal pigment epithelium has
been described to be missing a region from exon 2 (amino acids 244–479), yielding a
non-functional truncated Kir7.1 that is expressed at fourfold lower levels than the
wild-type protein and does not interfere with the activity of the full-length protein
(Yang et al. 2007). Another two splice variants of Kir7.1 were described recently in
several mouse tissues. These lacked most of the C-terminal domain, Kir7.1-R166X
(in the B-loop, Fig. 9) and Kir7.1-Q219X (in βE, Fig. 9). These truncation variants
would be comparable to mutations associated with Leber congenital amaurosis, a
rare recessive hereditary retinal disease that results in vision loss at early age.
Simultaneous expression with the full-length Kir7.1, however, led to a reduction
in activity of the wild-type channel (possibly due to partial proteasome degradation
of WT-mutant channel heteromers) (Vera et al. 2019).

5.3.1 Tissue Distribution
The Kir7.1 protein has been reported to be expressed along with the Na+/K+-ATPase
for “K+ recycling” either in the apical membranes of epithelial cells of the choroid
plexus (Doring et al. 1998; Hasselblatt et al. 2006; Nakamura et al. 1999) and retinal
pigment epithelium (Kusaka et al. 2001; Shimura et al. 2001) or in basolateral
membranes of thyroid follicular cells (Nakamura et al. 1999), in the distal convo-
luted tubule, proximal tubule, and collecting duct of renal epithelia (Derst et al.
2001; Ookata et al. 2000) as well as in the small intestine and stomach (Partiseti et al.
1998). Kir7.1 has also been reported to be expressed in hypothalamic arcuate
neurons involved in the appetite control circuit, where they are coupled to the
MC4R G Protein Coupled Receptor in a G protein-independent manner (Ghamari-
Langroudi et al. 2015) as well as in the myometrial smooth muscle, where it controls
uterine excitability throughout pregnancy (McCloskey et al. 2014).
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5.3.2 Physiology/Pathophysiology
A hallmark of Kir channels is a dependence of their conductance on [K+]o (Fig. 1a).
Kir7.1 is also characterized by very weak rectification and a very low unitary
conductance (Krapivinsky et al. 1998). The crucial difference appears to lie in the
structure of the outer mouth of the selectivity filter, where Kir7.1 has a Met residue
(M125), instead of Arg that is found in every other Kir channel (Fig. 9). M125R
point mutation in Kir7.1 not only increased its unitary conductance by nearly
20-fold, strengthened its inward rectification and sensitivity to Ba2+ but also
reinstated strong dependence on [K+]o (Doring et al. 1998; Krapivinsky et al.
1998). The corresponding residue R148 in Kir2.1 had been shown to have the
opposite effect, namely the Kir2.1(R148Y) mutant showed a much reduced [K+]o
dependence (Kubo 1996) while the R148H mutation increased sensitivity to pHo

(but not pHi) (Shieh et al. 1999). Taken together, this evidence suggests that a
positively charged residue is needed at the outer mouth of the selectivity filter to
confer the dependence on (V-EK) shown by Kir channels. Several questions remain
for a better understanding of this property. How do extracellular Na+ ions serve as
blocking particles to regulate this dependence (Ishihara 2018; Soe et al. 2009) and
how such interactions couple allosterically to control channel–PIP2 interactions
(Harraz et al. 2018)? Dynamic computational studies will be instrumental in answer-
ing these questions. We will next focus discussion of the role of Kir7.1 channels in
health and disease in the best studied system, the retinal pigment epithelium (RPE).

Retinal pigment epithelium: The RPE is a hexagonally packed, tight-junction
connected monolayer of post-mitotic, pigmented cells between the neuroretina and
the choroids. The apical membrane of the polarized RPE cells faces the photorecep-
tor outer segment (POS), while the basolateral membrane faces the fenestrated
endothelium of the choriocapillaris. Interactions between the RPE and the POS are
essential for visual function. The RPE’s primary functions are: a) to transport
nutrients, ions, and water between the blood supply and the POS, b) to absorb
light and protect against photo-oxidation of proteins and phospholipids of the
POS, c) the isomerization of retinal which serves as the agonist of the rhodopsin
GPCR to signal to the phosphodiesterase to cleave cGMP to 5’-GMP, d) phagocy-
tosis of shed photoreceptor membranes, and e) secretion of essential elements for the
morphological integrity of the retina (Kumar and Pattnaik 2014). In the dark, the
cGMP levels are maintained to signal to the cGMP-gated (CNG) cation channels in
the POS and allow the influx of Na+ and Ca2+ to the photoreceptor cell (rod or cone).
This is countered by a net K+ efflux in the photoreceptor inner segment (PIS)
mediated by various K+ channels (e.g., KCNQ, and 8 Kir currents, with Kir7.1
being the predominant one) giving rise to the so-called dark current. The efflux at the
PIS pulls the resting Vm toward EK but the cationic influx at the POS counters the K+

efflux, maintaining a rather depolarized level in the dark. Upon light illumination,
the resulting 5’-GMP no longer keeps the CNG channels open, causing the K+ efflux
to dominate and an ensuing hyperpolarization of the photoreceptor cell. This signal
will decrease glutamate release that once integrated to the retinal ganglion cells, it
will be communicated to the brain through the optic nerve and be interpreted as
“light.” The new balance of Na+ and K+ ions decreases the PIS Na+/K+ ATPase
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activity and the [K+]o falls from 5 mM in the dark to 2 mM in the light, making EK

more negative increasing Kir currents toward re-establishing [K+]o to the 5 mM
levels. The predominant Kir7.1 resting conductance, unlike other Kir currents, does
not decrease its conductance with the drop of [K+]o as we discussed above, carrying
the weight of re-establishing the “normal” higher [K+]o levels. This suggests another
case of K+ recycling in conjunction with the Na+/K+ ATPase (Kumar and Pattnaik
2014). Loss of function mutations in Kir7.1 result in the autosomal-dominant disease
called snowflake vitreoretinal degeneration, which progressively causes fibrillar
degeneration of the vitreous humor, early-onset cataract, minute crystalline deposits,
and retinal detachment. The R162W mutation, characteristic of this disease has been
suggested to affect channel–PIP2 interactions (Pattnaik et al. 2013; Zhang et al.
2013).

5.4 Transport Channel Pharmacology

Kir1, Kir4, and Kir7 channel inhibitors: Dozens of small molecule inhibitors for
Kir1, Kir4, and Kir7 channels have been reported (Table 6). VU590 was discovered
through HTS of 126,009 small molecules as Kir1.1 modulators. It inhibits Kir1.1
with submicromolar affinity, but has no effect on Kir2.1 or Kir4.1. It also inhibits
Kir7.1 at low micromolar concentrations. Electrophysiological studies indicated
VU590 is an intracellular pore blocker (Lewis et al. 2009). In an effort to achieve
more selective inhibitors for Kir1.1, VU591 was developed based on VU590.
VU591 is a potent inhibitor like VU590 for Kir1.1, but it is selective for Kir1.1
over Kir7.1. It blocks the intracellular pore of the channel through interactions with
V168 and N171 (Bhave et al. 2011; Swale et al. 2015). VU573 was discovered
through a thallium (Tl+) flux-based high-throughput screen of a Kir1.1 inhibitor
library for modulators of Kir3. It inhibits selectively Kir2.3, Kir3.X, and Kir7.1 with
similar potency over Kir1.1 and Kir2.1 (Raphemot et al. 2011). ML418 was discov-
ered based on a lead compound VU714, which was identified by a HTS screen as a
novel Kir7.1 channel inhibitor. It selectively inhibits Kir7.1 and Kir6.2/SUR1 over
Kir1.1, Kir2.1, Kir2.3, Kir3.1/Kir3.2, and Kir4.1 channels (Swale et al. 2016).

VU0134992 was discovered through HTS of 76,575 compounds from a
Vanderbilt University library for small molecule modulators of Kir4.1. It inhibits
selectively Kir4.1 and Kir3.1/3.2, Kir3.1/3.4 and Kir4.2 with similar potency over
(30-fold selective) Kir1.1, Kir2.1, and Kir2.2. It also weakly inhibits Kir2.3, Kir6.2/
SUR1, and Kir7.1 (Kharade et al. 2018). Tricyclic antidepressants (TCA), nortripty-
line, amitriptyline, desipramine, and imipramine were found to act as inhibitors for
Kir4.1 channel expressed in HEK293T cells, using the whole-cell patch-clamp
technique. These compounds inhibited Kir4.1 currents in a voltage-dependent fash-
ion, and marginally affected neuronal Kir2.1 currents (Su et al. 2007). Antidepres-
sant, selective serotonin reuptake inhibitor (SSRI), fluoxetine, was found to inhibit
the Kir4.1 channel expressed in HEK293T cells using whole-cell patch clamp. It
inhibited the Kir4.1 channel in a concentration-dependent and voltage-independent
manner. Fluoxetine had little or no effect on Kir1.1 and Kir2.1 channels. Other
SSRIs, sertraline and fluvoxamine also inhibited the Kir4.1 channel (Ohno et al.
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2007). Aréchiga-Figueroa and colleagues discovered pentamidine, a drug for treat-
ment of protozoan infections, inhibited Kir4.1 channels. This drug potently inhibited
the Kir4.1 channel from the cytoplasmic side in the inside-out patch-clamp configu-
ration. The inhibition was voltage dependent. Molecular modeling predicted the
binding of pentamidine to the transmembrane pore region interacting with residues
T127, T128, and E158 (Arechiga-Figueroa et al. 2017). Quinacrine, an old antima-
larial drug, was discovered as an inhibitor of the Kir4.1 channel expressed on
HEK293 cells, using patch clamp. It inhibited Kir4.1 channel with an IC50 of
1.8 μM and in a voltage-dependent manner. Molecular modeling and mutagenesis
studies suggested quinacrine blocks Kir4.1 through the central cavity interacting
with residues E158 and T128 (Marmolejo-Murillo et al. 2017a). Similarly, chloro-
quine, an aminoquinoline derivative anti-malarial drug, was discovered as an inhibi-
tor for Kir4.1 channel (Marmolejo-Murillo et al. 2017b). More recently, Morán-
Zendejas and colleagues discovered that aminoglycoside antibiotics (AGAs), such
as gentamicin, neomycin, kanamycin, inhibited the Kir4.1 channel. Using patch-
clamp, mutagenesis, and molecular modeling, the AGAs were characterized as pore
blockers plugging the central cavity of the channel. The residues T128 and E158
were identified as critical determinants for AGA inhibition activity (Moran-Zendejas

Table 6 Kir1, Kir4, and Kir7 channel inhibitors

Drug name
Species
system

Potency (IC50/
EC50) References

Inhibitor

VU 590 HEK-293
cells

Kir1.1
(IC50 ¼ 294 nM)
Kir7.1
(IC50 ¼ 8 μM)

Lewis et al. (2009), Kharade
et al. (2018)

VU 591 HEK-293
cells

Kir1.1
(IC50 ¼ 300 nM)

Bhave et al. (2011)

VU 0134992 HEK-293
cells

Kir4.1
(IC50 ¼ 0.97 μM)

Kharade et al. (2018)

Pentamidine (aromatic
diamine)

HEK-293
cells

Kir4.1
(IC50 ¼ 97 nM)

Arechiga-Figueroa et al.
(2017)

Quinacrine (cationic
amphiphilic drug)

HEK-293
cells

Kir4.1
(IC50 ¼ 1.8 μM)

Marmolejo-Murillo et al.
(2017a)

Nortriptyline (tricyclic
antidepressant)

HEK293T
cells

Kir4.1
(IC50 ¼ 16 μM)

Su et al. (2007)

Fluoxetine (SSRI) HEK293T
cells

Kir4.1
(IC50 ¼ 15.2 μM)

Ohno et al. (2007)

Chloroquine
(4-aminoquinoline)

HEK-293
cells

Kir4.1
(IC50 ¼ 0.5 μM)

Marmolejo-Murillo et al.
(2017b)

Gentamicin
(aminoglycoside antibiotic)

HEK293T
cells

Kir4.1
(IC50 ¼ 6.2 μM)

Moran-Zendejas et al. (2020)

VU573 HEK-293
cells

Kir7.1
(IC50 ¼ 4.9 μM)

Raphemot et al. (2011)

ML 418 HEK-293
cells

Kir7.1
(IC50 ¼ 0.31 μM)

Swale et al. (2016)
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et al. 2020). From these studies, we can conclude that residues E158 and T128 of the
central pore in Kir4.1 are critical for the activity of several channel blockers. Insight
can be gained by comparing conservation of the key residue determinants of
intracellular pore blockers. The residue E158 (Kir4.1) is conserved in Kir4.2
(E157) and in Kir7.1(E149), but not in Kir1.1(N171) (Fig. 9). Kir1.1-specific
intracellular pore blockers of Kir1.1, e.g. VU590 or VU591, utilize position 171 to
exert their specific Kir1.1 effect. Indeed, VU591 interacts with Kir1.1 through this
residue as a hydrogen bond donor with the nitro group acceptor of the compound.
While the negatively charged residues, such as Glu and Asp, form unfavorable,
repulsive interactions with the nitro group of the compound (see Fig. 11). A double
mutation, Kir1.1(N171E/K80M), abolished VU591 activity (Swale et al. 2015). This
explains that VU591 selectively inhibits Kir1.1 over Kir7.1, and UV590 has no
effect on Kir4.1 and Kir2.1 (D172 is the corresponding residue). On the other hand,
antibiotics, chloroquine, quinacrine, pentamidine utilize their amine groups to inter-
act with Kir4.1 through E158 as a hydrogen bond acceptor to block the channel.
Although discovery of selective channel blockers is challenging, the structural
information of determinant residues could be useful for future structure-based drug
design for selective channel inhibitors. In addition, identification of new allosteric
binding sites could be valuable for discovery of novel selective modulators.

5.4.1 Transport Channel Structural Determinants

Kir1, 4, and 7 Channel Structure and Dynamics
Linder et al. (2015) conducted MD simulations (200 ns) on wild-type KirBac1.1 and
a stimulatory mutant (G143E) to investigate activation gating of KirBac channels.
The simulations revealed that a Glu mutation at G143 position caused significant
widening at the HBC gate, enabling water flux in the cavity. Both global and local
rearrangements were observed. Opening of the HBC gate could trigger twisting of
the CTD, which was mediated by electrostatic interactions between the TMD and
CTD. In addition, the channel’s slide-helix and C-linker interactions with lipids were
strengthened during gating the channel open (Linder et al. 2015). Hu and colleagues
predicted the TPNQ (Tertiapin-Q) and Kir1.1 channel interactions using homology
modeling, protein docking, and MD simulations. The results suggested TPNQ toxin
interacts with Kir1.1 through its helical domain as its interacting surface along with
residue H12 as a pore-blocking residue. Residues F146 and F148 in Kir1.1 formed
dominant nonpolar interaction with the toxin (Hu et al. 2013). To understand the
mechanism for the antidepressant–Kir4.1 channel interaction, Furutani and
colleagues conducted homology modeling and molecular docking simulations on
Kir4.1 channel with fluoxetine and nortriptyline. Chimeric and site-directed muta-
genesis studies suggested the residues T128 and E158 on the TM2 were critical for
the drug inhibitory activity. In addition, a 3D quantitative structure-activity relation-
ship (3D-QSAR) model of antidepressants was generated, which suggested common
features of a hydrogen bond acceptor and positively charged moiety from the drugs
interacting with the channel (Furutani et al. 2009). Using similar homology
modeling and molecular docking approaches, in combination with mutagenesis
and electrophysiology experiments, several Kir4.1 channel inhibitors were
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characterized: Quinacrine (Marmolejo-Murillo et al. 2017a), Pentamidine
(Arechiga-Figueroa et al. 2017), Chloroquine (Marmolejo-Murillo et al. 2017b),
and aminoglycoside antibiotics (Moran-Zendejas et al. 2020; Arechiga-Figueroa
et al. 2017; Marmolejo-Murillo et al. 2017a, b; Moran-Zendejas et al. 2020; Swale
et al. 2016).

Swale et al. (2016) discovered a novel Kir7.1 channel inhibitor, VU714, through
fluorescence-based high-throughput screening. Homology model and docking
predicted the binding site of VU714 in Kir7.1 central pore cavity. Site-directed
mutagenesis suggested that residues E149 and A150 are essential determinants of
VU714 activity. Lead optimization based on VU14 generated ML418, which
exhibited high potency (IC50¼ 310 nM) and superior selectivity over other channels
(Kir1.1, Kir2.1, Kir2.2, Kir2.3, Kir3.1/3.2, and Kir4.1) except for Kir6.2/SUR1
(Swale et al. 2016).

6 Conclusions

Kir channels are mostly active at negative potentials influencing cells to rest near EK.
They are either constitutively active or opened by external signals (e.g.,
neurotransmitters and G protein signaling) or closed by internal signals (e.g.,
ATP/ADP ratio). They are fundamental to the proper functioning of many cells
and systems in our body and their malfunction yields a multitude of diseases, making
them desirable targets for therapeutic drug discovery and development. Great
insights from 3-D atomic resolution structures of these K+ channels have begun to
provide insights for the molecular basis of their fundamental functional properties,
such as inward rectification, dependence on [K+]o, and interactions with PIP2 to
control gating. More specialized functional attributes are also being deciphered, such
as Gβγ binding and allosteric control of gating or ATP binding in relation to the gates
and the interplay with PIP2 gating. Computational studies have begun to offer
dynamic views of ion permeation and gating by physiological regulators. The
pharmacology of these channels has also been expanding providing insights as to
how to best synthesize specific and effective drugs. Dynamic structural studies are
paving the way toward successful structure-based drug design for this family of K+

channels. Thus, the physiology and pharmacology of Kir channels in the context of
dynamic atomic resolution structures have provided the groundwork for numerous
therapeutic opportunities. The next decade promises great advances in Kir pharma-
cology with therapeutic potential (Figs. 9, 10, and 11).
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Appendix

Fig. 9 Inwardly rectifying potassium channel family alignment. The current human 16 members of
the Kir family were aligned using the Clustal Omega multiple sequence alignment program, which
uses seeded guide trees and HMM profile–profile techniques to generate the alignments for all Kir
members. Fully conserved resides are denoted with an “*”, residues with strongly similar properties
are denoted with a “:”, and residues with weakly similar properties are donated with a “.”. The
important structural and gating features are highlighted and labeled (Madiera et al. 2019)
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Fig. 9 (continued)
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Fig. 11 Chemical structures of drugs targeting Kir channels
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Abstract

ATP-sensitive K+ channels (KATP) are inwardly-rectifying potassium channels,
broadly expressed throughout the body. KATP is regulated by adenine
nucleotides, characteristically being activated by falling ATP and rising ADP
levels thus playing an important physiological role by coupling cellular metabo-
lism with membrane excitability. The hetero-octameric channel complex is
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formed of 4 pore-forming inward rectifier Kir6.x subunits (Kir6.1 or Kir6.2) and
4 regulatory sulfonylurea receptor subunits (SUR1, SUR2A, or SUR2B). These
subunits can associate in various tissue-specific combinations to form functional
KATP channels with distinct electrophysiological and pharmacological properties.
KATP channels play many important physiological roles and mutations in channel
subunits can result in diseases such as disorders of insulin handling, cardiac
arrhythmia, cardiomyopathy, and neurological abnormalities. The tissue-specific
expression of KATP channel subunits coupled with their rich and diverse pharma-
cology makes KATP channels attractive therapeutic targets in the treatment of
endocrine and cardiovascular diseases.

Keywords

Cardiac arrhythmia · Diabetes · KATP · Sulfonylureas · SUR

1 Introduction

ATP-sensitive K+ channels (KATP) were first described in heart muscle in the early
1980s, where treatment with metabolic poisons or hypoxia evoked an outward K+

current that was inhibited by ATP (Noma 1983). Since then, they have been
described in a variety of other tissues, most prominently in the cardiovascular,
endocrine, and nervous systems including in pancreatic β-cells (Ashcroft et al.
1984), neurones (Ashford et al. 1988), skeletal muscle (Spruce et al. 1985), smooth
muscle (Aziz et al. 2014; Standen et al. 1989), and endothelium (Aziz et al. 2017; Li
et al. 2020).

KATP channels open in response to changes in cellular metabolism, activated by a
decline in intracellular ATP and/or an increase in ADP levels, and thus play an
important functional role by linking cellular metabolism to membrane excitability. In
addition to regulation by changes in the ATP/ADP ratio, KATP channels are also
modulated by a number of cell signalling pathways. They have an established
pharmacological profile and some compounds are in routine clinical use. KATP

channels have a number of important physiological functions, especially in the
cardiovascular and endocrine systems such as regulation of insulin release,
cardioprotection, and control of blood pressure. Extensive reviews of KATP channel
function have been already published (Tinker et al. 2014, 2018). In this chapter, we
will briefly discuss the structure and regulation of KATP channels, their physiological
roles and pathophysiology in human diseases, and their pharmacology with a focus
on their therapeutic use.

2 The Structure and Regulation of KATP Channels

The KATP channel complex is constituted of four pore-forming subunits (Kir6.1 or
Kir6.2) and four sulphonylurea receptor subunits (members of the ATP binding
cassette family of proteins; SUR1, SUR2A, and SUR2B) to form an octameric
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channel complex (Fig. 1). The association of a particular SUR with a specific Kir6.x
subunit constitutes the KATP current in a specific tissue. The Kir6.x subunits are
targets for inhibition by ATP and the SUR proteins for activation by MgADP.

The Kir6.x subunits have two transmembrane domains (M1 and M2), a pore-
forming region (H5) with the K+ selectivity sequence (GYG or GFG) and intracel-
lular N and C termini (Tinker et al. 1996). SUR subunits consist of three transmem-
brane domains (TMD 0, 1, and 2) comprised of five, six, and six membrane spanning
helices, respectively (Fig. 1).Each of these domains is connected by cytosolic
linkers; N-terminus is extracellular while C-terminus resides intracellularly (Conti
et al. 2001). Physical interaction with Kir6.1.x subunits is via the intracellular loop
between TMD0 and TMD1, L0. Two nucleotide binding domains (NBD1 and
NDB2), comprised of Walker A and B nucleotide binding motifs in the TMD1-
TMD2 linker, and C-terminus provide the binding sites for magnesium-complexed
adenine nucleotides.

KATP channels are highly selective for potassium (PNa/PK ~ 0.01) and display
diverse unitary conductances in different tissues, for example, 70–90 pS in cardiac
muscle, 55–75 pS in skeletal muscle, and 50–90 pS in pancreatic β-cells (Ashcroft

SURx
Kir6x

Kir6x SURx
K+ channel Sulfonylurea receptor

N C

N

L0 A B
NBD

1

A BNBD
2

C

TMD0 TMD1 TMD2

a

b

Fig. 1 Molecular composition of a KATP channel. (a) Four pore-forming Kir6.x subunits (belong-
ing to the inward-rectifying K+ channel family (Kir)) and four regulatory sulphonylurea receptor
subunits (belonging to the ATP binding cassette (ABC) family of proteins) form a functional KATP

channel. Kir6x consists of 2 transmembrane domains (M1 and M2), a pore-forming region
(H5) with the K+ selectivity sequence and intracellular N and C termini. SUR consists of 3 trans-
membrane domains (TMDs) composed of 5, 6, and 6 transmembrane segments, respectively. L0,
the intracellular loop between TMD0 and TMD1, provides the physical interaction with Kir6x. Two
nucleotide binding domains (NBD1 and NDB2) comprised of Walker A and B nucleotide binding
motifs provide the binding sites for magnesium-complexed adenine nucleotides. (b) A side view
(left) of the cryo-EM density map of the pancreatic KATP channel (3.63 Å resolution) and the
extracellular view (right) of the channel. The position of the membrane is indicated by the grey bars.
(This figure is reproduced with permission from Martin et al. 2017)
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1988; Hibino et al. 2010; Quayle et al. 1997). However, smooth muscle KATP

channels have unique properties; they have a lower (~35 pS) single-channel con-
ductance and they absolutely require cytosolic nucleotide diphosphates being pres-
ent in the solution to be active and this has led to the moniker “KNDP” current in
some of the literature (Beech et al. 1993). In addition, these channels are generally
less sensitive to ATP inhibition than Kir6.2-containing channels (Beech et al. 1993;
Cui et al. 2002). Furthermore, activation by ADP is dependent on the presence of
magnesium, without which ADP inhibits the channels (Findlay 1987).

As well as direct regulation of KATP channels by ATP/ADP, other cell signalling
pathways can also modulate channel activity. Membrane phosphoinositides, notably
phosphatidylinositol 4,5-bisphosphate have been shown to antagonise ATP inhibi-
tion leading to opening of the KATP channels (Shyng and Nichols 1998). In vascular
smooth muscle cells, KATP channels can be regulated by a number vasodilating (for
example, adenosine and CGRP) and vasoconstricting (for example, angiotensin and
endothelin) hormones. The binding of a vasodilator to a Gs-protein-coupled receptor
leads to downstream activation of protein kinase A (PKA), direct phosphorylation of
the KATP channel complex, leading to the opening of KATP channels,
hyperpolarisation of the cell membrane and vasodilatation (Quinn et al. 2004; Shi
et al. 2007). In contrast, vasoconstrictors act via Gq/11-protein-coupled receptors,
leading to activation of protein kinase C (PKC), inhibition of KATP channels and
membrane depolarisation, increased calcium entry and vasoconstriction (Aziz et al.
2012; Shi et al. 2008). The depletion of phosphatidylinositol (4,5) bisphosphate is
another potential mediator after phospholipase C activation though this may not be
critical with the vascular KATP channel (Quinn et al. 2003). In addition, PKC has
been shown to modulate cardiac KATP channels (Light et al. 1996), and there is
evidence of PKA-dependent modulation of the pancreatic KATP channel (Light et al.
2002).

3 The Pharmacological Properties of KATP Channels

KATP channels have a rich and well-developed pharmacology, with both activators
and inhibitors existing. KATP channel openers (KCOs) and blockers (KCBs) have
diverse chemical and structural properties (Tables 1 and 2). Importantly, from both
research and therapeutic perspectives, there is a degree of channel subtype-
specificity for some of these compounds allowing for some tissue-specific targeting.

3.1 KATP Channel Openers

Pharmacological compounds of diverse structures are able to potentiate KATP chan-
nel activity. These include benzothiadiazines (diazoxide), pyrimidine sulphates
(minoxidil), pyridyl nitrates (nicorandil), benzopyrans (cromakalim),
carbothiamides (aprikalim), and cyanoguanidines (pinacidil). Many of the KCOs
show selectivity to different SUR subunits, for example, pinacidil, cromakalim, and
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Table 1 Structure and pharmacology of KCOs acting on KATP channel

KCO (chemical class) Chemical structure
Location of KATP

channels
Same class
drugs

First generation

Pinacidil
(cyanoguanidines)

Cardiomyocytes
Smooth muscle

P-1075

Diazoxide
(benzothiadiazines)

Cardiomyocytes
Smooth muscle
Pancreas
Mitochondria

LN-5330

Cromakalim
(benzopyrans)

Cardiomyocytes
Smooth muscle

Levcromakallm
Blmakallm
Cellkallm
Rilmakalim
Y-27152

Nicorandil (pyridyl
nitrates)

Cardiomyocytes KRN-2391

Minoxidil (pyrimidine
sulphate)

Cardiomyocytes LP-805

Aprikalim
(carbothiamides)

Cardiomyocytes
Smooth muscle

MCC-134

Second generation

WAY-151616
(cyclobutenediones)

Smooth muscle WAY-133537

ZM-244085
(dihydropyridine)

Smooth muscle ZD-0947

ZD-6169 (tertiary
carbinols)

Smooth muscle A-151892
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nicorandil are selective for SUR2-containing channels, whereas diazoxide is more
specific for SUR1-containing subunits but also activates SUR2B-containing
channels (Giblin et al. 2002; Mannhold 2004); diazoxide has also been shown to
activate SUR2A-containing channels under specific circumstances with high
MgADP levels (D’hahan et al. 1999). Figure 2 shows activation of a KATP current
by pinacidil in vascular smooth muscle cells.

The use of chimaeras between SURs and radioligand binding experiments has
identified regions within TMD2, in particular the cytoplasmic linker between TM13
and TM14 and the last TM helices, TM16 and TM17, as important for pinacidil and
cromakalim binding (Babenko et al. 2000; Moreau et al. 2000; Uhde et al. 1999).
The binding site for diazoxide is less well-mapped, though it is known that binding is
nucleotide-dependent and occurs between TM6 to TM11 and NBD1 (Babenko et al.
2000). The presence of more than one binding site on SUR for KCOs helps explain
the structural diversity of KCOs.

KCOs were initially developed based on their ability to relax smooth muscle.
However, studies using in vivo models showed differences in their physiological
actions. For example, diazoxide was found to have both hypotensive and
hyperglycaemic effects (RUBIN et al. 1962; Wolff 1964). Nicorandil, used in the
treatment of angina, also acts on cardiac KATP channels thus potentially conferring
cardioprotection (Horinaka 2011). Pinacidil, on the other hand, failed to reverse
glibenclamide-induced hypoglycaemia in rats (Clapham et al. 1994), but shows a
potent hypotensive effect in man (Carlsen et al. 1983; Ward et al. 1984).

KCOs have many potential therapeutic roles, including treatment of insulinomas
with insulin hypersecretion, congenital hyperinsulinism, hypertension, myocardial
ischaemia, congestive heart failure, bronchial asthma, urinary incontinence, and
certain skeletal muscle myopathies (Hibino et al. 2010). Despite this, they have
not been widely adopted in clinical practice because of side effects including
profound hypotension, fluid retention, and others such as headache and flushing.

Time (min)
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Fig. 2 The effects of pinacidil and glibenclamide on the KATP current in a murine aortic vascular
smooth muscle cell. (a) Current Density-Voltage relationship in the presence of 10 μM pinacidil
(Pin) and 10 μM glibenclamide (Glib). (b) Time course of the effects of pinacidil and glibenclamide
at +40 mV. The data are from our own studies and these recordings are unpublished
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3.2 KATP Channel Blockers

3.2.1 Sulfonylureas
The hypoglycaemic action of sulfonylureas was inadvertently discovered in studies
looking at their potential use as a treatment for typhoid fever. They work by
inhibiting KATP channels in the pancreatic β-cell by binding to the SUR1 subunit,
thus preventing K+ efflux leading to the depolarisation of the β-cell membrane,
opening of voltage-dependent calcium channels, increased Ca2+ influx, and subse-
quently insulin release. The first group of sulfonylureas such as tolbutamide and
chlorpropamide has relatively low affinity for KATP channels. The early generations
of sulfonylureas were initially used exclusively for treatment of type 2 diabetes
mellitus; however, these compounds were also found to act on cardiac KATP

channels with potential undesired cardiovascular side effects (Garratt et al. 1999).
Subsequently, a more potent second generation (e.g. glibenclamide, gliclazide, and
glipizide) was developed. The second generation drugs are relatively selective for
the pancreatic channel and despite the potential for weight gain are still used in the
treatment of type II diabetes mellitus. Advances in sulfonylurea chemistry led to the
synthesis of a third generation of derivatives that show greater tissue selectivity. For
example, HMR-1098 (Table 2) has a 400–800-fold selectivity for the cardiac KATP

over the pancreatic KATP channel (Manning Fox et al. 2002).
There are differential effects of these agents between SUR1 and SUR2 containing

channels. For example, glibenclamide and glimepiride show high-affinity block in
both SUR1 and SUR2 containing channels whilst tolbutamide, gliclazide, and
chlorpropamide have higher affinity for SUR1 (Gribble and Reimann 2003). In
order to find the binding sites for these agents on SUR1 and SUR2, a chimeric
approach was used and high-affinity inhibition was assayed (Ashfield et al. 1999).
The last group of transmembrane domains, specifically the cytoplasmic loop
between helices 15 and 16, was found to be important for binding (Ashfield et al.
1999). S1237 has been identified as a key amino acid residue for the binding of
glibenclamide (Hansen et al. 2002) and introduction of serine at an equivalent
residue in SUR2B led to an increase in the affinity of glibenclamide binding
(Hambrock et al. 2001). Recent elucidation of the structure of SUR1 and Kir6.2 in
complex using cryo-EM indicates that the binding site for glibenclamide might lie
close to residues S1237, R1246, and R1300 but also that it might closely interact
with residue Y230 in the linker between TMD0 and TMD1 (L0) (Ding et al. 2019;
Martin et al. 2017) and R306 in TMD1 (Ding et al. 2019). Additional support for this
model comes from biochemical studies. For example, glibenclamide binding is
abolished with the deletion of TMD0 and L0 but not TMD0 alone. The L0 domain
interlinks with Kir6.2 and, thus, is perfectly placed to regulate Kir6.2 gating. Finally,
glibenclamide might prevent channel activation by altering the interaction between
the NBDs preventing their alignment and dimerisation (Li et al. 2017; Martin et al.
2017). The cryo-EM structure showing drug–SUR interaction is shown in Fig. 3.

Physiologically, the actions of sulphonylureas can be affected by endogenous
modulators such as MgADP. For example, in intact whole cell or in the presence of
MgADP the action of tolbutamide is much more complete than in inside-out patches
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where MgADP is absent (Gribble et al. 1997). This interaction with MgADP is not a
feature of SUR2-containing channels and in fact sulphonylureas are less effective
when MgADP concentrations are high (Reimann et al. 2003).

3.2.2 Nonsulphonylurea Drugs
Amongst the third generation of KATP blockers, a new chemical class of
nonsulphonylurea drugs of benzoic acid derivatives was developed for the treatment
of type 2 diabetes mellitus (Table 2). These include meglitinide, repaglinide,
nateglinide, and mitiglinide. Benzoic acid derivatives are insulin secretagogues that
bind primarily to pancreatic KATP channels, for example mitiglinide is highly tissue-
specific and has a 1,000-fold greater affinity for pancreatic KATP channels over the
cardiac and smooth muscle KATP channels (Reimann et al. 2001). Meglitinide and
repaglinide show high-affinity block in both SUR1 and SUR2 containing channels
whilst nateglinide does not exhibit high-affinity block with SUR2 (Gribble and
Reimann 2003). A recent cryo-EM study has resolved the structure of the pancreatic
KATP channel in complex with repaglinide (Ding et al. 2019). The images reveal that

Fig. 3 The structure of the pancreatic KATP channel in complex with the KATP channel blockers
glibenclamide and repaglinide. (a) A side view (left) of the model of the KATP channel in complex
with ATP (green) and glibenclamide (red) and the model viewed from the extracellular side of
membrane (right). (This figure is reproduced with permission from Martin et al. 2017). (b) Cryo-
EM density map of the KATP channel in complex with repaglinide (RPG, purple) and ATPyS (red)
viewed from the side (left) and intracellularly (right). (This figure was reproduced with permission
from Ding et al. 2019)
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repaglinide shares a region of the glibenclamide binding site in TMD2 (R1246 and
R1300) for its carboxyl group but other parts of the structure bind to distinct regions
of SUR. Specifically, residues in TMD1 including M441, L592, V596, F433, W430,
L434, Y377, and I381 provide a suitable pocket for the hydrophobic portion of
repaglinide. The positioning of the binding site between TMD1 and TMD2 inhibits
NBD dimerisation preventing KATP channel activation (Fig. 3).

Other agents used clinically may exhibit their actions through KATP channels. For
example, baclofen may exhibit its antidepressant-like effect through inhibition of
KATP channels (Nazari et al. 2016). The anti-epilepsy drug carbamazepine can
inhibit KATP channel activity by disrupting the response to MgADP (Zhou et al.
2014). Some drugs that display anticonvulsant properties such as the inotropic
calcium sensitiser levosimendan (Gooshe et al. 2017), glycolytic inhibitor
2-deoxy-D-glucose (Yang et al. 2013), K+-sparing diuretic triamterene (Shafaroodi
et al. 2016), hypnotic agent zolpidem (Sheikhi et al. 2016), fatty acid caprylic acid
(Socała et al. 2015), and gabapentin (Ortiz et al. 2010) could also exert their action
through KATP channels.

3.2.3 KATP Channel Pore Blockers
Generic agents such as barium, tetraethylammonium, and 4-aminopyridine can also
block KATP channels by directly occluding the pore (Ashcroft and Ashcroft 1990;
Takano and Ashcroft 1996). In addition, derivatives from the cyanoguanidine KATP

opener P1075 such as PNU-37883A, PNU-89692, PNU-97025E, PNU-99963, and
PNU-9470 are also KATP channel blockers.

Of these, PNU-37883A has been extensively investigated and early studies
suggested a potential for future therapeutic use. PNU-37883A is a morpholino-
guanidine drug that has been shown to be selective for vascular smooth muscle
KATP channels (Meisheri et al. 1993). Studies using different recombinantly
expressed KATP channel subunit combinations showed a preference for Kir6.1-
containing KATP channels (Kovalev et al. 2001; Surah-Narwal et al. 1999). Further
investigations revealed a higher affinity for Kir6.1 over Kir6.2 and a chimeric
approach found that the C-terminus of Kir6.1 was important for PNU binding
(Kovalev et al. 2004). Specifically, residues 200–280 of Kir6.1 are critical for the
inhibitory effect. Interestingly, the choice of SUR subunit complexing with Kir6.1 is
also important for PNU potency. Thus, PNU is being more potent when Kir6.1 is
partnered with SUR2B, as compared to Kir6.1-SUR1 complex, explaining the
relative specificity of PNU-37883A for vascular smooth muscle channels (thought
to be constituted of Kir6.1/SUR2B).

The early promise of PNU-37883A for therapeutic use has subsided, although it
is not clear whether this is a result of off-target effects or lack of potency. Neverthe-
less, it is routinely used in the research environment to distinguish between Kir6.1
and Kir6.2-containing KATP channels.
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4 The Physiology and Pathophysiology of KATP Channels

Defective KATP channel function because of mutations (both loss-of-function [LoF]
mutations and gain-of- function [GoF] mutations) can lead to diseases in neurologi-
cal, cardiac, and endocrine systems.

4.1 Pancreas

KATP channels in the pancreas, particularly in the β-cells, have been extensively
studied. A combination of Kir6.2/SUR1 makes up the KATP channel population in
the insulin-regulating β-cells and glucagon-secreting α-cells (Table 3). In pancreatic
β-cells, KATP channels couple cellular metabolism to electrical activity in response to
changes in blood glucose. When blood glucose is low, ATP production is reduced
allowing KATP channels to open thus hyperpolarising the membrane and preventing
an increase in intracellular Ca2+ and subsequent insulin release. At high blood
glucose concentrations, ATP production increases leading to channel inhibition, an
increase in intracellular Ca2+ and insulin release. In pancreatic α-cells, glucagon is
released to promote the mobilisation of glucose, and this process is inhibited by
increased blood glucose levels.

Congenital hyperinsulinism is a genetic disorder in which there are abnormally
high levels of insulin secretion from pancreatic β-cells leading to hypoglycaemia. It
typically occurs in infants and young children in approximately 1/25–50,000 births
where, if left untreated, persistent hypoglycaemia increases the risk for serious
complications such as breathing difficulties, seizures, intellectual disability, vision
loss, brain damage, and coma. Congenital hyperinsulinism is caused by mutations
that lead to an overall LoF of KATP channels and have been identified in both the
KCNJ11 (Kir6.2) and ABCC8 (SUR1) genes. Loss of channel activity arises from
loss of KATP channels at the membrane due to ER retention, production of
non-functional proteins, impaired pore-opening, loss of MgADP sensitivity, and
reduced sensitivity to metabolic inhibition and drug activation (Tinker et al. 2018).

Neonatal diabetes mellitus (NMD) is a rare form of diabetes that occurs within the
first 6 months of life in approximately in 1/100,000 births (Rubio-Cabezas and
Ellard 2013). Neonatal diabetes can be caused by mutations in KCNJ11 and
ABCC8 that lead to ATP insensitivity and GoF (Babenko et al. 2006).

Type 2 diabetes mellitus is a common and lifelong condition where the body
doesn’t produce or respond to insulin, it is usually considered as a disease of
peripheral insulin resistance, however, there is evidence that pancreatic β-cell mass
is reduced leading to impaired insulin secretion. Type 2 diabetes is associated with
variants in KCNJ11 (Gloyn et al. 2003) and ABCC8 (Hamming et al. 2009).

The Pharmacology of ATP-Sensitive K+ Channels (KATP) 367



4.2 Heart

A combination of SUR2A\Kir6.2 subunits underlie the cardiac KATP channel in
ventricular myocytes, but other subunit combinations have been reported in atria and
conduction tissues (Table 3). Under basal conditions, the KATP channels in
cardiomyocytes are closed and contribute little to resting membrane potential or
action potential repolarisation (Noma 1983). In pathological conditions associated

Table 3 Tissue-specific subunit composition and properties of KATP channels

Location KATP subunits Physiological function

Pancreas α-cells Kir6.2/SUR1 Regulation of glucagon secretion in
response to changes in blood glucose

β-cells Kir6.2/SUR1 Regulation of insulin release in response
to changes in metabolism

Enteroendocrine cells Kir6.2/SUR1 Involved in the stimulus-secretion
coupling of gut hormones such as GIP,
GLP-1, and PYY

Skeletal muscle Kir6.2/SUR2A/SUR1 Adaptation to strenuous exercise,
regulation of glucose uptake and
metabolism

Heart Atria Kir6.2/SUR1 Action potential repolarisation,
adaptation to cell swelling

Ventricle Kir6.2/SUR2A Protection against Ca2+ overload during
hypoxia, adaptation response to stress

Conduction
system

Kir6.1/Kir6.2/SUR2B Adaptation to stress, regulation of
pacemaker activity

Smooth
muscle

Endothelium Kir6.1/Kir6.2/SUR2B Vasodilation, blood pressure regulation

Vascular
smooth
muscle

Kir6.2/SUR2B Relaxation, contraction

Non-vascular
smooth
muscle

Kir6.1/Kir6.2/SUR2B Vasodilation, protective during
ischaemia

Nervous
system

Hypothalamus Kir6.2/SUR1 Expressed in AgRP/NPY- and POMC-
positive neurons, regulation of neuronal
excitability in response to glucose

Pituitary Kir6.2/SUR2B/SUR1 Regulation of hormone secretion

Substantia
nigra

Kir6.2/SUR1 Neuroprotection from stress and against
seizures, regulation of excitability,
release of neurotransmitters such as
dopamine, GABA, and glutamate in
response to changes in metabolism, play
a role in memory, locomotion and
behaviour

Dorsal root
ganglion

Kir6.2/SUR1/SUR2 Suppression of hyperalgesia

Glial cells Kir6.1/Kir6.2/SUR1 Neuroprotective, potassium siphoning
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with hypoxia and ischaemia, cardiac KATP channels are activated leading to short-
ened action potential duration and attenuated/abolished contraction in myocytes
(Lederer et al. 1989; Venkatesh et al. 1991). Similarly, KATP channels contribute
to action potential duration and QT interval shortening in response to high-intensity
exercise (Zingman et al. 2002).

Multiple mutations have been identified within KATP channel subunits that confer
susceptibility to cardiac arrhythmia, cardiomyopathy, hypertrophy, and heart failure.
Atrial fibrillation is the most common cardiac arrhythmia and can become persistent
due to electrophysiological remodelling of the atria. A LoF missense mutation
(T1547I) in ABCC9 (SUR2) has been implicated in atrial fibrillation (Olson et al.
2007). Multiple mutations in ABCC9 (SUR2), that impair nucleotide hydrolysis at
NBD2, causing reduced function are associated with dilated cardiomyopathy
(Bienengraeber et al. 2004). In addition, increased left ventricle size and heart failure
are associated with the E23K variant in KCNJ11 (Reyes et al. 2008, 2009). Whereas
S422L GoF mutation in KCNJ8 has been associated with Brugada syndrome, early
repolarisation “J-wave” syndrome, atrial and ventricular fibrillation (Barajas-
Martínez et al. 2012; Delaney et al. 2012; Haïssaguerre et al. 2009; Medeiros-
Domingo et al. 2010). GoF (V734I and S1402C) mutations in ABCC9 are thought
to underlie Brugada and early repolarisation syndromes (Hu et al. 2014).

4.3 Cantu Syndrome

Cantu syndrome (CS) is a relatively new and rare syndrome, the hallmarks of which
are hypertrichosis, abnormal facial features, and cardiomegaly (Cantú et al. 1982;
Nichols et al. 2013). The features of CS vary among affected individuals and some
patients also display other clinical features such as pericardial effusion, patent ductus
arteriosus, conduction system abnormalities, pulmonary hypertension, and coarse
lax skin (Scurr et al. 2011). Recently, the genetic basis of CS has been revealed
showing the involvement of KATP channels. Specifically, missense mutations in
KCNJ8 and ABCC9 have been identified. Using standard heterologous expression
techniques, these mutations were shown to be GoF mutations leading to increased
KATP channel activity (Cooper et al. 2015; Harakalova et al. 2012) as a result of
reduced ATP-sensitivity and increased activation by MgADP (Cooper et al. 2015).
The features of CS, particularly the cardiac abnormalities, have been replicated in
murine models where both Kir6.1 and SUR2 GoF mutations have been
transgenically introduced into a number of cardiovascular tissues (Levin et al. 2016).

4.4 Sudden Infant Death Syndrome

Sudden infant death syndrome (SIDS) is the sudden, unexpected, and unexplained
death of an otherwise healthy baby, with most deaths occurring in the first 6 months
of life. Although the exact cause of SIDS is unknown, LoF mutations in KCNJ8 such

The Pharmacology of ATP-Sensitive K+ Channels (KATP) 369



as the in-frame deletion E332del and missense mutation V346I have been associated
(Tester et al. 2011).

4.5 Nervous System

KATP channels and currents are widely distributed in the nervous system (Table 3).
In central and peripheral neurones, the channels are largely thought to be constituted
of Kir6.2 (Sun et al. 2007), with the exception of glial cells, where the current is
made up of Kir6.1/SUR1 (Eaton et al. 2002). Neuronal KATP channels exhibit
various physiological functions, including modulation of neuronal excitability
(Allen and Brown 2004), suppression of hyperalgesia (Zoga et al. 2010), control
of locomotion and behaviour (Deacon et al. 2006), influencing nutrient sensing and
satiety (Rother et al. 2008) and control of autonomic function and thus modulation of
heart rate (Almond and Paterson 2000; Mohan and Paterson 2000).

Mutations in KATP channels that underlie congenital hyperinsulinism, neonatal
diabetes, and Cantu syndrome all display varying degrees of neurological pathology,
it is likely that the abnormalities in KATP channel expression in neurons are the main
reason for this.

4.6 Pulmonary Circulation

Pulmonary arterial hypertension (PAH) is a rare but serious condition and can affect
people of all ages. It is characterised by raised pulmonary artery pressure and
increased pulmonary vascular resistance and can lead to right heart failure and
death. Mutations in multiple genes have been implicated in the development of
PAH. Alongside mutations in genes such as BMPR2 (bone morphogenic protein
receptor type 2), LoF mutations in KATP channels (as well as other K+ channels)
have also been identified (McClenaghan et al. 2019). Reduced K+ channel activity
causes vasoconstriction leading to an increase in blood pressure. Interestingly,
patients with Cantu syndrome with GoF mutations in ABCC9 and KCNJ8 can also
develop PAH, possibly due to systemic feedback involving the renin-angiotensin-
aldosterone system (McClenaghan et al. 2019). KCOs such as iptakalim and
diazoxide may have therapeutic potential as a treatment for pulmonary hypertension.

4.7 Current Therapeutic Uses of KCOs and Inhibitors of KATP
Channel

KATP channel openers are only used as second line agents for the treatment of
diseases such as stable angina and hypertension. Three KCOs are used in clinical
practice; nicorandil (stable angina), diazoxide (hypertension, congenital hyperinsu-
linism in some patients), and minoxidil sulphate (hypertension and male pattern
baldness). Iptakalim, a relatively new KCO thought to be specific for vascular
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smooth muscle KATP channels, has shown promise in the treatment of mild to
moderate essential hypertension and may also have therapeutic potential in the
treatment of pulmonary hypertension (Sikka et al. 2012).

KATP channel inhibitors, the sulphonylureas, are still used in the treatment of type
2 diabetes in patients who are intolerant of metformin and in combination therapy,
although the earlier generation of sulphonylureas are not recommended due to their
possible inhibition of cardiac KATP channels. Sulphonylureas can lead to unwanted
side effects including weight gain and also there is a risk of hypoglycaemia particu-
larly in elderly patients (O’Hare et al. 2015).

The recent unmasking of the genetic basis of neonatal diabetes mellitus has
revolutionised the management of the disease (Pearson et al. 2006). These patients
were traditionally treated with insulin but the discovery that disease pathogenesis
was due to over-activity of pancreatic KATP channels led to the use of
sulphonylureas. The use of sulfonylureas normalised glucose homeostasis in many
patients with normal responses of insulin release following a meal (Pearson et al.
2006). The presence of neurological symptoms requires higher doses and where the
disease is due to mutations that do not affect ATP sensitivity the use of sulfonylureas
may fail (Ashcroft et al. 2017; Babiker et al. 2016). Sulphonylurea treatment of the
neurological deficits is not as effective as these deficits may have a developmental
component (Koster et al. 2008; Shah et al. 2012; Slingerland et al. 2008). It is
important that therapy with sulphonylureas is initiated as early as possible, as with
time there is a decline in treatment efficacy (Babiker et al. 2016).

The characterisation of the genetic basis (GoF of KATP channels) of Cantu
syndrome has given rise to the possibility of pharmacological intervention with
sulphonylureas. Recent studies on murine models suggest that glibenclamide
shows promising effects on the cardiovascular abnormalities that occur in CS such
as reversing cardiac hypertrophy and increasing blood pressure (McClenaghan et al.
2020).

5 Conclusions

KATP channels are ubiquitously expressed in the body and have diverse functions in
different tissue types. The physiological role of KATP channels is best described in
the pancreatic β-cell, but recent work has also revealed their important pathophysio-
logical roles in other cell types including cardiac, vascular, and nervous cells. KATP

channels have a rich and diverse pharmacology that has the potential to be exploited
to develop novel therapeutic agents for the treatment of various human diseases.
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Abstract

Potassium channels are the most diverse and ubiquitous family of ion channels
found in cells. The Ca2+ and voltage gated members form a subfamily that play a
variety of roles in both excitable and non-excitable cells and are further classified
on the basis of their single channel conductance to form the small conductance
(SK), intermediate conductance (IK) and big conductance (BK) K+ channels.

In this chapter, we will focus on the mechanisms underlying the gating of BK
channels, whose function is modified in different tissues by different splice
variants as well as the expanding array of regulatory accessory subunits including
β, γ and LINGO subunits. We will examine how BK channels are modified by
these regulatory subunits and describe how the channel gating is altered by
voltage and Ca2+ whilst setting this in context with the recently published
structures of the BK channel. Finally, we will discuss how BK and other
calcium-activated channels are modulated by novel ion channel modulators and
describe some of the challenges associated with trying to develop compounds
with sufficient efficacy, potency and selectivity to be of therapeutic benefit.

Keywords

BK channels · BK channel modulators · BK channel structure · Pharmacology ·
Regulatory subunits

1 K+ Channels

Potassium channels are the most diverse and ubiquitous family of ion channels found
in cells. To date, more than 50 individual potassium channels have been cloned and
these can be classified, based on the number of transmembrane (TM) domains, into
3 broad families to form the 2TM, 4TM and 6TM families (Ptacek and Fu 2004). The
6TM K+ channels are further subclassified into 16 subfamilies on the basis of their
amino acid sequence homology and include voltage activated (Kv) channels and Slo
channels that are activated by both voltage and/or intracellular ions (Sandhiya and
Dkhar 2009). The Kv channel family is comprised of pore-forming subunits Kv1 to
Kv4, Kv7 and Kv10 to Kv12 in addition to the non-pore forming, regulatory subunits
Kv5, Kv6, Kv8 and Kv9 ((Grizel et al. 2014; Bocksteins 2016); see also chapter
“Comparison of K+ Channel Families”). Similarly, the Slo channel family can be
further divided into 3 sub-categories based on sequence homology. Thus, Slo1
channels are activated by voltage and elevations in intracellular Ca2+ ([Ca2+]i) and
Mg2+ concentrations ([Mg2+]i). In contrast, the Slo2 paralogues Slick (Slo 2.1) and
Slack (Slo 2.2) channels appear to lack significant voltage dependent activation, but
are stimulated by intracellular Na+ and Cl� (Yuan et al. 2000; Bhattacharjee et al.
2003). The final member of this family is called Slo3 and it is an evolutionary
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duplication of the Slo1 gene in mammals. These channels are activated by voltage
and also by alkaline intracellular pH (Leonetti et al. 2012).

Given the huge number of K+ channels present and their many roles, they have
been targeted in numerous drug discovery programmes in the pharmaceutical indus-
try. Although these studies have generated a large number of ‘candidate molecules’,
concerns over ‘off-target’ effects and ion channel selectivity have so far made it
difficult to bring specific ion channel agonists to market.

1.1 Ca2+ Activated K+ Channels

The Ca2+ activated K+ channels have been further divided on the basis of their
conductance into three types. The channels with the largest conductance (250–300
pS) are called BK (Big K+) channels, whereas those with intermediate (30–80 pS)
and small conductances (10 pS) are known as IK and SK channels, respectively (Wei
et al. 2005; Adelman et al. 2012). The pharmacology of SK and IK channels has
recently been covered in detail by Cui et al. (2014) and Kshatri et al. (2018), so
readers are directed to these excellent reviews for further information. In this chapter,
we will briefly cover the pharmacology of SK and IK channels, but focus on BK
channels and their modulation by voltage, Ca2+ and ion channel modulators.

1.2 BK Channel Physiology

The expression profile of BK channels is widespread across most of the major tissues
in the body where they play crucial roles in modulating different physiological
functions including muscle contraction (Brayden and Nelson 1992), neurotransmit-
ter release (Robitaille et al. 1993), neuronal excitability (Adams et al. 1982) and
endothelial function (Nilius and Droogmans 2001). Their function in different
tissues is modified not only by the presence of different complements of regulatory
subunits, but also by splice variants, which can finely tune the BK channel biophysi-
cal properties in each tissue. The large single channel conductance (250–300 pS) of
BK channels allows huge K+ efflux and can result in significant hyperpolarisation.

In excitable cells, BK channels can help limit Ca2+ influx by repolarising the cells,
whereas in non-excitable cells such as epithelial and glial cells, BK channels can also
modulate Ca2+ entry via voltage independent Ca2+ channels, such as P2X
purinoreceptors and TRP channels (Nilius and Droogmans 2001) by regulating the
driving force for Ca2+.Thus, in non-excitable cells the BK channels help contribute
to Ca2+ homeostasis and are an important regulator of physiological functions
including osmoregulation, K+ secretion, cell migration and cell proliferation (Nilius
and Droogmans 2001).
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1.3 BK Channel Pathophysiology

BK channels are implicated in the pathogenesis of several diseases including
epilepsy (Du et al. 2005), diabetes (Rajan et al. 1990), hypertension (Brenner et al.
2000b), autism and mental retardation (Laumonnier et al. 2006), urinary inconti-
nence (Meredith et al. 2004) and cerebellar ataxia (Sausbier et al. 2004).

A missense mutation in the RCK1 domain of the BK channel’s α subunit has been
linked to a condition in which epilepsy and paroxysmal dyskinesia are the main
symptoms (Du et al. 2005). The D434G mutation is responsible for increasing the
apparent calcium sensitivity of the channel (Yang et al. 2010). This gain of function
mutation ultimately leads to neuronal excitability resulting in generalised epilepsy
and paroxysmal dyskinesia (GEPD) syndrome (Du et al. 2005). Abnormal gait and
deficient sensorimotor coordination are also observed in genetically modified mice
lacking BKα channels and thus highlights their role in movement disorders (Sausbier
et al. 2004).

BK channels are therapeutic targets in urinary incontinence and overactive
bladder, since they are involved in smooth muscle function of the urinary bladder.
Spontaneous and nerve evoked contractions of the urinary bladder are increased in
the BK knock out mice tissues (Meredith et al. 2004). In the same knock out mice,
frequent urination is also observed, which is consistent with the enhanced contrac-
tility of the urinary bladder. These results revealed the notable role of BK channel in
urinary incontinence and overactive bladder (Meredith et al. 2004).

Increases in arterial tone and blood pressure are also observed in genetically
modified mice lacking the BK regulatory β1 subunit (Brenner et al. 2000b), although
the severity of the hypertension appears less when blood pressure is measured by
telemetry (Xu et al. 2011). Nevertheless, it is thought that the targeted deletion of the
β1 subunit reduces the calcium sensitivity of the BK channels, leading to reduced
coupling between the calcium sparks and BK channel activation, and manifests itself
as an increase in arterial tone and blood pressure. However, it has also been shown
that the observed hypertension in these animals may also be caused by perturbations
in K+ secretion, resulting in renal K+ retention and hyperkalaemia (Grimm et al.
2009).

2 BK Channel Auxiliary Subunits

Although BK channels are encoded by a single gene KCNMA1, the channels display
quite different phenotypes in different cells and tissues. This phenotypical variation
can be explained by a combination of alternative splicing, the presence of auxiliary
subunits, and metabolic regulation (Orio et al. 2002). To date two main groups of
regulatory subunits (β1–4 and γ1–4) have been identified (Uebele et al. 2000; Yan and
Aldrich 2010, 2012), but recently, another group of BK regulatory subunits called
the LINGO family has been discovered (Dudem et al. 2020).
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2.1 BK Channel b Subunits

Four β subunits (β1, β2, β3 and β4) have been cloned from mammals (Knaus et al.
1994; Uebele et al. 2000; Brenner et al. 2000a) and each one shows different
tissue-specific expression. These subunits are ~191–235 amino acids long and
consist of two membrane spanning domains (TM1 and TM2) connected by a large
extracellular loop (~148 aa) and two short N and C intracellular termini (Knaus et al.
1994; Orio et al. 2002). β1–β2 and β2–β3 subunits share ~65% conserved sequence
similarity between these subunits. Sequence similarity between β1–β4 subunits is
less pronounced (Fig. 1; Brenner et al. 2000a). The calcium sensitivity, kinetic and
pharmacological properties of BK channels are significantly altered with the
co-expression of β subunits.

2.2 b1 Subunit

The BK channel β1 auxiliary subunit was the first BK regulatory subunit discovered
and was identified in tracheal smooth muscle cells (Garcia-Calvo et al. 1994; Knaus
et al. 1994). It is abundantly expressed in smooth muscle cells of the bladder, uterus,
trachea and blood vessels. Co-expression of the β1 subunit with BKα subunits in
heterologous systems such as HEK293 cells and Xenopus oocytes results in BK
channels with increased apparent calcium sensitivity and altered gating behaviour.
The G-V relationships of BKαβ1 channels at different calcium concentrations
suggest that β1 subunits cause a �50 to �70 mV leftward shift in V1/2 at
1–10 μM [Ca2+]i (McManus et al. 1995; Wallner et al. 1995; Meera et al. 1996;
Tanaka et al. 1997; Brenner et al. 2000a; Bao and Cox 2005).

2.3 b1 Subunit Specific Effects on BK Channel Activation

It is well established that β1 enhances the apparent Ca2+ sensitivity of the BK
channel. Based on open probability (Po) measurements of BK channels with and
without β1 subunits in Ca2+ free conditions, it was revealed that β1 subunits
increased the BK channel burst duration ~20-fold and it increased the gaps between
the bursts ~threefold. Nimigean and Magleby (2000) first suggested that the apparent
increase in the Ca2+ sensitivity of BK channels in the presence of β1 was through a
Ca2+ independent mechanism. In 2005, Bao and Cox used gating current and
macroscopic current recordings to demonstrate that β1 subunits did not alter the
gating charge of the channel, but instead, stabilised voltage sensor activation. Based
on these results, they suggested that in the presence of β1, voltage sensor activation
occurs at more negative membrane potentials. Also, they suggested that β1
decreased the true Ca2+ affinity of the closed channel by increasing its Ca2+ dissoci-
ation constant from ~3.7 μM to between 4.7 and 7.1 μM (Bao and Cox 2005).

To date, many biophysical interpretations have been proposed to explain how β1
subunits shift voltage sensor activation to negative membrane potentials. In 2008,
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Yang et al. investigated the effect of BKα voltage sensor mutations on β1 subunit
specific effects. They demonstrated that the R167A BKα voltage sensor mutation
completely abolished the β1-induced leftward GV shift of the BK channel in
0–100 μM [Ca2+]i. They proposed that β1- specific effects were solely due to the
conformational changes in voltage sensor movement (Yang et al. 2008). In 2015,
Castillo et al. used a chimeric approach with the β1–3 subunits and convincingly
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Fig. 1 Sequence alignment and topology of β subunits. (a) Multiple sequence alignment of the four
regulatory human β subunits (β1–β4). The main domains are highlighted from their predicted
structure. The highlighted sequences are two transmembrane domains (TM1 and TM2), extracellu-
lar loop, cytosolic NH2 and COOH termini; conserved residues are shaded in grey. (b) Schematic
representation shared by β1–β4 subunits. The β subunits have two transmembrane domains, a large
extracellular loop and short cytosolic N and C termini. The β2 and β3 subunits contain longer NH2

termini that constitute the inactivation particle
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demonstrated that the N-terminus of the β1 subunit, in particular the two positively
charged residues K3 & K4, were essential for retaining the effect of β1 on BK
channels. They proposed that these two residues in β1 were required to stabilise the
activated state of the voltage sensors in the BKα subunit and thus were responsible
for the observed apparent enhancement in Ca2+ sensitivity of BKβ1 channels.

2.4 b2 Subunit

Although BK channels were thought to produce non-inactivating, voltage and Ca2+

dependent currents in most tissue types, a number of studies in the 1990s
demonstrated inactivating BK currents in chromaffin cells, pancreatic β cell lines
and hippocampal neurones (Solaro and Lingle 1992; Hicks and Marrion 1998).
Different groups identified the accessory β2 and β3 subunits which produced the
inactivating currents when co-expressed with BKα subunit (Xia et al. 1999; Uebele
et al. 2000). The inactivation was removed by the intracellular application of trypsin,
suggesting a similar inactivation mechanism to Shaker or Kv1 channels was present
(Ding et al. 1998). The major difference in the inactivation of BK channels, in
comparison with other potassium channels, was that cytosolic blockers like quater-
nary ammonium ions did not alter the rate of inactivation of BK channels in rat
chromaffin cells (Solaro et al. 1997).

β2 subunits are mainly expressed in chromaffin cells and the brain (Xia et al.
1999). Like the β1 subunit, β2 also increases the apparent calcium sensitivity of BKα
and slows down channel activation and deactivation. When β2 is co-expressed with
BKα the resultant currents were very similar to those observed in chromaffin cells
(Xia et al. 1999). The N-terminus of the β2 subunit has a region of 31 amino acids
consisting of a hydrophobic region followed by a series of charged residues. This
pattern of residues is characteristic of channels showing N-type inactivation.
(Wallner et al. 1999; Brenner et al. 2000a; Xia et al. 2003; Orio and Latorre
2005). Cysteine cross-linking experiments suggest that the position of the β2 subunit
TM2 domain is near to BKα S0 whereas TM1 is closer to the S1 and S2 domains of
the BKα subunit (Wu et al. 2013).

The β2 mediated inactivation of BK channels possessed five major
characteristics. First, the time constant of inactivation (τi) was 250 ms in 100 nM
Ca2+ at +100 mV, became faster with increased [Ca2+]i and at more depolarising
membrane potentials. Second, the intracellular application of trypsin gradually
removed the inactivation process in patches containing either single or multiple
channels. Trypsin application led to a gradual slowing of the time constants of
inactivation, consistent with earlier reports that more than one β2 subunit was
associated with a tetrameric channel. Third, the cytosolic blocker of BK channels,
QX-314, did not slow the inactivation process, demonstrating that the inactivation
mechanism did not interfere with the site occupied by cytosolic blockers. Fourth, the
co-expression of β2 with the BKα channels altered the pharmacology of BK
channels since BKαβ2 channels showed reduced sensitivity to charybdotoxin
(CTX) and increased sensitivity to DHS-I compared to BKα alone (Wallner et al.
1999). Fifth, like β1, co-expression of β2 subunits also shifted activation curves in
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10 μM Ca2+ to more negative membrane potentials compared to BKα alone (Xia
et al. 1999; Wallner et al. 1999).

2.5 b3 Subunit

The β3 subunit is preferentially expressed in pancreas, spleen and testes (Xia et al.
2000). Protein sequence alignment of β2 and β3 subunits suggests that these two
subunits have ~60% conserved residues. There are four splice variants of the β3
subunit (β3a–d) and they originate from a single gene (KCNMB3). The
co-expression of β3a–c splice variants with BKα channels produced incomplete
inactivation of BK channels (Uebele et al. 2000; Xia et al. 2000). The inactivation
time constant (τi) of β3a and β3c splice variants at +80 mV was 45 � 15 ms and
60 � 6 ms, respectively. In contrast, co-expression of β3b splice variant with BKα
channels produced very rapidly inactivating currents (τi ¼ 1.5 � 0.2 ms). The splice
variant β3d did not show any inactivation properties (Brenner et al. 2000a; Uebele
et al. 2000).

There are also five major characteristics of β3b mediated inactivation of BK
channels. Firstly, the BKβ3b currents are voltage and Ca2+ dependent, since
increases in [Ca2+]i shift the activation V1/2 to more negative membrane potentials.
Compared to β1 and β2 subunits, the β3b subunit produced a greater shift in the V1/2

of activation at [Ca2+]i below 10 μM, but was less effective at doing this in higher
[Ca2+]i. Secondly, the currents were very rapid to inactivate (τi ¼ 1–2 ms), but the
process of inactivation was incomplete compared to that observed with β2. The time
constant of inactivation was moderately dependent on voltage and practically cal-
cium independent at more positive membrane potentials. Thirdly, the pharmacolog-
ical properties of BKβ3b currents were similar to BKα channels alone, suggesting
that co-expression of β3b subunits with BKα did not alter the pharmacology of BK
channels. Fourthly, the cytosolic blockers of BK channels like TEA did not compete
with the β3b mediated inactivation. Finally, removal of 21 amino acids of
N-terminus of β3b subunit abolished the β3b mediated inactivation (Xia et al. 2000).

2.6 b4 Subunit

The β4 subunit is predominantly expressed in the brain but is also present in
proximal convoluted tubules and bladder smooth muscle (Weiger et al. 2000). The
conductance-voltage curves from co-expression of β4 with BKα subunits revealed
that with [Ca2+]i< 1 μM, the V1/2 shifted towards more positive potentials compared
to BKα alone. However, when the [Ca2+]i was >1 μM, the G-V curves shift towards
more negative membrane potentials compared to BKα subunit alone (Brenner et al.
2000a; Wang et al. 2006). Although the β4 subunit slowed down the activation
kinetics of the channel, the deactivation kinetics were similar to BKα currents.
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2.7 BK Channel g Subunits

Gessner et al. (2006) first identified unusual K+ currents in a prostate cancer cell line
(LNCaP) which shared many characteristics of BK channels. Hence, they had a large
single channel conductance (250 ps) and showed Ca2+ dependent activation in the
μM range and Mg2+ dependent activation in the mM range. However, under Ca2+

free conditions, they activated at very negative potentials (Fig. 2b). They were
unable to ascertain why these channels activated so negatively and initially called
them BK-like channels (BKL) (Gessner et al. 2006). However in 2010, Yan and
Aldrich used a proteomic approach to identify a novel interacting partner of BK
channels, which was responsible for modifying the gating properties of BK channels

Fig. 2 Sequence alignment and topology of the γ subunits of BK channel. (a) The sequence
alignment of the four regulatory γ-subunits (γ1–γ4). The LRR domain, transmembrane domain and
cytosolic C-tail are highlighted with black bars. (b) Modulatory effects of γ subunits on the voltage
dependence of BK channel activation in the absence of [Ca2+]i, upon heterologous expression of the
γ subunit in HEK-293 cells. (c) Prediction of leucine-rich repeat domain structure and membrane
topology of the γ subunit (Adapted from Zhang and Yan 2014)
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in LNCaP cells. Based on pull-down experiments, they identified a 35 kDa leucine-
rich repeat containing protein called LRRC26. Knockdown of LRRC26 in LnCaP
cells abolished the negatively activating component of BK current in 0 [Ca2+]i.
Furthermore, co-expression of LRRC26 with BKα subunits in HEK 293 cells shifted
the half maximal activation of BK channels by ~�140 mV (Yan and Aldrich 2010).
They also demonstrated that three other leucine-rich repeat containing proteins
LRRC52, LRRC55 and LRRC38 were present in different tissues. When
co-expressed with BKα subunits, they shifted the V1/2 by �100 mV, �50 mV
and � 20 mV, respectively (Yan and Aldrich 2012). The four LRRC proteins
were classified as auxiliary γ subunits of the BK channel and reported to display a
tissue-specific distribution. Thus, LRRC26 (γ1) was predominantly expressed in
salivary glands, prostate and trachea, whereas LRRC52 (γ2) was mainly expressed
in testes. LRRC55 (γ3) was abundantly expressed in the medial habenular nucleus,
cerebellum and LRRC38 (γ4) was highly expressed in skeletal muscle, thymus and
adrenal glands (Yan and Aldrich 2012; Zhang et al. 2018).

All four γ subunits share the same structural similarities and there is 35–40%
sequence similarity between them (Fig. 2a). The crystal structure of these subunits
has not yet been solved, but their predicted structure is represented in Fig. 2c. The
mature protein of the γ subunits contains a single transmembrane domain, an
extracellular N-terminal LRR domain and an intracellular short C-terminal tail.
The LRR domain of the γ subunits are comprised of 6 LRR units, containing a
classic consensus sequence of LxxLxLxxN and two cysteine-rich repeat regions
called LRRNT and LRRCT. The transmembrane domain of the γ subunits was
predicted from the presence of charged residues at both sides of the proposed
membrane spanning helix. The cytosolic C-terminal is followed by single TM
domain and comprises polyproline residues in the γ1 subunit and polyacidic residues
in γ2, γ3 and γ4 subunits (Zhang and Yan 2014).

Recently, Dudem et al. (2020) demonstrated that another LRRC protein, called
LINGO-1, was a novel regulatory subunit of BK channels, which shifted the voltage
dependence of activation, induced inactivation and significantly downregulated BK
channel plasmalemmal expression. This protein is one of the 36 members of the
LRRIG family, so called because they possess extracellular LRR domains and, in
contrast to the BKγ subunits, also has an Ig domain (Homma et al. 2009). As shown
in Fig. 3a, the Ig domain is connected via a short extracellular linker to a single
transmembrane helix and the ~40 residue long C-terminus is intracellular.

There are four members of this family (LINGO1–4) and LINGO-2 shares 61%
sequence similarity with LINGO-1, whereas LINGO-3 and LINGO-4 share 56% and
44% sequence similarity with LINGO-1, respectively (Mi et al. 2004, 2013).
LINGO-2 and LINGO-3 also produce inactivating currents when co-expressed
with BKα subunits (Dudem, Sergeant, Thornbury & Hollywood, unpublished
observations). Intriguingly, we have been unable to demonstrate that LINGO-4
induces inactivating BK currents. This may be due to the fact that it has a shorter
intracellular tail and lacks the C-terminus ‘MKMI’ residues responsible for
LINGO1-induced inactivation (Dudem et al. 2020).
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LINGO-1 appears to be expressed predominantly in the central nervous system
(Mi et al. 2007) and has highest expression noted in the cortex of the brain and
lowest in the spinal cord (Mi et al. 2007, 2013). The expression of this protein seems
to be specific to the CNS, as Northern and Western blot analysis of a variety of
different tissues including muscle, heart, kidney, lung and liver failed to detect
LINGO-1 mRNA or protein, respectively (Mi et al. 2013).

LINGO-1 was originally discovered as the third component of the Nogo receptor
(NgR1)/p75 signalling complex by Mi et al. (2004). When these three (NgR1/p75/
LINGO-1) receptors associate they activate Rho A kinase, which then acts as a
negative regulator of remyelination and thus inhibits axon regeneration.

Although the structure of the ectodomain of LINGO-1 has been resolved at a
resolution of 2.7 Å, the protein used lacked both the transmembrane and cytosolic
tail (Mosyak et al. 2006), the latter of which has been demonstrated to induce
inactivation when co-expressed with BK channels (Dudem et al. 2020). Neverthe-
less, it is clear from the crystal structure (PBD:2ID5) of the ectodomain (shown in
Fig. 3b) that each LINGO-1 monomer contains the LRR and Ig modules which fold
into a bent question mark shaped structure. The N-terminal LRR module is very
similar to that of the NgR ectodomain with 15 parallel β strands and only slight
differences in curvature and arc length. Interestingly LINGO proteins have double
the number of LRRs (12) found in BKγ subunits (Fig. 2c).
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Fig. 3 LINGO-1 structure and architecture. (a) shows a cartoon of the main features of LINGO-1
extracellular, transmembrane and intracellular domains. Panel (b) shows the crystal structure of the
ectodomain obtained by Mosyak et al. (2006). The colours represent different secondary structures:
beige-coil; blue-strand; red-helix. Disulphide bonds are represented in green and the yellow shows
the N-linked carbohydrates. The 12 leucine-rich repeats are numbered in the figure and the Ig
domain is also shown in the bottom right
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The main function of LINGO-1 appears to be the inhibition of axonal regenera-
tion following spinal injury. LINGO-1 also suppresses oligodendrocyte precursor
cell maturation and the production of the myelin sheath (Foale et al. 2017). A
possible role of LINGO-1 in neurodegenerative diseases like multiple sclerosis
(MS) and Parkinson’s disease (PD) has also been highlighted. In support of this,
increased expression of LINGO-1 was demonstrated in oligodendrocyte progenitor
cells of postmortem brain in MS patients and in the dopaminergic neurons of PD
patients (Mi et al. 2013). Similarly, Dudem et al. (2020) confirmed the earlier finding
of Delay et al. (2014) that LINGO-1 levels were increased in Parkinson’s disease and
demonstrated that LINGO-1 and BK channels could be co-immunoprecipitated from
human cerebellum. Given that BK:LINGO-1 co-expression downregulated
plasmalemmal BK channel expression in HEK cells and leads to ‘functional knock-
out’ of these channels (Dudem et al. 2020), it will be of interest to examine if this
contributes to the aetiology of Parkinson’s disease.

3 BK Channel Structure

BK channels are often called Slo1, MaxiK or KCa1.1 channels (Yang et al. 2015).
The basic functional unit of this channel is the pore-forming BKα subunit, encoded
by the KCNMA1 gene, which when expressed tetramerises to form a functional BK
channel (Quirk and Reinhart 2001). BK channels are unique in the K+ channel
family because they possess 7 transmembrane domains, as shown in Fig. 4a. Initial
hydropathy analyses were interpreted to suggest that the BKα subunit contained
10 hydrophobic segments (Pallanck and Ganetzky 1994), of which 6 were
transmembranous. However, subsequent electrophysiological and epitope tagged
immunocytochemistry studies (Wallner et al. 1996; Meera et al. 1997) demonstrated
that BKα subunits actually had 7 membrane spanning domains (S0–S6) in addition
to the 4 cytosolic tail domains (S7–S10).

The Aplysia californica BK channel cryo-EM structure was first published in the
presence of Ca2+ and Mg2+ at a resolution of 3.5 Å (Tao et al. 2017) and this was
followed, in 2019, with the cryo-EM structure of the human BK channel in complex
with the β4 regulatory subunit (Tao and MacKinnon 2019). In both structures, the
gating ring contributes to almost half the length of the BK channel tetramer which
has the dimensions 110 Å � 110 Å � 130 Å (Fig. 4b, Tao et al. 2017). Each BKα
subunit can be divided into three functional modules called the voltage-sensing
domain (VSD), the pore gate domain (PGD) and the cytosolic tail domain (CTD)
show in red, blue and grey/cyan, respectively in Fig. 4.

The transmembrane helices of the BK channel contain an extra TM helix called
S0, which is linked to the extracellular N-terminal tail (Jiang et al. 2002a; Fodor and
Aldrich 2006). This S0 domain is essential for interactions between the α and
regulatory β subunits as well as voltage sensor modulation (Morrow et al. 2006).
Close interactions between the S0 domain and the β4 subunit were recently observed
in the cryo-EM structure of human BKαβ4 (Tao and MacKinnon 2019). The main
residues involved in voltage sensing in BKα are distributed throughout S1–S4,
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whereas the S5–S6 helices constitute the Pore Gate Domain (PGD), which controls
the permeation of K+ ions through the channel. The large CTD senses Ca2+ and Mg2+

and is connected to the S6 segment via an S6-RCK1 linker (Fig. 4b orange line, Tao
et al. 2017; Tao and MacKinnon 2019).

3.1 Voltage Sensor Domain (VSD)

As Fig. 5a shows, the BKα VSD is not domain swapped, in contrast to the VSD of
the Kv1.2–Kv2.1 paddle chimaera and voltage gated K+ (Kv) channels (Long et al.
2005a, b). Consequently, this structure results in the VSD of each BKα interacting
with the pore domain of the same subunit. This appears to occur because the S4–S5
linker of the BKα is a short ordered loop rather than a longer helical structure
demonstrated in other published K+ channel structures (Sun and MacKinnon 2017).

An important point to note is that the VSD of one BKα subunit interacts with the
CTD of a neighbouring subunit (see Fig. 4b, Tao et al. 2017). Other features of the
BKα structure are that the S4 helix is tightly packed against the S5 helix of the BK
channel and runs antiparallel to it (Fig. 5b), whilst the pore domain is situated
adjacent to the VSD of the same BKα subunit (Fig. 5a).

3.2 Voltage Dependent Activation

Prior to the publication of the cryo-EM structures of BKα, many studies assumed
that BK channels shared a number of features with Kv channels. A number of studies
(Atkinson et al. 1991; Adelman et al. 1992; Butler et al. 1993) attempted to identify
if the S4 transmembrane helix served as a distinct voltage-sensing domain in BK
channels. The first direct evidence to support the idea that BK channels were voltage
activated came from the gating charge-voltage (QV) relationship obtained from
gating currents of BK channels in the absence of Ca2+ (Stefani et al. 1997; Horrigan
and Aldrich 1999). Also, the conductance-voltage (GV) relationship of macroscopic
BKα currents, in the virtual absence of calcium, strongly supported the idea that BK
channels could be activated by voltage alone (Cui et al. 1997), although they were
less sensitive to changes in voltage compared to Kv channels. Thus, when the BK
effective gating charge was determined, it was only ~2.3e, compared to 12–13e
observed in Shaker channels (Bezanilla 2000).

In 2006, Ma et al. carried out a rigorous electrophysiology and mutagenesis-based
study to examine which charged residues in the TM segments contributed to the
gating charge. Intriguingly, they found that although 4 charged residues (D153,
R167, D186 and R213) contributed to gating charge in BK channels, these were
distributed across different transmembrane helices, rather than concentrated in the
S4 segment. In fact, of the 3 arginines in S4 (R207, R210 and R213), only
neutralisation of R213 significantly reduced the effective gating charge (by 1.2e),
again supporting the idea that the voltage dependence of channel opening must also
involve charged residues outside S4. Through their methodical work, Ma et al.
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(2006) established that residues D153 and R167 in S2 and D186 in S3, when
neutralised, reduced the effective gating charge by 0.92e, 0.48e and 0.88e, respec-
tively, consistent with the idea that S2 and S3 were also involved in BK channel
voltage sensing.

3.3 Cytosolic Tail Domain (CTD)

The CTD of BKα is large, consisting of approximately 800 amino acids (Lingle
2007) and has two RCK (regulator of conductance for potassium) domains: RCK1
and RCK2 (Fig. 4). Wu et al. (2010) solved the crystal structure of this CTD from
the human BK channel in the absence of Ca2+. The published crystal structure of the
entire cytoplasmic region of the human BK channel shows some similarity to the
prokaryotic Ca2+ gated K+ channel (MthK). Interestingly, although the RCK1
domain of BK channels shares a high sequence similarity with the MthK channel,
this is not the case with the second RCK domain (Jiang et al. 2002b; Wu et al. 2010).
The more recent cryo-EM structure of the Aplysia californica BK channel gating
ring, in the open conformation, is very similar to the X-ray crystal structure of the
BK channel Ca2+ bound gating ring (Yuan et al. 2011; Tao et al. 2017). The eight
RCK domains from the four α subunits of the BK channel assemble as a ‘Gating
Ring’ as shown in Fig. 6d. Each RCK domain consists of 3 subdomains. First, the
N-terminal Rossman folded subdomain (βA-βF) forms the central core of the gating
ring. Second, the C-terminal subdomain, which interacts with the other RCK domain
within the same subunit. Third, the intermediate helix-crossover domain (αF turn
αG) which connects two RCK domains. (Fig. 6e, Wu et al. 2010; Yuan et al. 2010).

3.4 Calcium Dependent Activation

Intracellular Ca2+ binds to the CTD of the BK channel and results in channel
opening. Electrophysiology and mutation studies identified that the cytosolic tail
domain of the BK channel comprised two main calcium binding sites. The first site
called the Ca2+ bowl, was located in the RCK2 domain and contained a series of
aspartic acid residues (Schreiber and Salkoff 1997). This was confirmed when the
stuctures of human BK channel CTD and the full length Aplysia BK channel were
published, showing that the side chain carboxylates of D905 and D907 (D895, D897
in human BK sequence) and the main chain carbonyl groups of Q899 and D902
(Q889 and D892 in human BK sequence) directly bound Ca2+ ions (Yuan et al.
2010; Tao et al. 2017). Interestingly, as shown in Fig. 7b, the cryo-EM structures
also showed that residue N438 in an adjacent subunit also contributed to Ca2+

coordination in the Ca2+ bowl (Tao et al. 2017).
Although mutations in the Ca2+ bowl reduced the Ca2+ sensitivity of BK

channels, they did not eliminate it, suggesting that a second Ca2+ binding site was
present in the CTD (Schreiber and Salkoff 1997). Mutational studies in the RCK1
domain utilised a D362A/D367A mutant to demonstrate that these residues
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participated in binding Ca2+ in the RCK1 site (Xia et al. 2002; Zeng et al. 2005).
Interestingly an M513I mutant also significantly reduced the Ca2+ sensitivity,
suggesting that this residue contributed to Ca2+ binding. Unfortunately, the Yang
et al. (2010) study was unable to resolve any Ca2+ binding sites in the crystal
structure of the BK channel CTD, even in the presence of 50 mM Ca2+. However,
as shown in Fig. 7c, the cryo-EM structure of the Aplysia BK channel (Tao et al.
2017) provided a clear answer and showed that Ca2+ is coordinated by the main
chain carbonyl oxygen atoms of R503 (R514 of human BK), G523 and G591
residues and the side chain carboxylates of the D356 and E525 (corresponding to
D367 and E535 in human BK) residues (Fig. 7c, d; Yuan et al. 2010; Tao et al.
2017). The other residues (M513 and D362), which had been previously proposed to

Fig. 6 RCK1, RCK2 and gating ring structures. (a and b) RCK1 is denoted in yellow and RCK2 in
magenta. The starting point of each RCK is indicated by the arrow and the linker connects RCK1 to
the channel pore. (c) RCK1 and RCK2 form the BK intracellular subunit, and the orientation of
RCK1 shown in the subunit assembly is the same as in (A). The long loop connecting the
C-terminus of RCK1 and N-terminus of RCK2 is disordered. (d) View of the gating ring structure
viewed down the fourfold axis from the extracellular side. The position of the inter-subunit
assembly interfaces is indicated by the four long arrows and they define the boundary of each
subunit. The linker between RCK1 and the channel pore, the starting point of RCK1, and the
position of the Ca2+ bowl are labelled on one subunit (upper left corner). (e) An enlarged view of the
assembly interface formed by helices αD and αE from both RCK1 and RCK2. The side chains of
those hydrophobic residues important for protein–protein contacts are also shown. The dotted line
represents the disordered loop between αD and βE (Adapted from Wu et al. 2010)
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be involved in Ca2+ binding do not seem to be part of the Ca2+ binding pocket and it
appears likely that these mutations produced their effects by altering the structure at
the RCK1 Ca2+ binding site.

3.5 Pore Gate Domain (PGD)

The PGD is formed by the S5-pore loop-S6 segments and permit K+ permeation in
response to membrane depolarisation or increase in [Ca2+]i (Magleby 2003; Salkoff
et al. 2006). The BK channel PGD is homologous to those of prokaryotic and
eukaryotic 2TM and 6TM K+ channels (Yang et al. 2015). The conduction pathway
for K+ channels is composed of a large intracellular inner vestibule and a shallower
extracellular outer vestibule connected with the selectivity filter (Doyle et al. 1998;

Fig. 7 Ca2+ binding sites in the cryo-EM structure of Aplysia BK. (a) Ca2+ bowl and Ca2+ RCK1
sites are shown in the one subunit of the BK tetramer. The remaining three subunits coloured grey.
Divalent cations are represented as spheres. (b) Ca2+ bowl site. Channel is shown as ribbon with the
RCK2 domain coloured red and neighbouring RCK1 domain grey. (c) Ca2+ RCK1 site. Channel is
shown as blue ribbon. (d) Density at the Ca2+ RCK1 site (Adapted from Tao et al. 2017 with
permission)
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Zhou et al. 2001). The inner vestibule of BK channels allows cations such as Na+,
Tl+, NH4

+, K+, Ca2+, Rb+, Mg2+, Sr+ and Ba2+ to enter the pore, although only NH4
+,

K+, Tl+ and Rb+ cross through the selectivity filter. The other cations act as a fast or
flickery blockers in the inner vestibule of the BK channel (Brelidze and Magleby
2005). BK channels contain a signature sequence (TVGYG) in their selectivity filter
similar to other K+ channels. The five-carbonyl oxygen atoms of these amino acids
provide four potential binding sites to coordinate the movement of K+ ions through
the pore (Heginbotham et al. 1994).

3.6 Activation Gate

Voltage sensor activation and Ca2+ binding ultimately lead to conformational
changes in the PGD, which results in the BK channel gate opening. Despite
similarities with other K+ channels, the BK channel activation gate possesses
specific structural and functional features which distinguish it from other K+

channels.
Firstly, a large conductance (250–300 pS) is a signature feature of BK channels

compared with other K+ channels. Eight negatively charged residues (E321 and
E324 from each subunit) at the inner vestibule region of the BK channel are
responsible for this large conductance. They increase the K+ concentration at the
inner vestibule region, through an electrostatic mechanism (Brelidze et al. 2003).
Also, residue D292, located at the external vestibule and close to the selectivity filter
region, helps to concentrate K+ ions at the external surface of the channel and thus
helps increase the conductance (Haug et al. 2004). These residues, combined with
the large diameter of the inner vestibule region, ensure the large single channel
conductance of the BK channel.

Secondly, the large inner vestibule region and wider entrance at the intracellular
region of the pore also differentiate BK channels from other K+ channels. Various
sizes and functional properties of chemicals have been used to ascertain the dimen-
sion of the inner vestibule region. Irrespective of the closed or open state of the BK
channel, quaternary ammonium (QA) ions like tetrabutylammonium (TBA) have
free access to the inner vestibule region. Compared to Kv channels, these QAs show
faster blocking and unblocking kinetics in BK channels, consistent with a large
diameter inner vestibule region (Li and Aldrich 2004; Wilkens and Aldrich 2006).
The diameter of the cytosolic pore mouth was estimated ~20 Å, based on changes in
K+ diffusion rates from the intracellular region to inner vestibule region of BK
channel, by sucrose interference (Brelidze and Magleby 2005).

Thirdly, the BK channel S6 transmembrane pore-lining residues orientation
appears different from Kv channels. Cysteine scanning mutagenesis and state depen-
dent cysteine scanning accessibility studies first suggested that residues A313, A316
and S317 are likely to face towards the inner pore region. In contrast, in the other K+

channels the same corresponding residues face away from aqueous environment
(Zhou et al. 2011), suggesting that the movement of the pore-lining S6 residues
differ in BK and Kv channels. Site directed mutagenesis and pharmacological studies
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of the BK channel S6 segment pore residues (L312, A313 and A316) demonstrated
that side chain reorientation occurs during channel gating (Chen et al. 2014).
Mutagenesis of either one of these residues to 18 different amino acids revealed
that polar or charged side chain substitution of L312 or A313 or A316 constitutively
open the channels, irrespective of voltage or Ca2+ dependency. This occurs presum-
ably by exposing the hydrophilic side chains to the aqueous environment of the pore
to reduce their side chain solvation energy (Chen et al. 2014).

3.7 Allosteric Gating of BK Channels

BK channels can open, albeit with a very low open probability (Horrigan and
Aldrich 2002), in the absence of voltage sensor activation or Ca2+ binding,
suggesting that neither is essential for channel opening. The ability of voltage sensor
activation or Ca2+ binding to influence channel opening, in different subunits, in a
non-obligatory fashion, can be explained by the Monod-Wyman-Changeux (MWC)
model. The basic idea of this model is that ligand binding to any of the ligand
binding sites promotes conformational changes that alter the ligand binding site and
its affinity for calcium (Monod et al. 1965). Horrigan and Aldrich (2002) proposed a
model, shown in Fig. 8, to help explain the allosteric gating mechanism of BK
channels based on steady state data recorded across a wide range of voltages and
Ca2+ concentrations (Horrigan and Aldrich 1999, 2002). The Horrigan Aldrich
model of BK channel gating suggests that the channel gate can undergo conforma-
tional change from closed (C) to open (O), which is allosterically coupled to four
independent and identical voltage sensors and four Ca2+ sensors. The Ca2+ sensors
can exist in an unbound Ca2+ (X) or a Ca2+ bound state (X.Ca2+), whereas the
voltage sensors can be in either the resting (R) or activated (A) state. Each confor-
mational change is represented by equilibrium constants for gate opening (L),
voltage sensor activation (J) and Ca2+ binding (K). The coupling or energy transfer

Fig. 8 The Horrigan and
Aldrich Model. The allosteric
model suggests the possible
conformations of the gate
(C and O), voltage sensors
(R and A) and Ca2+ sensors
(X and X.Ca2+) in each of the
4 subunits of the BK channel.
The allosteric factors (C, D
and E) describe the energetic
coupling between these three
parts of the channel. Each
conformational state is
represented by equilibrium
constants L, J and K
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between domains is represented by allosteric factors C, D and E which represents the
coupling between (1) Ca2+ binding and pore (C), (2) Voltage sensor activation and
the pore (D), (3) Ca2+ binding and voltage sensor activation (Horrigan and Aldrich
2002), respectively.

3.8 Calcium Sensor/Gate Coupling

The coupling between the Ca2+ sensors and the gate is the easiest to measure and
consequently is the best understood at a molecular level. In MthK channels, Ca2+

binding to the CTD causes conformational changes in the gating ring which pull the
S6/RCK1 linker to promote channel opening (Jiang et al. 2002b). In 2004, Niu et al.
proposed that the linker and gating ring formed a passive spring which could pull on
the gate to open the channel. Their study demonstrated that shortening the S6/RCK1
linker increased channel activity and lengthening the linker length decreased it,
suggesting that the linker remains under tension, even in the absence of Ca2+ (Niu
et al. 2004). Crystal structures of the MthK and BK channels suggest that in the
presence of Ca2+, the gating ring diameter expands by up to 12 Å (Ye et al. 2006; Wu
et al. 2010; Yuan et al. 2011) and this expansion would increase the tension on the
S6/RCK1 linker. Ca2+ sensor/gate coupling and Ca2+ sensitivity mutations in the AC
region of the BK channel RCK1 domain suggest that the flexibility of RCK1/S6
linker is essential for transmitting CTD conformational changes to the gate (Yang
et al. 2010). Recent results suggest that the N-terminal half of the RCK1 undergoes
extensive reorientation compared with other gating ring regions upon Ca2+ binding.
This generates the possibility that conformational changes in RCK1 AC region are
coupled to the gate through direct contact with the PGD (Yuan et al. 2011).
Mutations of RCK1 and RCK2 Ca2+ binding sites and measurement of Po at
-80 mV, in a wide range of Ca2+ concentrations, performed by Sweet and Cox
(2008), attempted to determine the contribution of each Ca2+ sensing domain to
coupling energy. They demonstrated that the Ca2+ sensor/gate coupling energy for
the RCK1 site was 3.74 kcal mol�1 and the coupling energy for the RCK2 site was
3.04 kcal mol�1. Cumulatively, the coupling of these two Ca2+ binding sites was
higher than the WT BK channel Ca2+ sensor/gate coupling (5.0 kcal mol�1),
suggesting that negative co-operativity may exist between these two sites (Sweet
and Cox 2008). However, Hite et al. (2017) demonstrated in their cryo-EM
structures that positive co-operativity between the two sites is likely to occur during
Ca2+ binding, as a result of the tilting of the N-lobe of RCK1. This not only leads to
its expansion, but the resultant conformational changes simultaneously ‘complete’
Ca2+ coordination. Consequently, the coordination of Ca2+ at both Ca2+ binding sites
shifts the position of the RCK1 N-lobe and favours its open conformation.

3.9 Voltage Sensor/Gate Coupling

The interactions between the S4–S5 linker and the S6 helix are considered to account
for voltage sensor/gate coupling, which is responsible for electromechanical
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coupling in Kv channels (Lu et al. 2002; Tristani-Firouzi et al. 2002; Long et al.
2005b) and it is likely to be important in BK channels (Sun et al. 2012). What is clear
from the recently published cryo-EM structures, however, is that the S4-S5 linker is
a short loop in BK channels (Hite et al. 2017; Tao et al. 2017; Tao and MacKinnon
2019), in contrast to the longer helix observed in other K+ channels. This difference
in structure may help inform the design of more selective BK channel agonists in the
future that are targeted to this region of the channel.

Although a number of studies have demonstrated that the voltage sensor is
distributed across S2, S3 and S4 in BK (Fig. 5, Bao and Cox 2005), the precise
mechanism of how a change in voltage leads to channel opening remains unclear.
Intriguingly in the cryo-EM studies of Hite et al. 2017 and Tao et al. 2017, it is clear
that the S4 helix is displaced ~2 Å towards the cytoplasmic surface in the closed
configuration (Ca2+ free), compared to the open (10 mM Ca2+) state. However, this
displacement of the voltage sensors appears to be caused by the relative positions of
the N-lobes of RCK1 associated with Ca2+ binding. Intriugingly, there was no major
change in the rotamer conformation of the Arginine residues in S4 between the Ca2+

free and Ca2+ bound structures, suggesting that either the small reorientation of the
Arginine sidechains was sufficient to account for the observed displacement of the
voltage sensors or that the voltage-sensing mechanism is very different to that
observed in other K+ channels. Indeed Hite et al. (2017) hypothesised that the BK
channel voltage sensor may have evolved to be a modifier of the Ca2+ sensor, which
‘bias’ the RCK1 N-lobe conformation.

4 BK Channel Activators

Over the last 30 years a large number of BK channel openers have been designed, in
the hope of developing treatments for a variety of diseases including stroke, asthma,
erectile dysfunction, bladder overactivity, hypertension, ischaemic heart disease and
hypermotility (Nardi and Olesen 2008). However, none have made it past Phase III
clinical trials, to date, presumably due to a lack of efficacy and/or poor selectivity.
The search continues for more selective BK channel openers, which can mediate
their effects at physiological membrane potentials. With the publication of the
human BK channel structure (Tao and MacKinnon 2019), we now have a valuable
tool to help generate a 3D pharmacophore which may guide rational drug design.
However, caution is called for, as the cryo-EM structures published represent the
channel in two extreme states, one in the presumed closed state in Ca2+ free
conditions and the other in saturating Ca2+ and Mg2+ concentrations and neither of
these states may be encountered physiologically. Nevertheless, they represent an
excellent starting position and will undoubtedly help in the design of more selective
BK channel openers.

The BK channel activators discovered to date can be broadly classified into
endogenous, synthetic and natural activators and act either on BKα subunits alone
or require the presence of BK regulatory β subunits (see Table 1). Interestingly, a
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number of modulators possess different calcium dependencies and the putative drug
binding sites vary (Bentzen et al. 2014).

4.1 Endogenous BK Channel Activators

Endogenous chemicals such as metabolites of cytochrome 450, like epoxygenase,
lipoxygenase and arachidonic acid, regulate vascular tone by increasing BK channel
activity (Hou et al. 2009). The omega-3 fatty acid DHA is a β1 and β4 subunit
dependent BK channel activator (Hoshi et al. 2013a) and the effects of DHA appear
to depend on residues R11 and C18 of β1 and both E12 and R19 of the β4 residues
(Hoshi et al. 2013b). Some steroidal hormones such as 17β-estradiol (E2) also
activate BK channels and require the presence of β1 subunits (Valverde et al.
1999). E2 can activate BK channels when applied extracellularly, suggesting that
the binding site might be located at an extracellular region of the β1 subunit (Morrow
et al. 2006). Interestingly, Morrow et al. (2006) also found that deletion of the first

Table 1 Modulators of BK channels

Molecule
BK subunits
required

Shift in V1/2 in mV
(concentration used) EC50 Reference

NS1619 BKα ~�40 (30 μM) – Olesen et al.
(1994)

17β-estradiol (E2) BKα + β1 �21 � 3 (3 μM) 2.6 μM Valverde et al.
(1999)

Tamoxifen BKα + β1 �10 � 3 (1 μM) 650 nM Dick et al.
(2001)

Pimaric acid BKα ~�20 (10 μM) – Imaizumi
et al. (2002)

Chlorzoxazone BKα + β1 ~�20 (30 μM) – Liu et al.
(2003)

NS11021 BKα ~�60 (10 μM) 400 nM Bentzen et al.
(2007)

Zonisamide BKα + β1 – 34 μM Huang et al.
(2007)

Human β-defensin BKα + β1 ~�25 mV
(100 nM)

1.4 nM Liu et al.
(2013)

Docosahexaenoic
acid (DHA)

BKα + β1,
BKα + β4

�59 � 4 (3 μM)
�61 � 3 (3 μM)

480 nM
–

Hoshi et al.
(2013a, b)

GoSlo-SR-5-6 BKα + β1 �107 � 7 mV (10 μM) 2 μM Roy et al.
(2012)

GoSlo-SR-5-69 BKα + β1 >�104 � 9 mV (1 μM) 251 nM Roy et al.
(2014)

GoSlo-SR-5-6 BKα >�120 (10 μM) 3.2 μM Webb et al.
(2015)

GoSlo-SR-5-130 BKα + β1
BKα + β4

�92 � 9 (10 μM)
�84 � 4 (10 μM)

2.8 μM
–

Large et al.
(2015)
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20 residues in the BKα subunits (αΔN20 mutant), co-expressed with β1 subunits,
also abolished the effects of E2. The xenoestrogen, tamoxifen which is commonly
used in the treatment of breast cancer, also stimulates BK channels. It increases the
open probability of BK channels and also requires the β1 subunit to mediate its
effects (Dick et al. 2001).

The antimicrobial peptide human β-defensin 2, which plays an important role in
the innate immune system, also increased the open probability of BK channels and
shifted their activation V1/2 by ~ � 25 mV (Liu et al. 2013). The effects of this
cysteine-rich peptide were also dependent on the presence of β1 subunits and were
significantly reduced when two residues in the extracellular loop of the β1 subunit
(L41 and Q43) were mutated (Liu et al. 2013).

4.2 Natural BK Channel Activators

One of the earliest BK channel activators discovered, DHS-1 (McManus et al. 1993)
was initally extracted from the medicinal herb Desmodium adscendes and was used
in Ghana as a ‘folk remedy’ for the treatment of asthma (Addy and Awumey 1984).
When purified, the extracts contained three glycosylated triterpenes, namely
dehydrosoyasaponin-1 (DHS-1) and soyasaponins I and III. DHS-1 appeared to be
the most potent BK channel opener of the three, since when applied intracellularly at
a concentration of 10 nM, it increased the Po of smooth muscle BK channels
(McManus et al. 1993). DHS1 also required the presence of regulatory β1 subunit
to mediate its effects.

Pimaric acid, isolated from the resin of Pinus genus, has also been shown to open
BK channels when applied to either side of the membrane at concentrations >1 μM
(Imaizumi et al. 2002). The polyphenol trans-resveratrol, present in the weed
Polygonum cuspidatum, has been shown to increase BK channel activity in vascular
endothelial cells (Li et al. 2000). However, these effects were rather small given that
the V1/2 was only shifted by ~ � 15 mV in the presence of 30 μM of this compound.
Furthermore, like so many BK channel openers, its selectivity appears poor and it
was shown to activate SK channels in the same study (Li et al. 2000).
Nordihydroguaiaretic acid, a natural lignin, has also been shown to be a BK channel
activator in smooth muscle cells from the porcine coronary artery (Nagano et al.
1996), which increased Po in a concentration dependent manner. Flavonoids like
5-hydroxyflavone, 5-methoxyflavone and 7-hydroxyflavone also appear to induce
vasorelaxation via increased BK channel activity and the hydroxyl group at position
5 in the flavonoid structure appears to be critically important for the observed effects
(Calderone et al. 2004).

4.3 Synthetic BK Channel Activators

Some of the first synthetic BK channel openers to be discovered were the
benzimidazoles NS004 and NS1619 (Olesen et al. 1994) and these have served as
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reference structures for a number of other synthetic molecules. Olesen et al. (1994)
demonstrated that NS1619 shifted the voltage required for half maximal activation
(V1/2) of BK channels by �40 mV, albeit at a relatively high concentration
(~30 μM). However, like many BK channel modulators, NS1619 lacked selectivity
and has a number of off-target effects, including blockade of Ca2+ channels
(Edwards et al. 1994; Holland et al. 1996).

Another Neurosearch compound, the biarylthiourea NS11021, has been shown to
be a more efficacious and selective BK channel opener since it shifted the activation
V1/2 of BK channels by ~ � 60 mV at a concentration of 10 μM (Bentzen et al.
2007). Furthermore, NS11021 seemed to be more selective and had little effect on T
or L-type Ca2+ channels, Na+ channels, inward rectifiers or a range of Kv channels.
However, it did significantly activate Kv7.4 channels when applied at a concentra-
tion of 30 μM. NS11021 has been shown to improve erectile responses in rats (Kun
et al. 2009) and cause relaxation in small penile arteries via an effect on BK channels
(Király et al. 2013). In addition, it has been shown to reduce contractility in the
guinea pig bladder (Layne et al. 2010).

Other compounds appear to be more potent at activating BK channels. For
example, 300 nM of the voltage-sensitive fluorescent dye, bis-(1, 3-dibutylbarbituric
acid) trimethine oxonol [DiBAC(4)(3)] shifted the V1/2 of BKα co-expressed with β1
and β4 subunits (Morimoto et al. 2007) by about �20 mV, yet appeared to have no
effect on BKα channels alone. However, Scornik et al. (2013) later demonstrated
that DiBAC(4)(3) could activate BK channels in the absence of regulatory subunits.

In 1996, Cotton et al. demonstrated that the dye, Cibacron blue, could activate
bladder BK channels. In 2012, Roy et al. utilised the anilinoanthraquinone core
common to Cibacron blue and Acid Blue 25, to synthesise a novel group of BK
channel activators called the GoSlo family, for the potential treatment of overactive
bladder (OAB). These compounds were effective on rabbit bladder smooth muscle
cells and shifted the voltage dependent half maximal activation (V1/2) of BK
channels by >-100 mV at 10 μM. GoSlo-SR-5-6 and GoSlo-SR-5-44 were the
most potent and efficacious molecules in the GoSlo family, shifted the V1/2 by
�107 � 7 mV and � 142 � 8 mV, respectively, with an EC50 of ~2 μM (Roy
et al. 2012). Webb et al. (2015) identified the molecular mechanism of action of
GoSlo-SR-5-6 and revealed that its effects were practically abolished when three
residues, L227 in the S4–S5 linker and both S317 and I326 in S6 were mutated
(Webb et al. 2015). For an excellent review on the mechanism of action of BK
channel openers, readers are referred to Hoshi and Heinemann (2016). In 2014, Roy
et al. synthesised additional derivatives and identified a much more potent member
of the GoSlo family, the tetrahydro-2-naphthalene derivative GoSlo-SR-5-69. This
compound shifted the activation V1/2 by ~-100 mV at 1 μM concentration and the
EC50 of of this compound was 251 nM. The same group (Large et al. 2015) also
found that although GoSlo-SR-5-6 could mediate its full effects in the absence of
regulatory subunits, the analogue GoSlo-SR-5-130 was much more effective on
BKαβ1 and BKαβ4 channels.

Interestingly, the efficacy of some of the GoSlo-SR family was also altered by
regulatory γ1 subunits. For example, Kshatri et al. (2016) demonstrated a 70%
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reduction in the ability of GoSlo-SR-5-44 to shift activation V1/2 in BKα channels
co-expressing regulatory γ1 subunits. Almassy and Begenisich (2012) demonstrated
a similar reduction in the efficacy of the BK channel opener mallotoxin (Zakharov
et al. 2005), in native and heterologously expressed parotid BK channels, providing
further evidence that γ1 subunits can markedly alter the pharmacological properties
of BK channels.

Different compounds have been studied in animal models, but no modulator has
cleared phase III clinical trials. For example, a study by Cheney et al. (2001) showed
that BMS204352 reduced regional cerebral edema and motor impairment after brain
surgery in mice. Although these data supported the idea that it had neuroprotective
effects and may be beneficial in the treatment for acute ischaemic stroke, it failed in
phase III clinical trials (Bozik et al. 2000). Andolast is the only BK channel opener
which shows fewer side effects and desirable therapeutic effects with respect to
treatment of asthma. However, this tetrazolyl-benzamide derivative appears rather
non-selective, since in addition to opening BK channels, it also inhibits AMP
production, but does reduce bronchoconstriction in asthma patients (Arshad et al.
2007). It has undergone randomised, controlled, double blind multicentre tests
(Malerba et al. 2015) and produced a dose dependent improvement in forced
expiratory volume (FEV1), particularly in patients with moderate airways obstruc-
tion. However, the status of its commercial development is currently unclear.

4.4 Lack of Selectivity of BK Channel Openers

The commercialisation of BK channel openers has been plagued by their lack of
selectivity and consequent ‘off-target’ effects against other ion channel families. For
example, some of the early NS compounds such as NS1619 were notoriously
unselective and not only blocked Ca2+ channels and Kv channels (Edwards et al.
1994; Holland et al. 1996) but also activated CFTR channels (Al-Nakkash et al.
2001). A lack of selectivity has been observed with other compounds including
BMS-204352, NS11021 and GoSlo-SR-5-6, which have all been shown to be
efficacious activators of Kv7 channels (Schrøder et al. 2001; Bentzen et al. 2007;
Zavaritskaya et al. 2020). Recently, Schewe et al. (2019) identified a common
feature amongst some efficacious K+ channel agonists which may help explain the
problematic lack of selectivity against other K+ channels. Their data suggest that the
polypharmacology observed with negatively charged activators (NCA) is due to
(1) the compounds possessing a common negatively charged tetrazole or carboxylate
group and (2) acting at a common site, namely the selectivity filter (SF) of some ion
channels. Schewe et al. (2019) convincingly demonstrated that the NCA compounds
competed with pore blockers, suggesting overlapping binding sites. Their study
utilised a combination of electrophysiology, X-ray crystallography and molecular
dynamics simulations to support that idea that NCAs such as NS11021 and GoSlo-
SR-5-6 possess a common pharmacophore which increases ion permeation and
channel open probability, predominantly by enhancing K+ occupancy below and
within the selectivity filter. These findings have significant implications for drug
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development and strongly suggest that NCAs are unlikely to be subtype-selective
ion channel agonists.

5 SK Channel Modulators

Small conductance Ca2+activated K+ (SK or KCa2) channels consist of three family
members (SK1–3), which are highly expressed in the central nervous system and
play role in neuronal excitability and afterhyperpolarisation (Faber and Sah 2007).
These channels have been targeted therapeutically for diseases including
Parkinson’s disease, Alzheimer’s, Schizophrenia as well as heart diseases. As their
name suggests, the SK channels have a small conductance (10pS). These channels
are activated by an increase in intracellular Ca2+ (Wei et al. 2005) which binds to
calmodulin and induces conformational changes resulting in channel opening. SK
channel modulators produced so far can be classified into three main types, namely
blockers, positive gating modulators and negative gating modulators (Lam et al.
2013; Christophersen and Wulff 2015). These gating modulators can increase or
decrease the Ca2+ sensitivity of the channels, whereas the blockers prevent ion
channel conduction via SK channels (Christophersen and Wulff 2015).

Of the blockers, the bee venom toxin apamin is the most widely known SK
channel blocker, but its ability to block the channels depends on the subtype and
indeed the species from which the channel isoform is isolated. Thus, SK2 channels
are the most sensitive to apamin (IC50 ~ 70 pM), SK3 channels have a reduced
sensitivity with an IC50 of ~0.6–6 nM, the human SK1 channel is least sensitive
(IC50 ~ 1–8 nM) and the rat isoform is resistant to apamin (D’hoedt et al. 2004).
Apamin acts via an allosteric mechanism and involves a single amino acid histidine,
which is located in the outer vestibule of the SK channel pore (Nolting et al. 2007;
Lamy et al. 2010). Scuvée-Moreau et al. (2004) demonstrated that two compounds,
Methyl-Laudanosine and Methyl-Noscapine blocked the SK channel mediated
hyperpolarisation of dopaminergic neurones, but neither compound shows selectiv-
ity for the three different channel isoforms. The antidepressant molecule fluoxetine
has also been shown to block the three human SK channel subtypes with similar
potencies (IC50¼ 9 μM, 7 μM and 20 μM, for SK1–3, respectively, Terstappen et al.
2003). A few other SK channel blockers have been described including UCL1684
and UCL1848, which are non-peptide bis-quinolinium cyclophanes (Conejo-Garcia
and Campos 2008) but show little selectivity amongst the three isoforms. However,
the tamapin is a remarkably potent and SK2 selective peptide scorpion toxin, which
has an IC50 of ~24 pM and this concentration is ~1750 lower than the IC50 in SK1
and ~70-fold lower than than required to block SK3 channels (Pedarzani et al. 2002).

A number of SK channel gating modulators have been developed but they vary in
their specificity and selectivity. The first reported non-selective positive gating
modulator, 1-EBIO (1-ethyl-2-benzimidazolinone) had a relatively high EC50

value of ~300 μM (Devor et al. 1996; Wulff et al. 2007). Later NS309, which is
structurally related to 1-EBIO was shown to activate SK subtypes at submicromolar
concentrations (Strøbæk et al. 2004). SKA-31 is another non-specific positive gating
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modulator which was shown to reduce excitability and decrease contractility in
human and guinea pig detrusor smooth muscle, which may be a potential approach
to treat bladder dysfunction disorders (Soder et al. 2013; Parajuli et al. 2011).

The hunt for more selective positive SK modulators led to the development of
NS13001, which selectively activates SK2 and SK3 subtypes with an EC50 of 5 μM
and 0.14 μM, respectively. Interestingly this compound prevented Purkinje cell
degeneration and improved motor deficits in spinocerebellar ataxia type 2 mice
(Kasumu et al. 2012). Hougaard et al. (2009) described GW542573X as an SK1
selective activator (EC50 value of 8 μM) and demonstrated that it activated SK1
channels even in the absence of Ca2+ (Hougaard et al. 2009).

The selectivity of negative SK channel modulators is also variable, as exemplified
by NS8593 and NS11757. Whereas NS8593 blocked all subtypes of SK channels in
submicromolar concentrations and demonstrated atrial antiarrhythmic properties
(Strøbæk et al. 2006; Haugaard et al. 2015), NS11757 appeared to block only SK3
channels with a Kd value of 9 nM (Sørensen et al. 2008).

6 IK Channel Modulators

Intermediate conductance Ca2+activated K+ channels (IK or KCa3) have a single
channel conductance of 20–80pS and their expression, at the transcriptional level,
has been shown in prostate, colon, lung, placenta, spleen, thymus, bone marrow and
lymph nodes (Ishii et al. 1997; Logsdon et al. 1997). In these tissues, these channels
are thought to play a role in cell proliferation, volume regulation and secretion
(Wulff et al. 2007). Three different groups cloned IK channels at the same time
(Joiner et al. 1997; Ishii et al. 1997; Logsdon et al. 1997) and characterised their
biophysical properties. Like SK channels, the IK channels are activated via Ca2+

binding to calmodulin, which in turn mediates conformational changes in the
channel and opens it. IK channels are insensitive to apamin and a series of
modulators classified as blockers, positive gating modulators or negative gating
modulators have been identified (Cui et al. 2014; Christophersen and Wulff 2015).

The Kv channel scorpion peptide toxins Maurotoxin and Charybdotoxin are
potent blockers of IK channels with an IC50 of 1 nM and 5 nM, respectively
(Miller et al. 1985; Castle et al. 2003). The Kv1 toxin Margatoxin (MgTX) is also
an effective blocker of these channels (IC50 of 459 nM), as is the sea anemone toxin
stichodactyla toxin (ShK) which has an IC50 of 291 nM (Jensen et al. 1998). A
number of non-peptide small molecules including clotrimazole, cetiedil, nitrendipine
and promethazine have been shown to block the IK channels with varied potencies
(Roxburgh et al. 1996; Jensen et al. 1998; Wittekindt et al. 2006).

Most of the gating modulators developed to modify SK channels also modulate
IK channels, presumably due to the structural similarities between the two channel
types (Wulff et al. 2007). The muscle relaxants chlorzoxazone and zoxazolamine
have been shown to activate IK channels at micromolar concentrations (Syme et al.
2000). SKA-111 and SKA-121 are reasonably selective IK channel positive gating
modulators (EC50 ~ 100 nM), and showed an ~100-fold selectivity over SK channels
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(Coleman et al. 2014). The SK channel positive gating modulator 1-EBIO and its
structural derivatives DCEBIO and NS309 were also found to activate IK channels
with varying potencies. Thus, 1-EBIO opened IK channels with an EC50 of 70 μM,
but its derivative DCEBIO was more potent (EC50–750 nM) and the compound
NS309 had an EC50 of 10 nM, making it one of the most potent activators of IK
channels (Singh et al. 2001; Strøbæk et al. 2004). The contribution of IK channels to
cell proliferation has been studied using 1-EBIO and riluzole on PC-3 and LNCaP
cell lines. Both drugs enhanced cell proliferation and these effects were abolished
when IK channels were inhibited by the IK channel blocker clotrimazole (Jensen
et al. 1998), suggesting that IK channels may play a role in regulating prostate cancer
cell proliferation (Parihar et al. 2003).
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Abstract

Two-pore domain potassium channels are formed by subunits that each contain
two pore-loops moieties. Whether the channels are expressed in yeast or the
human central nervous system, two subunits come together to form a single
potassium selective pore. TOK1, the first two-domain channel was cloned from
Saccharomyces cerevisiae in 1995 and soon thereafter, 15 distinct K2P subunits
were identified in the human genome. The human K2P channels are stratified into
six K2P subfamilies based on sequence as well as physiological or pharmacologi-
cal similarities. Functional K2P channels pass background (or “leak”) K

+ currents
that shape the membrane potential and excitability of cells in a broad range of
tissues. In the years since they were first described, classical functional assays,
latterly coupled with state-of-the-art structural and computational studies have
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revealed the mechanistic basis of K2P channel gating in response to specific
physicochemical or pharmacological stimuli. The growing appreciation that K2P

channels can play a pivotal role in the pathophysiology of a growing spectrum of
diseases makes a compelling case for K2P channels as targets for drug discovery.
Here, we summarize recent advances in unraveling the structure, function, and
pharmacology of the K2P channels.

Keywords

Background current · K2P channel · KCNK · TALK · TASK · THIK · TRAAK ·
TREK · TRESK · TWIK

1 An Introduction to Two-Pore Domain Potassium Channels

Potassium (K+) channels are a superfamily of multi-subunit membrane proteins that
are fundamental for physiology throughout the tree of life. K+ channels are complex
protein machines with a simple purpose: they open and close (gate) in a coordinated
manner that allows the conduction of K+ ions down their electrochemical gradient,
typically from the intracellular to extracellular space in mammalian tissues. Gating
occurs in response to a panoply of stimuli and shapes the resting membrane potential
and the dynamics of cellular excitability by regulating the flux of K+ ions. Thus, K+

channels are essential for many biological processes including neuronal, muscular,
and cardiac function (Enyedi and Czirjak 2010).

The superfamily of K+ channels is stratified into distinct subfamilies based on
structural similarities, namely the number of transmembrane domains and pore
forming domains present in each subunit. The largest subfamily includes the voltage
(KV) channels and calcium activated (KCa) channels which are characterized by one
reentrant pore loop (P-loop) and (typically) six transmembrane domains per subunit;
holo-channels are tetramers. The inwardly rectifying K+ channels (KIR) also form as
tetramers in which each subunit consists of a single P-loop and two transmembrane
domains. The notion that all K+ channels are tetramers changed in 1995 when TOK1
was cloned from Saccharomyces cerevisiae (Ketchum et al. 1995). TOK1 channels
have a distinct architecture: Functional channels are dimers of subunits with eight
transmembrane domains (M1-M8), intracellular amino- and carboxy-terminal tails,
and two reentrant P-loops located between transmembrane domains M5-M6 and
M7-M8 (Fig. 1) (Ketchum et al. 1995). Although TOK channels are not found
beyond fungi, K+ channel subunits with two P-loops from higher organisms were
described soon after.

Unlike the KV and KIR channel subfamilies, discovery of the K2P channels was
made possible using genome database mining rather than by a molecular cloning
strategy (Goldstein et al. 1996; Lesage et al. 1996b; Yang and Jan 2013). In 1996,
K2PØ (also called KCNKØ, or dORK) was cloned from Drosophila melanogaster
and K2P1 (also called KCNK1 or TWIK1) was cloned from human kidney (Lesage
et al. 1996b). Holo two-pore domain K+ (K2P) channels are dimers of subunits, with
each subunit contributing two-P loops and four transmembrane domains to the
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structure (Feliciangeli et al. 2015; Goldstein et al. 2001; Guyenet et al. 2019;
Kollewe et al. 2009; Medhurst et al. 2001; Yang and Jan 2013). In general, heterol-
ogous expression of K2P channels produces outward K

+ currents under physiological
conditions. The phenomenon of “background’” or “leak” K+ currents has been
appreciated since the 1940s and was ratified in the membrane equations of Hodgkin
and Huxley (Enyedi and Czirjak 2010; Goldman 1943; Goldstein et al. 1996, 2001;
Hodgkin and Huxley 1952; Lesage et al. 1996b). In the last ~25 years, numerous
studies have confirmed the central role that K2P channels play in determining the
membrane potential in a broad range of excitable and non-excitable cell types
(Goldstein et al. 2001) (Fig. 1).

K+ channel subunits are identified by a common sequence of amino acid residues
that comprise the selectivity filter for K+ ions within the conduction pore of the
channel (see also chapter “Comparison of K+ Channel Families”). This evolutionarily
conserved structural domain is constructed from four P-loops that are held in position
in the membrane between two transmembrane helixes that form the channel corpus.
The surrounding architecture of the channel is comprised of transmembrane domains
that correlate with their unique physiological functions. This architectural arrange-
ment controls when the channels open and for how long (open probability), allowing
the conductance of K+ ions down their electrochemical gradient through the selectiv-
ity filter of the pore with high fidelity (Doyle et al. 1998). Gating of K2P channels is
regulated by a plethora of physicochemical and mechanical stimuli including stretch,
temperature, pH, and various cell signaling, and second-messenger pathways
(Chemin et al. 2007; Honore 2007; Lotshaw 2007). Despite significant progress,
the mechanistic basis by which each of these stimuli influences the gating machinery,
and in turn the activity of K2P channels, remains a matter of ongoing research.

A growing body of work, first using a classical structure-function approach, and
more recently via snapshots of channel structures paired with molecular dynamics
simulations has revealed that extrinsic regulators typically influence the open proba-
bility of K2P channels via allosteric pathways and via c-type gating in particular
(Bagriantsev et al. 2011, 2012; Cohen et al. 2008; Lolicato et al. 2014, 2020;
Piechotta et al. 2011; Schewe et al. 2016; Zilberberg et al. 2001). Compelling
evidence supports that this mode of gating results from constriction of the extracel-
lular region of the channel, occluding the conduction pathway for K+ ions (Hoshi
et al. 1991; Yellen 1998). In common with data from other types of K+ channel, the
c-type gating of K2P channels occurs at the selectivity (SF) (Bagriantsev et al. 2011;
Cohen et al. 2008; Piechotta et al. 2011). For example, binding of high affinity
quaternary ammonium (QA) deep within the K2P2 channel selectivity filter revealed

Fig. 1 (continued) subfamilies indicated, these are named for their physiological or pharmacologi-
cal properties. (b) A cartoon depicting how the transmembrane domains and P-loops of human K2P

channels are organized to create a single channel pore from a dimer of subunits. (c) A topological
cartoon to show the organization of the 8-transmembrane domains (M1-M8) that comprise a TOK
subunit. Note the two pore-loops (P1 and P2) between M5-M6 and M7-M8. (d) A topological
cartoon to show the organization of the 4-transmembrane domains (M1–M4) that comprise a K2P

subunit. Note the two pore-loops (P1 and P2) between M1-M2 and M3-M4
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that the gating process was occurring at the SF (Piechotta et al. 2011; Schewe et al.
2016). Furthermore, c-type gating works in concert with the carboxy-terminal tail of
the channel to mediate the response to physicochemical stimuli such as temperature
and mechanical force (Bagriantsev et al. 2011, 2012), indicating that allosteric
interactions can transcend the channel corpus (Bagriantsev et al. 2011, 2012;
Zilberberg et al. 2001).

K2P channels assemble as dimers with each subunit composed of four transmem-
brane domains and two P-loops, one between the M1 and M2 helices and one
between the M3 and M4 helices (Fig. 1b, c) (Brohawn et al. 2012; Goldstein et al.
2001; Kollewe et al. 2009; Lolicato et al. 2017; Miller and Long 2012). In addition,
the first extracellular loop of each K2P subunit (linking the M1 to M2 helices)
contributes to a “cap-domain” located above the axis of the K+ selectivity filter.
This structure bifurcates the pathway for K+ ions and is proposed to render K2P

channels insensitive to many classical K+ channel blockers (such as protein toxins)
by shielding the extracellular mouth of the pore via steric hindrance (Fig. 2)
(Lolicato et al. 2017; Miller and Long 2012; Piechotta et al. 2011; Zuniga and
Zuniga 2016). The extracellular cap-domain is formed when the two extracellular
helices (E1 and E2) assemble (Şterbuleac 2019). The cap-domain has not been
observed in other K+ channels and was first revealed upon elucidation of the
structure of K2P1 (TWIK1) and K2P4 (TRAAK) by X-ray crystallography. The
placement and movement of the transmembrane helices allow the channel to adopt
the two unique states, “up” and “down” (Brohawn et al. 2012; Miller and Long 2012;
Şterbuleac 2019). Transitioning from the “up” to the “down” states reveals
fenestrations which allow molecules to interact with the channel’s inner pore
(Feliciangeli et al. 2015; Şterbuleac 2019). The cap-domain has been observed on
all K2P channel structures solved to date, including K2P1, K2P2, K2P3, K2P4, and
K2P10 (Brohawn et al. 2012; Dong et al. 2015; Lolicato et al. 2017; Miller and Long
2012; Pope et al. 2020; Rödström et al. 2020).

The unique topology of K2P channels is shared among 15 human genes
designated “KCNK” by the Human Gene Organization nomenclature (Lesage and
Barhanin 2011; Yang and Jan 2013) (Table 1). These genes encode 15 K2P channel
subunits that are classified into six subfamilies based on similarities in structural and
functional properties: tandem of pore domains in a weak inward rectifying K+

channel (TWIK); TWIK-related K+ channel (TREK); TWIK-related acid sensitive
K+ channel (TASK); TWIK-related alkaline pH-activated K+ channel (TALK);
TWIK-related spinal cord K+ channel (TRESK); and tandem pore domain halo-
thane-inhibited K+ channel (THIK) (Table 1). To mitigate the variance in the
pharmacological and physiological attributes that were subsequently associated
with different members of each subfamily the nomenclature of the K2P channels
“K2PX” was designated by the International Union of Basic and Clinical Pharmacol-
ogy (IUPHAR) (Table 1). However, the descriptive names of these channels have
utility and remain in common use.
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2 The Role of K2P Channels in Pathology and Pain Signaling

Numerous studies have linked K2P channels to cardiac and neuronal diseases. In this
section we highlight examples. K2P channels have also been linked to
neurodevelopmental disorders including Birk-Barel syndrome. K2P channels have
also been linked to neurodevelopmental disorders including Birk-Barel syndrome.
This rare genetic disease is associated with mutation of the glycine residue at
position 236 (Gly236) to arginine (a positively charged residue) in the KCNK9
gene (encodes K2P9, also called TASK3) and is characterized by intellectual
disability, hypotonia and hyperactivity. Two-electrode voltage-clamp (TEVC) stud-
ies of WT and mutant channels expressed in Xenopus oocytes revealed that while
wild type (WT) channels passed measurable currents, mutant channels had no
measurable current. In addition, co-expression of mutant channel with either WT

Fig. 2 The architecture of a K2P channel. An overview of the three-dimensional architecture of
K2P2 (Crystal structure, PDB ID: 6CQ6) showing views from the side, the top (extracellular), and
the bottom (intracellular) of the channel. The helices of one subunit are colored to reflect the
segments of a single subunit: four transmembrane domains (M1–M4); two portions of extracellular
loop1 that contribute to the cap-domain (EC1 and EC2); two selectivity filter helices (SFH1 and
SFH2), one contributes to each P-loops. Images were rendered from the PDB files indicated using
UCSF Chimera software (https://www.rbvi.ucsf.edu/chimera)
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or K2P3 channels (which form functional heterodimers with K2P9) resulted in
decreased current (Barel et al. 2008). Using the bacterial K+ channel KcsA to
generate a homology model structure, Barel and colleagues determined that the
expected location of the Gly236 residue was in the ion conduction pathway. It was
therefore postulated that a mutation to arginine may result in the disruption of
physical and electrostatic interactions in the pore that would diminish current by
impeding the conduction of K+ ions.

KCNK18 gene encodes for K2P18 or the TRESK channel and is primarily
expressed in trigeminal root ganglion (TRG) and dorsal root ganglion (DRG).
Truncations and other mutations in KCNK18 have been associated with familial
migraine (Lafrenière et al. 2010). Expression of mutant K2P18 channels resulted in
decreased current density when expressed in oocytes. This observation led
Lafrenière and colleagues to propose that an increase in the functional expression
of WT K2P18 could protect against migraines and that as yet unidentified mutations
in KCNK18 could lead to an increase in migraine risk (Lafrenière et al. 2010).

Following whole exome sequencing (WES) studies conducted on patients with
arrhythmic disorders, Decher and colleagues identified a heterozygous K2P2 muta-
tion (Ile267Thr) in a patient with right ventricular outflow tract ventricular tachycar-
dia (RVOT-VT). When expressed in Xenopus oocytes, K2P2 Ile267Thr channels
have decreased current compared to WT channels. Further, co-expression of WT and

Table 1 The 15 mammalian K2P channels

K2P subfamily
Channel
name

Gene
name

Common
name

Tandem pore domain halothane-inhibited channel
(THIK)

K2P12 KCNK12 THIK2

K2P13 KCNK13 THIK1

The TWIK-related spinal cord K+ channel (TRESK) K2P18 KCNK18 TRESK

TWIK-related alkaline pH-activated K+ channel
(TALK)

K2P5 KCNK5 TASK2

K2P16 KCNK16 TALK1

K2P17 KCNK17 TALK2

Tandem of pore domains in a weak inward rectifying
K+ channel (TWIK)

K2P1 KCNK1 TWIK1

K2P6 KCNK6 TWIK2

K2P7 KCNK7 kcnk8

TWIK-related K+ channel (TREK) K2P2 KCNK2 TREK1

K2P10 KCNK10 TREK2

K2P4 KCNK4 TRAAK

TWIK-related acid sensitive K+ channel (TASK) K2P3 KCNK3 TASK1

K2P9 KCNK9 TASK3

K2P15 KCNK15 TASK5

The 15 unique K2P channels expressed by mammals. Abbreviations: TWIK tandem of pore
domains in a weak inward rectifying K+ channel, TREK TWIK-related K+ channel, TASK
TWIK-related acid sensitive K+ channel, TALK TWIK-related alkaline pH-activated K+ channel,
TRESK TWIK-related spinal cord K+ channel, THIK tandem pore domain halothane-inhibited K+

channel, TRAAK TWIK-related arachidonic-acid-stimulated K+ channel. See Two P domain
potassium channels in the IUPHAR/BPS Guide to Pharmacology Database https://www.
guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79 for more information
about each individual channel
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mutant channel resulted in reduced current density in what is known as a “dominant-
negative” behavior (Decher et al. 2017). It was found that the mutant channel was
more permeable to sodium (Na+) ions, unlike WT channels. This change in ion
selectivity of the channel was attributed to the mutation of the isoleucine residue in
the second pore loop to threonine. A change in the selectivity of K2P channels that
permits an increase in the conductance of sodium has previously been observed for
development-related alternative-translation initiated truncation variants of K2P2 and
for mutation in K2P1 (Thomas et al. 2008). Following their observations, Decher
and colleagues sought to reverse this defect in ion selectivity by finding drugs that
would “rescue” the channel. Incubation of the channel with the following K2P2
blockers verapamil (62 μM) and fluoxetine (80 μM) and activators 2-APB (50 μM)
and riluzole (500 μM) did not alter the selectivity of the channel (Decher et al. 2017).
In contrast 5 μM of BL-1249 rescued channel function. Authors hypothesized that
BL-1249 may be binding at a unique site that differs from the other compounds.

K2P channels are expressed ubiquitously across excitable and non-excitable
tissues (Lesage 2003; Lesage and Lazdunski 2000). Several K2P channels are
expressed in the TRG and DRG (Mathie and Veale 2015). The DRG and TRG
somatosensory neurons give rise to the peripheral axonal fibers that innervate
various tissues including the skin, muscle, and viscera and ascend to the spinal
cord (DRG) or brainstem (TRG) (Mathie and Veale 2015; Plant 2012). Damage-
sensing (nociceptive) somatosensory neurons detect and respond to noxious stimuli
through activation of Aδ fibers which are lightly myelinated neurons that respond to
localized pain, and via C-fibers which are unmyelinated neurons that are activated by
a range of noxious stimuli (Plant 2012). Aα and Aβ fibers are myelinated fibers that
respond to innocuous, mainly mechanical stimuli (Plant 2012). K2P channels
expressed in the DRG and TRG modulate neuronal excitability and response to
noxious and innocuous mechanical stimuli.

Using a rat neuropathic pain model, Pollema and colleagues demonstrated that
following spared nerve injury (SNI) levels of mRNA for KCNK3 and KCNK9 (that
encode for K2P3 and K2P9 channels, respectively), were downregulated compared
to sham controls. Downregulation of these K2P channels following SNI implicates
these channels in neuropathic pain phenotypes. Interestingly, four weeks post SNI,
only mRNA for KCNK1 (which encodes for K2P1) remained downregulated hinting
at the importance of this channel in maintaining the neuropathic pain phenotype
(Pollema-Mays et al. 2013). Contrary to this study, another group found that while
still using the SNI model, intrathecal delivery of K2P18 in an adenovirus vector
reduced the response of rats to neuropathic pain (Zhou et al. 2013).

2.1 K2P Channel Pharmacology

Although multiple lines of evidence support a role for K2P channels in pain physiol-
ogy, pharmacological options that target these proteins remain elusive. Given that
present pharmacophores lack the ability to selectively inhibit K2P channels, devel-
opment of selective pharmacological agents is therefore imperative in order to study
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distinct characteristics of each channel. Intensive efforts to identify selective, potent,
and efficacious pharmacophores are in progress. For example, Bagriantsev and
colleagues utilized a 384 well plate yeast-based screening assay to identify K2P

blockers and activators in a high-throughput fashion. They began by screening a
library containing 106,281 small molecules for their ability to inhibit the growth of
yeast expressing K2P2. From this screen the library of small molecules was
narrowed to 320 compounds that were selected for their ability to inhibit 44–99%
of growth (Bagriantsev et al. 2013). A dose-response screen revealed 61 compounds
that successfully prevented the growth of yeast expressing K2P2. TEVC
experiments conducted in Xenopus oocytes revealed that 2 inhibitors ML45,
ML58 and 3 activators ML12, ML42, and ML67 altered K2P2 channel activity
(Bagriantsev et al. 2013). Bagriantsev et al. selected the activator ML67 which
caused an ~11 fold (EC50 213 � 1.2 μM) increase in K2P2 channel current for
further characterization. Through TEVC experiments it was found that the com-
pound activated closely related channels (K2P10, EC50 ~ 250 μM) but not the more
distantly related K2P3 channel. Substitution of a tricyclic ring to the ML67 com-
pound yielded the compound ML67–33 which was 5 times more potent than the
other ML-67 derivatives (Bagriantsev et al. 2013). Mutations at the P1 pore helix
(Gly1371) and M4 (Trp275) of K2P2 resulted in decreased channel activity. Con-
versely, triple glycine mutations at the C-terminal lead to channels that could be
activated by the compound. As a result, the authors postulated that ML-67-33
mediates its effects on K2P2 activity by modulating the C-type gate. Compounds
such as ML-67-33, a selective and potent activator of K2P2 channels, provide an
approach by which similar compounds could be developed and assayed. In this
chapter we provide a concise summary of the pharmacology and regulation of K2P

channels in that they may be explored further toward the development of novel
pharmacophores.

3 The THIK Channels: K2P12 and K2P13

The THIK subfamily is composed of THIK2 (K2P12, KCNK12) and THIK1
(K2P13, KCNK13) channels (Girard et al. 2001; Rajan et al. 2001). The mammalian
K2P12 and K2P13 channels share 64% homology as well as a similar pore region
structure (Renigunta et al. 2014). While K2P13 channels are expressed ubiquitously,
K2P12 channels are expressed in the lungs, spleen, and brain (Rajan et al. 2001).
When expressed heterologously in Xenopus oocytes, only K2P13 channel activity
can be measured while K2P12 channel activity is largely undetectable. K2P13
currents are activated by arachidonic acid and inhibited by halothane, quinidine,
and weakly by hypoxia (a ~ 13% reduction compared to control when Po2 is
decreased to 20 mmHg) (Table 2) (Campanucci et al. 2005; Enyedi and Czirjak
2010; Feliciangeli et al. 2015; Renigunta et al. 2014).

K2P12 channels are one of five channels: K2P1 (TWIK1), K2P6 (TWIK2), K2P7
(kcnk8), and K2P15 (TASK5) that are classified as electrically silent channels
because they do not pass measurable K+ current in either native cells or in
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heterologous expression systems (Renigunta et al. 2014). Two groups reported that
lack of detectable K2P12 channel activity was a result of the channel possibly being
sequestered in the endoplasmic reticulum (ER) and thus resulting in low expression
of the channel at the cellular membrane (Blin et al. 2014; Chatelain et al. 2013).
However, detection of K2P12 channel activity is possible under specific
circumstances. Thus, it was found that substitution of a proline residue within M2
helix or deletion of 18 to 19 AA found in the N-terminus (corresponding to an ER
retention/retrieval signaling motif) results in the appearance of macroscopic K2P12
activity that is comparable to K2P13 (* Chatelain et al. 2013; Renigunta et al. 2014).
Removal of the AAs from the N-terminus however prevented the channel from being
activated by arachidonic acid even though it could still be inhibited by both
halothane and quinidine (Renigunta et al. 2014). Of great physiological relevance,
heterodimerization of K2Ps 12 and 13 results in functional channels presumably
because K2P13 masks the ER retention motif on the K2P12 subunit (Bayliss et al.
2019).

4 The TRESK Subfamily: K2P18

The TRESK subfamily contains only the K2P18 channel, encoded by KCNK18
(Sano et al. 2003). Discovery of K2P18 in 2003 was made possible following the
completion of the human genome project (Sano et al. 2003). Sano and colleagues
utilized the human draft sequencing data to clone the K2P18 subunit from the
complementary DNA of the spinal cord. Subsequence expression analysis found
mRNA transcript for KCNK18 throughout the central and peripheral nervous
systems (Bayliss et al. 2019; Enyedi et al. 2012; Enyedi and Czirjak 2015; Gada
and Plant 2019; Tulleuda et al. 2011; Weir et al. 2019). In rodents, expression of
K2P18 has also been detected in the spleen, thymus, and testis (Enyedi and Czirjak
2010). K2P18 channels contribute to the leak or background K+ current which plays
an important role in the regulation of neuronal excitability (Hwang et al. 2015).
When studied using symmetrical K+ solutions, K2P18 channels displayed outward
rectification (Lengyel et al. 2018; Sano et al. 2003). Tulleuda and colleagues
reported a decrease in channel activity following neuronal injury, which alters
neuronal excitability and thus changes “pain pathways.”

Table 2 Modulators of THIK subfamily of K2P channelsa

Channel Activators Inhibitors

K2P13
(THIK1,
KCNK13)

Arachidonic acid
(Rajan et al. 2001)

Halothane (Rajan et al. 2001); Quinidine (Chatelain
et al. 2013; Rajan et al. 2001); Hypoxia (Campanucci
et al. 2005)

K2P12
(THIK2,
KCNK12)

No known
modulators

Halothane (Rajan et al. 2001)

aA regularly updated summary of the activators and inhibitors for all K2P channels is available at
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79
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K2P18 shares ~19% sequence homology with other members of the K2P family
(Lengyel et al. 2018; Sano et al. 2003). Despite this, human K2P18 is predicted to be
structurally like the rest of the K2P channels. It however differs in that its intracellu-
lar loop found between the second and third transmembrane domains is longer
(>120 amino acids (AA) compared to the 20–30 AA in the other K2P channels)
and its C-terminal is shorter (30 AA long compared to the�120 AA in the other K2P
channels) (Enyedi and Czirjak 2015; Sano et al. 2003). In contrast to most other K2P
channels, K2P18 has a short C-terminal tail. This structural difference may indicate
differential regulation of K2P18, including how regulatory events might allosteri-
cally influence the activity of the channel. (Braun et al. 2015).

The activity of K2P18 channels is enhanced by volatile (inhaled) anesthetics
(e.g., isoflurane, sevoflurane, halothane, desflurane) but is inhibited by local
anesthetics, including bupivacaine, tetracaine, ropivacaine, mepivacaine, lidocaine,
as well as unsaturated fatty acids (Table 3) (Czirjak et al. 2004; Liu et al. 2004). Like
most K2P channels, K2P18 channels are sensitive to differences in extracellular and
intracellular pH, however the degree of sensitivity differs in the human ortholog
compared to rodent orthologs (Lotshaw 2007). In contrast to other K2P channels,
K2P18 is modulated by the cytosolic concentration of Ca2+ ions. Thus, K2P18
channels are regulated by activation of Gαq-coupled receptors, which lead to down-
stream release of Ca2+ from intracellular stores (Table 3). However, a series of
elegant studies by Czirják et al. showed that the direct application of Ca2+ ions to the
inside of the membrane was insufficient to stimulate K2P18 in off-cell patches,
suggesting that additional cytoplasmic factors are required to activate the channels
(Czirjak et al. 2004). Subsequent studies found that the Ca2+-dependent activation of
K2P18 is mediated by the calmodulin-dependent protein phosphatase, calcineurin,
which interacts with the C-terminal tail of the channel (Czirjak et al. 2004). This
regulatory mechanism that activates K2P18 channels can be inhibited by pharmaco-
logical inhibitors of calcineurin such as cyclosporine. In addition, mutant channels
that lack the calcineurin binding site are still subject to regulation by a novel-type of
protein kinase C (Pergel et al. 2019).

5 The TALK Subfamily: K2P5, K2P16, and K2P17

The TALK family includes the K2P5, (TASK2, KCNK5), K2P16 (TALK1,
KCNK16), and K2P17 (TALK2, TASK4, KCNK17) channels (Decher et al. 2001;
Girard et al. 2001; Reyes et al. 1998). K2P16 and K2P17 channels share 37%
homology (Lotshaw 2007). When K2P5 was first cloned from human kidney it
was assigned to the TASK subfamily. However, it was later reassigned to the TALK
subfamily because it had more sequence similarity (~30%) to K2P16 and K2P17
and, in addition, its pH sensitivity was in the alkaline range, similar to that of K2P16
and K2P17 (Enyedi and Czirjak 2010; Lotshaw 2007; Reyes et al. 1998). In humans,
K2P5 expression has been detected in the kidneys, pancreas, and liver. Transcripts
for KCNK5 were also detected in DRG and spinal cord (Medhurst et al. 2001)
(Enyedi and Czirjak 2010). In humans, mRNA for KCNK17 has been found in the
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liver, heart, pancreas, and lungs while K2P16 channels appear to be expressed
exclusively in the pancreas (Duprat et al. 2005; Girard et al. 2001; Lotshaw 2007).

All TALK subfamily channels are activated by extracellular and intracellular
alkalinization and inhibited by extracellular acidification (Cid et al. 2013) (Table 4).
The pH-sensing of K2P5 requires Arg244; substitution of this amino acid with
neutral residues abolishes the response of the channel to changes in alkalization of
the extracellular pH (pHo) (Niemeyer et al. 2007). Protonation of Arg244 residue
lowers K+ occupancy of the selectivity filter resulting in pore-blockade (Cid et al.
2013).

TALK channels are also sensitive to changes in the intracellular pH (pHi)
(Niemeyer et al. 2010). It is postulated that lys245, located on the C-terminus of
K2P5, acts as a sensor for pHi (Cid et al. 2013). Given the findings, it may be that the
regulation of K2P5 channel activity by pHo and pHi occurs via effects on indepen-
dent gates (Cid et al. 2013; Niemeyer et al. 2010); however, the mechanistic details
that subserve this idea are yet to be elucidated.

K2P5 activity can be inhibited by Gβγ subunits of the heterotrimeric G protein
(Anazco et al. 2013) (Table 4). Añazco and colleagues suggested that Gβγ modula-
tion plays a role in the channel’s ability to react to changes in cell volume (this is a
result of neutralization of a lysine residue in the C-terminus that is important for
inhibition by Gβγ). Although modulation of K2P5 by Gβγ is possible, it remains an
open question in the field. Evidence to support Gβγ-modulation of K2P channel
activity can be found in the K2P2 channels (Woo et al. 2012). Finally, Duprat and
colleagues demonstrated that both K2P16 and K2P17 channels can be activated by
nitric oxide (NO) and reactive oxygen species (ROS) (Table 4) (Duprat et al. 2005).

6 The TWIK Subfamily: K2P1, K2P6, and K2P7

Following its initial description in 1996, K2P1 (TWIK1, KCNK1) was observed to
have low channel activity in heterologous expression systems (Goldstein et al. 1998;
Lesage et al. 1996b; Pountney et al. 1999). However, since mRNA transcripts for
KCNK1, the gene that encodes for the K2P1 subunit, are found in the kidney,
placenta, lungs, heart, and the brain (Gaborit et al. 2007; Lesage et al. 1996b;
Talley et al. 2001), several groups pursued potential cellular and biophysical
mechanisms that would limit the activity of K2P1 channels. Data to support three

Table 3 Modulators of the TRESK subfamily of K2P channelsa

Channel Activators Inhibitors

K2P18 (TRESK,
KCNK18)

Volatile anesthetics (Liu
et al. 2004)
Calcium (Czirjak et al.
2004)

Local anesthetics (Czirjak et al. 2004;
Liu et al. 2004)
Unsaturated fatty acids (Sano et al. 2003)

Gαq (Czirjak et al. 2004) Cyclosporin (Czirjak et al. 2004)
aA regularly updated summary of the activators and inhibitors for all K2P channels is available at
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79
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hypotheses have been presented: SUMOylation of K2P1 channels at the plasma
membrane; rapid endocytosis of K2P1 channels from the plasma membrane, and
hydrophobic dewetting of the channel pore.

SUMOylation is an enzyme-mediated post-translational modification pathway
that links a ~100 amino acid Small Ubiquitin-like MOdifier (SUMO) protein to the
epsilon amine-group of lysine residues in specific motifs (Hay 2005). Although
SUMOylation was not thought to occur at the plasma membrane, the process was
shown to inhibit the activity of K2P1 channels because K+ selective currents were
observed when SUMO was removed from the channel by a SUMO-specific
proteases (SENPs), or when the SUMOylation site (K2P1-Lys274) was mutated to
prevent SUMO-binding (Plant et al. 2010; Rajan et al. 2005). SUMOylation is now
known to regulate the activity of an array of ion channels in multiple tissues. The
process is rapid, reversible, and dynamic and is often challenging to capture bio-
chemically. In keeping with observations of numerous soluble SUMO substrates,
such as transcriptional regulators, SUMOylation of K2P1 channels is labile and is
often not observed when cells and tissues are studied after detergent purification
(Feliciangeli et al. 2007; Hay 2005). Therefore, SUMOylation is typically studied in
live cells using real-time electrophysiology, spectroscopy, and microscopy (Plant
et al. 2010).

Studies in MDCK and HEK293 cells found that the low activity of K2P1 could be
attributed to rapid, endocytic recycling of the channel from the plasma membrane
(Feliciangeli et al. 2010, 2015). The process is dynamin-dependent based on analysis
of a di-isoleucine motif: mutation of Ile293 and Ile294) resulted in measurable
currents upon heterologous expression. Further, K2P1 was found to associate with
ARF6, a small G protein that modulates endocytosis at the apical surface of epithelial
cell (Decressac et al. 2004).

Following the resolution of the crystal structure of human K2P1, molecular
dynamic simulations (MDS) of ion permeation identified a “hydrophobic cuff” in
the inner vestibule of the channel, below the selectivity filter, comprised of four
residues: Leu146 on M2 and Leu261 on M4, from each subunit (Aryal et al. 2014;
Miller and Long 2012). MDS revealed that stochastic motion of the cuff restricted
the access of water molecules to the internal entrance of the pore, creating an

Table 4 Modulators of TALK subfamily of K2P channelsa

Channel Activators Inhibitors

K2P5 (TASK2,
KCNK5)

Alkaline pHo and pHi (Cid et al. 2013; Niemeyer et al.
2007)

Gβγ (Anazco
et al. 2013)

K2P16
(TALK1,
KCNK16)

Alkaline pHo and pHi (Cid et al. 2013; Niemeyer et al.
2007); Nitric oxide (NO) and Reactive oxygen species
(ROS) (Duprat et al. 2005)

No known
modulators

K2P17
(TALK2,
KCNK17)

No known
modulators

aA regularly updated summary of the activators and inhibitors for all K2P channels is available at
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79

The Pharmacology of Two-Pore Domain Potassium Channels 429

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=79
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=79


energetic barrier to the permeation of K+. Based on this model, substitution of
Leu146 with hydrophilic residues resulted in a K2P1 channel variant that passed
robust currents in Xenopus oocytes (Aryal et al. 2014; Chatelain et al. 2012).

Determining how SUMOylation, the hydrophobic gating barrier, and rapid endo-
cytosis contribute individually or together to the regulation of K2P1 in native cells
remains an area of active study that is spurred on by the observation that K2P1
knockout mice exhibit altered physiology in several tissues, including pancreatic β
cells and the kidney (Chatelain et al. 2012; Nie et al. 2005). Similarly, K2P1 has
been shown to play a key physiological and developmental role in the atria of
transgenic zebrafish (Christensen et al. 2016). K2P1 has also been shown to mediate
arrhythmogenic depolarization of cardiac myocytes exposed to low concentrations
of K+ associated with hypokalemia (Gotter et al. 2011). A part of the enigmatic
character of K2P1 can be attributed to heterodimerization with K2P3 and K2P9
subunits in rat neurons and with K2P2 in rat astrocytes (Hwang et al. 2014; Plant
et al. 2012). The resultant heteromeric channels have distinct properties. For exam-
ple, the activity of K2P1-K2P3 and K2P1-K2P9 channels is increased by volatile,
halogenated ester-based anesthetics and is subject to regulation by the SUMO
pathway (Plant et al. 2012).

The TWIK subfamily is also composed of K2P6 (TWIK2, KCNK6) and the K2P7
(Kcnk8, KCNK7) channels. K2P6 was described by two independent groups
(Chavez et al. 1999; Pountney et al. 1999) and shares 34% sequence identity with
K2P1. In contrast, K2P7 is more closely related to K2P6 (94% homology) (Lesage
and Lazdunski 2000; Lotshaw 2007). K2P6 and K2P7 are expressed in peripheral
tissues and peripheral blood leukocytes, respectively (Lesage and Lazdunski 2000;
Medhurst et al. 2001).

In native cells all TWIK channels have low channel activity and as a result they
are sometimes considered to be electrically silent (Bockenhauer et al. 2000;
Renigunta et al. 2014), limiting functional characterization of the channels as well
as the development of selective pharmacological tools (Lotshaw 2007). When
active, K2P1 and K2P6 currents are inhibited by barium, quinine, or quinidine
(Table 5) (Lesage et al. 1996b). Separately, K2P1 channels can also be inhibited
by intracellular (Lesage et al. 1996b) as well as extracellular acidification (Plant et al.
2010). K2P1 is also regulated by PKC activation by phorbol esters such as PMA,
which enhances channel activity (Table 5) (Lesage et al. 1996b).

7 The TREK Subfamily: K2P2, K2P10, and K2P4

The TREK subfamily is composed of K2P2 (TREK1, KCNK2), K2P10 (TREK2,
KCNK10), and K2P4 (TWIK-related arachidonic-acid-stimulated K+ channel or
TRAAK, K2P4, KCNK4) channels (Bang et al. 2000; Fink et al. 1998). In humans
K2P2 and K2P10 tissue expression overlaps in the CNS and periphery tissues while
K2P4 expression is most notable in the neurons (Lesage et al. 2000; Meadows et al.
2000; Medhurst et al. 2001). K2P10 channel shares 65% sequence similarity to
K2P2 and 45% similarity to K2P4 (Bang et al. 2000; Ozaita and Vega-Saenz de
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Miera 2002). The K2P2 and K2P10 channels exhibit similar outward rectification
(Lesage et al. 2000; Maingret et al. 1999; Medhurst et al. 2001). The differences
between K2P2 and K2P10 currents can be seen when comparing unitary currents of
the two channels under high extracellular concentration of K+. Under this condition
K2P10 exhibits inward rectification (Lesage et al. 2000; Maingret et al. 1999;
Medhurst et al. 2001) while both K2P2 and K2P4 exhibit Goldman-Hodgkin-Katz
(GHK) rectification (Fink et al. 1998).

The TREK subfamily of K2P channels are noted for their sensitivity to mechani-
cal stimuli. These mechanosensitive channels are modulated by numerous physico-
chemical stimuli including pH, temperature, mechanical stress (stretch, shear, and
swelling), polyunsaturated fatty acids (PUFAs), anesthetics (volatile), and protein
phosphorylation (Table 6) (Lotshaw 2007; Maingret et al. 1999). K2P2 channels are
also activated by an acidic pHi (Maingret et al. 2000), likely due to protonation of a
glutamic acid residue at position 306 (Glu306). Protonation of this residue is an
important regulator of the response of K2P2 channels to mechanical stimulation
(Honore et al. 2002).

TREK channels are also activated by heat (Kang et al. 2005; Maingret et al.
2000). Thus, at 37 �C K2P2 channels exhibit outward rectification (Kang et al. 2005;
Maingret et al. 2000) that is lost upon cooling (Kang et al. 2005; Maingret et al.
2000). K2P2 and K2P10 are also activated by halogenated volatile anesthetics such
as chloroform, ether, halothane, isoflurane (Table 6) (Lesage et al. 2000; Maingret
et al. 2000). Halothane is a more effective activator of K2P10 while chloroform is a
more efficacious activator of K2P2 (Lesage et al. 2000). All the TREK subfamily
channels are activated by riluzole, a neuroprotective drug that transiently activates
K2P2 and K2P10 but permanently activates K2P4 (Lesage et al. 2000). The mecha-
nism by which riluzole exerts its effect is believed to be a result of PKA inhibition as
a result of cAMP accumulation (Lesage et al. 2000). In 2001, Bockenhauer and
colleagues demonstrated that PKA phosphorylation of serine-348 (Ser348) results in
an altered voltage-dependence of K2P2 channels, effectively reducing the open
probability and thereby the channel activity (Bockenhauer et al. 2001).

Table 5 Modulators of TWIK subfamily of K2P channelsa

Channel Activators Inhibitors

K2P1
(TWIK1,
KCNK1)

pHo (Rajan et al. 2005)
(deSUMOylated channel); PKC
(Lesage et al. 1996b)

Barium (Lesage et al. 1996b); Quinine or
Quinidine (Lesage et al. 1996b); Acid
pHi (Lesage et al. 1996b)

K2P6
(TWIK2,
KCNK6)

No known modulators Barium (Lesage et al. 1996b); Quinidine
(Lesage et al. 1996b)

K2P7
(Kcnk8/
KCNK7)

No known modulators No known modulators

aA regularly updated summary of the activators and inhibitors for all K2P channels is available at
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79
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Inhibition of K2P2 and K2P10 but not K2P4 was demonstrated to be mediated by
activators of protein kinases (Table 6). Lesage and colleagues found that
co-expression of K2P10 and Gαs-coupled receptor 5HT4 resulted in decreased
channel activity when the receptors were activated by 5-hydroxytryptamine. In
contrast, co-expression K2P10 and Gαi-coupled mGluR2 receptors increased chan-
nel activity upon stimulation by glutamate (Lesage et al. 2000). Lastly,
co-expression of K2P10 and the Gαq-coupled receptor mGluR1 resulted in inhibi-
tion of channel activity upon stimulation of mGluR1 by glutamate (Lesage et al.
2000). Signaling through Gαq results in activation of phosholipase C (PLC) which
results in the hydrolysis of PIP2 into diacylglcerol (DAG) and inositol 1,4,5-triphos-
phate (IP3) production. Lesage et al. postulated that inhibition of the channel may be
a result of activation of protein kinase C (PKC) by DAG (Fig. 3).

8 The TASK Subfamily: K2P3, K2P9, and K2P15

The TASK subfamily is composed of K2P3 (TASK1, KCNK3), K2P9, (TASK3,
KCNK9), and K2P15 (TASK5, KCNK9) channels (Duprat et al. 1997; Kim and
Gnatenco 2001; Kim et al. 2000). The K2P3 channel was first isolated based on its
sequence homology to K2P1 and K2P2 (Duprat et al. 1997). In general, the TASK
channels share low sequence similarity with other K2P channels (<30%) however,
amongst each other TASK channels share relatively high sequence similarity
(>50%) (Ashmole et al. 2001; Duprat et al. 1997, 2007; Kim et al. 2000). TASK
channels are expressed in most tissues with notable expression in the placenta and
pancreas (Ashmole et al. 2001; Duprat et al. 1997; Kim et al. 2000; Rajan et al.
2000). While K2P3 and K2P9 can form functional homodimers or heterodimers,

Table 6 Modulators of TREK subfamily of K2P channelsa

Channel Activators Inhibitors

K2P2
(TREK1,
KCNK2)

NO (Koh
et al.
2001)

Acid pHi (Maingret
et al. 1999), Volatile
anesthetics
(Chloroform, ether,
halothane, isoflurane)
(Lesage et al. 2000;
Maingret et al. 2000),
Mechanical stress
(Lesage et al. 2000;
Medhurst et al. 2001),

PUFA (Lesage et al.
2000; Meadows et al.
2000; Medhurst et al.
2001), Riluzole
(Lesage and
Lazdunski 2000)
Heat (Kang et al.
2005; Maingret et al.
2000),

Gαs and Gq
(Lesage et al.
2000),
Quinidine
(Lesage et al.
2000)

K2P10
(TREK2,
KCNK10)

Gαi
(Lesage
et al.
2000)

K2P4
(TRAAK,
KCNK4)

Alkaline
pHi (Kim
and
Gnatenco
2001)

No known modulators No known
modulators

aA regularly updated summary of the activators and inhibitors for all K2P channels is available at
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79
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K2P15 channels are electrically silent when expressed alone or with other TASK
channels (Ashmole et al. 2001; Bayliss and Barrett 2008; Czirják and Enyedi 2002;
Duprat et al. 2007). Under physiological conditions activation of TASK1 and
TASK3 channels occurs instantaneously and the channels exhibit outward rectifica-
tion (Duprat et al. 2007; Kim et al. 2000).

The sine qua non of TASK channels is inhibition of the channel activity by
extracellular acidification (Table 7) (Czirják and Enyedi 2002; Duprat et al. 1997;
Kim et al. 2000; Rajan et al. 2000). In mutational studies of Guinea pig K2P9 (62.3%
and 88.3% homology to human K2P3 and K2P9, respectively) Rajan and colleagues
found that the histidine at position 98 (His98) conferred pH sensitivity to the channel
(Lopes et al. 2000, 2001; Rajan et al. 2000). Similarly, Lopes and colleagues found
that protonation of the equivalent residue in K2P3 conferred pH-sensitivity to that
channel (Lopes et al. 2000, 2001). Of note, K2P3 and K2P9 heterodimers are also
inhibited by by extracellular acidification (Czirják and Enyedi 2002).

Two groups have found that K2P9 homodimers are inhibited by Ruthenium Red
(RR) while micromolar concentrations of RR were also unable to inhibit K2P3
homodimers in both Xenopus oocytes and COS-7 cells (Table 7). Interestingly,
K2P3-K2P9 heterodimers are minimally inhibited by RR (Czirják and Enyedi
2002; Kang et al. 2004). RR appears to inhibit K2P9 homodimers by binding to
Glutamate 70 (Glu70) on both subunits (Czirjak and Enyedi 2003). With K2P3-
K2P9 heterodimers there is only one subunit with Glu70 for RR to bind which is
likely insufficient to cause inhibition (Czirjak and Enyedi 2003).

K2P3 and K2P9 are both inhibited by Gαq (Chen et al. 2006) although whether
this result is secondary to hydrolysis of PIP2 remains an area of active debate. Both
K2P3 and K2P9 are activated by volatile anesthetics (halothane and isoflurane)
(Kang et al. 2004; Patel et al. 1999).

Fig. 3 (continued) a zoomed-in view of how the molecule interacts with the channel protein.Right-
hand column: ML402 (top) or ML335 (bottom) interacting with K2P2 channel (PDB ID: 6CQ9,
6CQ8) (Lolicato et al. 2017). Left-hand column: Brominated fluoxetine derivative or
Norfluoxetine binding to K2P10 (PDB ID: 4XDL, 4XDK (Dong et al. 2015)

Table 7 Modulators of TASK subfamily of K2P channelsa

Channel Activators Inhibitors

K2P3
(TASK1,
KCNK3)

Alkaline pHo (Duprat et al. 1997; Kang et al.
2004), Halothane and Isoflurane (Patel et al.
1999)

Acidic pHo (Duprat et al. 1997;
Kim et al. 2000; Rajan et al.
2000), Gαq (Chen et al. 2006)
K2P9: Ruthenium Red (Czirják
and Enyedi 2002)

K2P9
(TASK3,
KCNK9)

K2P15
(TASK5)

No known modulators No known modulators

aA regularly updated summary of the activators and inhibitors for all K2P channels is available at
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId¼79

434 J. M. Kamuene et al.

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=79
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=79


9 TOK Channels

K+ channel subunits with two pore domains are not limited to expression in higher
order eukaryotes but have also been identified in fungi. The transient outward
current (TOK) channels were first cloned and described in Saccharomyces
cerevisiae following a genome search that identified a P domain peptide sequence
homologous to those of other K+ channels (Ketchum et al. 1995). In contrast to the
K2P subunits discussed above, TOK channels are dimers of subunits with eight
transmembrane domains with intracellular amino- and carboxy-terminal tails
(M1-M8), with two reentrant P-loops located between transmembrane domains
composed with two P-loops regions located between M5 and M6 and M7 and M8
(Fig. 3) (Ketchum et al. 1995; Lesage et al. 1996a; Zhou et al. 1995). Expression
of the S. cerevisiae TOK (ScTOK) channels in Xenopus oocytes revealed K+-
selective channels with outward rectification that were activated by depolarizing
voltages (Ketchum et al. 1995; Lesage et al. 1996a; Zhou et al. 1995). Activation
of ScTOK channels is coupled to the K+ equilibrium potential (EK) in that changes
in the external concentration of K+ results in loss of outward rectification (Bertl
et al. 1998; Ketchum et al. 1995; Lesage et al. 1996a; Zhou et al. 1995). ScTOK
currents are inhibited by barium ions, quinine, or tetraethylammonium (TEA)
(Ketchum et al. 1995; Lesage et al. 1996a; Zhou et al. 1995).

TOK channels have now been identified in a range of fungi, including strains that
are pathogenic to humans. A comparative study of four pathogenic fungi, Aspergil-
lus fumigatus (AfTOK1), Candida albicans (CaTOK), and two strains of Crypto-
coccus neoformans (CnTOK and H99TOK), by Lewis and colleagues revealed that
the TOK subfamily of K+ channels share similar biophysical characteristics as
ScTOK (Lewis et al. 2020). Their unique distribution in only fungi suggests that
these TOK channels could be important therapeutic targets for anti-fungal
pharmaceutics. This intriguing proposal is supported by data showing that extracel-
lular K1 killer toxin kills Saccharomyces yeast by increasing the open probability of
ScTOK and perturbing K+ homeostasis (Ahmed et al. 1999). In contrast, infection
with killer toxin virus protects against the effects of the external toxin, allowing
virus-positive cells to propagate (Sesti et al. 2001). Thus, selective, small molecule
activators of TOK channels are potential anti-fungal agents.

10 Conclusion and Future Perspectives

The K+ channels comprise a large, diverse, and ubiquitous superfamily of membrane
proteins that regulate various biological processes in both excitable and
non-excitable cells (Kuang et al. 2015; Tian et al. 2014). The two-pore domain K+

channels constitute a subfamily of K+ channels that are categorized based on
structural and sequence similarity. Since the discovery of these channels more than
20 years ago much has been revealed about these channel’s physiology and pharma-
cology. The expression of K2P channels is widespread across various tissues and
organ systems. This broad distribution and expression highlight their importance in
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the biology of many tissues and suggest that K2P channels will continue to emerge as
important potential druggable targets for the treatment of diverse diseases. Given the
fundamental role that K2P channels play in physiology, it is not surprising that their
activity is tightly regulated and modulated by diverse physicochemical and mechan-
ical stimuli including temperature, mechanical stress, pHi, pHo, second-messenger
pathways, PUFAs, and phosphoinositides.

Despite the growing body of work which has implicated K2P channels in various
cardiac and neuronal diseases, there is much that is yet to be learned about K2P

physiology and its role in pathophysiology. A present obstacle in attaining this
knowledge is the lack of channel selective pharmacophores although this landscape
is starting to evolve, particularly for the TREK subfamily of K2P channels. Follow-
ing the elucidation of several K2P structures we now appreciate that a part of the
delay in identifying selective pharmacophores comes from the cap-domain of the
K2P channels. This structural feature, seemingly unique amongst K+ channels,
protects the outer mouth of the channel pore from infiltration by classical K+ channel
blockers, particularly protein toxins. However, the same structural revolution that
identified the problems has also helped to initiate solutions. Using computational
approaches to understand the dynamics of K2P channels, researchers have started to
identify druggable pockets and binding sites within the channel corpus. Of note,
Lolicato and colleagues identified a cryptic binding pocket behind the pore of the
K2P2 channel that can co-ordinate the newly identified channel activators ML335
and ML402 (Lolicato et al. 2017). Bagriantsev and colleagues demonstrated that
selective and potent compounds of K2P channels can also be identified using high-
throughput screens (Bagriantsev et al. 2013). These powerful approaches promise to
break the gridlock in the development of selective new K2P channel modulators in
the future.
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Abstract

Potassium channels facilitate and regulate physiological processes as diverse as
electrical signaling, ion, solute and hormone secretion, fluid homeostasis,
hearing, pain sensation, muscular contraction, and the heartbeat. Potassium
channels are each formed by either a tetramer or dimer of pore-forming α subunits
that co-assemble to create a multimer with a K+-selective pore that in most cases
is capable of functioning as a discrete unit to pass K+ ions across the cell
membrane. The reality in vivo, however, is that the potassium channel α subunit
multimers co-assemble with ancillary subunits to serve specific physiological
functions. The ancillary subunits impart specific physiological properties that are
often required for a particular activity in vivo; in addition, ancillary subunit
interaction often alters the pharmacology of the resultant complex. In this chapter
the modes of action of ancillary subunits on K+ channel physiology and pharma-
cology are described and categorized into various mechanistic classes.

Keywords

K2P · KCNE · KCNQ · Kir · Kv7 · Long QT syndrome · Voltage-gated potassium
channel

1 Introduction

The potassium channels are one of the most numerous and diverse groups of ion
channels, reflecting their many roles within specialized cell types in a range of
tissues. The diversity is generated by five main mechanisms. First there are a high
number of K+ channel pore-forming α subunit isoforms – for example, the voltage-
gated potassium (Kv) channel family numbers 40 in the human genome. Second, K+

channels are composed of either tetrameric (the majority) or dimeric (the K2P
channels) assemblies of α subunits. In turn, in many K+ channel subfamilies,
different α subunit isoforms can heteromultimerize to generate channels with
properties distinct from homomeric relatives. Third, most K+ channels are composed
not just of α subunits, but also of ancillary subunits that co-assemble with the α
subunits to impart often unique physiological and pharmacological properties.
Fourth, many α and ancillary subunits exhibit splice variation with consequent
altered properties, and fifth, further added functional complexity arises from post-
translational modifications that can dynamically alter activity, which can also
include the modulatory effects of signaling cascades. This great diversity of molec-
ular identity and composition of K+ channels gives rise as one might expect to a wide
functional diversity when it comes to the currents generated.

The potassium ion-selective channels can be divided by sequence and structural
delineations into three to five families: the voltage-gated potassium (Kv) channels,
the inward rectifier (Kir) channels, the two-pore domain potassium (KCNK or K2P)
channels, and two families of calcium-activated potassium (KCa) channels (SK/IK
and BK) (Atkinson et al. 1991; Fakler et al. 1995; Goldstein et al. 1996; Hille et al.
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1999; Ketchum et al. 1995; Kubo et al. 1993; MacKinnon 2003; Tempel et al. 1987,
1988). Ca2+-activated K+ channels sometimes are combined with Kv channels into a
larger family of 6-transmembrane domain K+ channels.

The Kir channels comprise tetramers of α subunits each containing two trans-
membrane (TM) domains and a single pore (P) loop; in contrast, mammalian K2P
channels form as dimers of 4-TM subunits each with two P-loops. Kv channels form
as tetramers of 6-TM α subunits each with a P-loop. SK/IK architecture resembles
that of Kv channels, while BK channels contain an extra (7th) TM domain at the
N-terminal end. Aside from the extra TM domain of BK channels, the N-terminal
end of which is exposed to the extracellular side of the plasma membrane, all K+

channel α subunit N- and C-termini are instead exposed at the intracellular face of
the cell membrane.

For the purposes of this chapter, ancillary subunits are defined as proteins for
which the principal activity is to regulate specific ion channels. Therefore, other
proteins involved in generalized protein trafficking or localization, or post-
translational modifications such as kinases and phosphorylases, are generally not
included (although specific examples are described where informative).

Rather than a comprehensive list based on the different channel or ancillary
subunit classes (which has been described in, e.g., (Abbott 2014, 2015, 2016b, c;
Pongs and Schwarz 2010; Gonzalez-Perez and Lingle 2019)), here the focus is on
the different modes of regulation of K+ channel function and pharmacology and,
accordingly, this chapter is organized based on the modes of action of various
ancillary subunits to give an overview, using examples, of how they regulate channel
function and pharmacology.

Effects on channel function are separated into:

1. obligate, essential for channel activity,
2. not required for channel function but essential for a known physiological role,
3. inhibitory to channel activity.

Effects on channel pharmacology are separated into:

1. drug sensitization by providing a novel binding site absent on the channel α
subunit,

2. drug sensitization by increasing the affinity of a small molecule that also binds to
and modulates α subunit-only channels,

3. drug desensitization by decreasing the affinity of a small molecule that binds to
and modulates α subunit-only channels.
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2 Ancillary Subunit Modulation of K+ Channel Function

2.1 Obligate Ancillary Subunit Interactions, Essential for Channel
Activity

Perhaps the best known of the obligate ancillary subunits among the K+ channel
regulators are the sulfonylurea (SUR) receptors, essential components of a specific
class of inward rectifier potassium (Kir) channels. Inwardly rectifying potassium
(Kir) channel α subunits exhibit a relatively simple architecture of two TM domains
and a P-loop, organized into tetramers to form functional channels (in some cases
with the necessity of additional regulatory subunits – see below). Inward rectification
of Kir channels, which tends to limit outward versus inward K+ current under
experimental conditions across the entire measurable voltage range, is caused by
blockade by specific intracellular molecules that limit outward current. The most
important of these molecules are Mg2+ ions and polyamines (of which spermine is
particularly potent) (Kubo et al. 1993; Nishida and MacKinnon 2002; Ruppersberg
2000).

SURs are TM proteins that co-assemble via their cytoplasmic domains in a 4:4
stoichiometry with Kir6.x α subunits to form KATP channels, which sense cellular
metabolic state, coupling this to cellular excitability (Chan et al. 2003). KATP

channels are essential for regulation of insulin secretion in pancreatic β-cells, and
for modulating cardiac myocyte and neuronal excitability, and vascular smooth
muscle tone, among other functions. SURs are a form of ATP binding cassette
(ABC) transporter that no longer transports nutrients and other molecules into cells,
and instead now serves as a regulatory subunit for KATP channels. While Kir6.x α
subunits directly bind ATP (in the absence of Mg2+) to inhibit KATP channels,
binding of Mg2+-adenosine nucleotides (ATP or ADP) to SURs activates KATP

channels. Thus, KATP channels sense changes in the ATP:ADP ratio, with a decrease
in this ratio activating the channel and thereby suppressing excitability (because
positive to the K+ equilibrium potential, which is generally around �65 to �80 mV
under physiological conditions, K+ diffuses out of the cell when K+ channel pores
open – hyperpolarizing the cell). SURs are essential to Kir6 channel function
because in their absence, Kir6.1 or 6.2 α subunits fail to reach the cell surface and
are therefore nonfunctional. This is because of the RKR motif, an endoplasmic
reticulum (ER) retention signal that lies within each of the Kir6 and SUR subunits
(Zerangue et al. 1999), which ensures ER retention of the homomeric subunits.
Co-expression of the two subunit types permits each to reciprocally mask the RKR
motifs of the other, permitting maturation and surface trafficking of the entire KATP

channel complex. The Kir6.2 ER retention signal lies within the last 26 residues of
the distal C-terminus; accordingly, deletion of this portion of the α subunit permits
surface expression and channel activity (Tucker et al. 1997; Zerangue et al. 1999).
Thus, SURs are essential modulators in KATP channels by virtue of an ER retention
motif that has evolved to prevent the α subunits from reaching the cell surface alone.
For in-depth coverage of physiology and pharmacology of KATP channels, please see
chapters “Kir Channel Molecular Physiology, Pharmacology and Therapeutic
Implications” and “The Pharmacology of ATP-Sensitive K+ Channels (KATP)”.
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2.2 Ancillary Subunit Interactions Not Necessary for Channel
Function But Essential for a Known Physiological Role

2.2.1 KCNE1 Effects on KCNQ1 Function
Ancillary subunits bearing a single TM segment are a common theme among various
K+ channel types and are typically not required for channel function per se but can be
essential for a known physiological role. These often-diminutive subunits can exert
profound effects on K+ channel function, from early maturation and trafficking all
the way to function at the cell surface and endocytosis for recycling or degradation.
The KCNE subunits are a very highly studied class and their roles as examples in the
various categories of α subunit-ancillary subunit interactions are discussed in detail
throughout this chapter.

The KCNE subunits are single-pass TM proteins best known for their regulation
of Kv channel α subunits, but also able to regulate other ion channel classes (Abbott
and Goldstein 1998; Abbott et al. 1999, 2001b). The first member of this gene
family, which has 5 members in the human genome, was cloned in 1988 by
expression cloning of rat kidney RNA fractions in the Xenopus laevis oocyte
expression system (Takumi et al. 1988). The founding member was termed IsK or
MinK (minimal potassium channel), and is now more commonly referred to as
KCNE1, similar to its gene name, KCNE1. KCNE1 was first thought to generate a
slow-activating Kv current on its own but it was subsequently realized that KCNE1
co-assembles with endogenous Xenopus oocyte KCNQ1 to augment its current, also
slowing KCNQ1 activation. Co-assembly of KCNE1 with human KCNQ1
recapitulates properties of human cardiac IKs (slow-activating K+ current), a Kv
current that is important in human ventricular myocyte repolarization (Barhanin
et al. 1996; Sanguinetti et al. 1996). Mutations in either KCNQ1 or KCNE1 cause
inherited variants of long QT syndrome, a surface electrocardiogram abnormality
that reflects a delay in ventricular cardiac myocyte repolarization and can lead to the
potentially life-threatening torsades de pointes arrhythmia, which can in turn degen-
erate intro ventricular fibrillation and sudden cardiac death (Splawski et al. 1997a, b;
Wang et al. 1996) (see also chapter “Cardiac K+ Channels and Channelopathies”).

KCNQ1 is capable of forming functional Kv channels in the absence of KCNE
subunits (Barhanin et al. 1996; Sanguinetti et al. 1996), although it requires calmod-
ulin (CaM) for folding and assembly, so in this manner CaM could be considered as
an essential regulatory subunit for KCNQ1 (and in fact all the KCNQ isoforms, 1–5)
(Ghosh et al. 2006; Shamgar et al. 2006; Sun and MacKinnon 2017; Wiener et al.
2008). However, thus far no native currents have been discovered that are generated
by KCNQ1 in the absence of KCNE subunits. Functional ventricular IKs channels
contain four KCNQ1 α subunits and also require KCNE1 in the complex; thus,
KCNE1 is not absolutely required for KCNQ1 channel function but is essential for a
known physiological role of KCNQ1. The stoichiometry of KCNE1 in complexes
with 4 KCNQ1 α subunits is still under discussion, with some contending variable
stoichiometry (between 1 and 4 KCNE1 subunits) and others contending there is a
fixed stoichiometry of 4:2 (KCNQ1:KCNE1) (Morin and Kobertz 2008; Nakajo
et al. 2010; Plant et al. 2014; Wang and Kass 2012).
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In addition to slowing KCNQ1 activation five to tenfold, KCNE1 shifts the
KCNQ1 voltage dependence of activation towards more positive voltages and
increases its unitary conductance several fold (Barhanin et al. 1996; Sanguinetti
et al. 1996; Sesti and Goldstein 1998) (Fig. 1). KCNE1 also eliminates KCNQ1
inactivation – a process that occurs in most Kv channels (but not in other members of
the KCNQ/Kv7 family), in which the channel remains “open,” but the inactivation
gate is closed, so no current passes, despite the membrane being depolarized.
Inactivation in homomeric KCNQ1 channels is typically difficult to observe during
a depolarizing pulse because the activation process is slow and is followed in turn by
moderate inactivation, causing an equilibrium to be reached at the macroscopic
(whole-cell) scale usually with little noticeable current decay. The inactivation
process becomes evident, however, during a subsequent repolarizing tail pulse, in
which a current “hook” caused by recovery from inactivation is observed for
KCNQ1 but not for KCNQ1-KCNE1 channels (Tristani-Firouzi and Sanguinetti
1998).

The mechanism for the dramatic slowing of KCNQ1 activation imposed by
KCNE1 is debated. Some studies suggest that KCNE1 directly slows KCNQ1
pore opening, whereas others favor KCNE1 slowing activation of the voltage-
sensing domain (VSD) and thus indirectly slowing pore opening. Various lines of
evidence suggest that KCNQ1 channels can, unusually for Kv channels, open when
only one of the four VSDs is activated; in contrast, KCNQ1-KCNE1 pore opening
may require multiple, and even all four VSDS to activate – similar to the conven-
tional model for Kv channels outside the KCNQ family (Gofman et al. 2012; Nakajo

Fig. 1 Regulation of KCNQ1 activity by KCNE1 and KCNE3. (a) Representative electrophysio-
logical recordings from Xenopus oocytes expressing KCNQ1 alone (center), or with KCNE1 (left)
or KCNE3 (right). Voltage protocol inset. (b) Subunit topologies shown beneath corresponding
traces from (a). VSD voltage-sensing domain. Adapted from Abbott (2017b)
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and Kubo 2007; Osteen et al. 2010a, b, 2012; Ruscic et al. 2013). Interaction of
KCNE1 with the VSD of KCNQ1 could also impose the positive shift in voltage
dependence of activation. This might occur by modifying the manner in which S4
(the positively charged segment within the VSD that is primarily responsible for
responding to changes in membrane potential) “senses” stabilizing acidic residues in
other, nearby KCNQ1 TM domains (Strutz-Seebohm et al. 2011; Wu et al.
2010a, b).

The multiple gating effects of KCNE1 on KCNQ1 suggest a tight physical
coupling to multiple KCNQ1 domains and this is borne out by structural models
(built from NMR structural analysis of KCNE1, high-resolution structures of other
channels and incorporating mutagenesis results from functional studies of KCNQ1-
KCNE1 complexes) showing KCNE1 lying in a groove between the pore module
and VSD, where it can impact multiple functionally important gating processes
(Fig. 2a) (Sahu et al. 2014; Smith et al. 2007; Vanoye et al. 2009). Although no
direct structure determination exists for KCNQ1-KCNE1 complexes, the structures
of KCNQ1-CaM and KCNQ1-KCNE3-CaM have been solved and they also support

Fig. 2 KCNQ1-KCNE1 model and KCNQ1-KCNE3-CaM structure. (a) Structural model of
KCNQ1-KCNE1 – image plotted from coordinates from Kang et al. (2008). (b) High-resolution
cryo-EM structure of KCNQ1-KCNE3-CaM – image plotted from coordinates from Sun and
MacKinnon (2020)
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the positioning of KCNEs in the aforementioned groove (Fig. 2b) (Sun and
MacKinnon 2017, 2020).

2.2.2 KCNE1 Effects on KCNQ1 Trafficking
KCNQ1 α subunits require CaM for folding and assembly, prerequisites for traffick-
ing to the cell surface to become functional channels (Ghosh et al. 2006; Shamgar
et al. 2006; Sun and MacKinnon 2017; Wiener et al. 2008). Once at the plasma
membrane, as for all membrane proteins, KCNQ1 channels have a finite lifetime at
the cell surface and must be recycled at some point either to be returned to the cell
surface when needed again or degraded. Both KCNQ1 and KCNQ1-KCNE1
channels are internalized by Nedd4/Nedd4-like and Rab-5 processes (Jespersen
et al. 2007; Krzystanek et al. 2012). There is also an alternative, KCNE1-dependent
internalization process, in which KCNE1 orchestrates clathrin-mediated endocytosis
of KCNQ1-KCNE1 complexes, either when heterologously expressed in immortal
cell lines, or when studying native IKs channels in guinea-pig ventricular myocytes.
This internalization requires the dynamin GTPase, which pinches off the clathrin-
lined vesicle from the plasma membrane so that it can be internalized along with
membrane-associated proteins in the vesicle. Clathrin-mediated endocytosis of
KCNQ1-KCNE1 can be disrupted by mutagenesis of either dynamin (the K44A
dominant-negative dynamin mutation increases IKs current density by blocking
KCNQ1-KCNE1 internalization) or KCNE1. Three motifs are necessary and suffi-
cient for KCNE1-facilitated KCNQ1-KCNE1 internalization. First KCNE1 contains
a DPFNVY motif in the C-terminal domain (residues 76–81) similar to a motif that
is highly conserved in G-protein-coupled receptors (GPCRs), (D/N)PX2-3Y, which
is implicated in GPCR internalization; the FNVYmotif within this stretch in KCNE1
is also similar to the YXXϕ motif required in other clathrin-internalized proteins for
binding of the AP-2 adaptor complex, which helps to internalize cargo for endocy-
tosis (and also present in KCNE2 and KCNE3). Accordingly, mutagenic disruption
of this motif in KCNE1 reduces KCNQ1-KCNE1 internalization by about half.
KCNE1 also contains a consensus SH3-binding domain (PSP) in the distal
C-terminus, mutation of which blocks over half the KCNQ1-KCNE1 internalization
(Xu et al. 2009). Finally, S102 in KCNE1 is a consensus PKC phosphorylation site,
and had been shown in a prior study to mediate PKC regulation of IKs current
magnitude by an unknown mechanism (Varnum et al. 1993; Zhang et al. 1994).
S102 is conserved in all 5 KCNE proteins; mutation of S102 to alanine also blocked
around half of KCNQ1-KCNE1 channel internalization. Mutation of all three sites
simultaneously eliminated clathrin-mediated endocytosis of the channel. Further
studies showed that PKC dynamically regulated IKs by inducing KCNQ1-KCNE1
endocytosis via S102 phosphorylation (Kanda et al. 2011c). Because PKC phos-
phorylation is a dynamic post-translational modification, this process could poten-
tially act to dynamically alter IKs current properties in vivo as needed; in addition to
decreasing current magnitude, selective removal by this process of solely KCNQ1-
KCNE1 complexes could alter IKs gating kinetics by leaving at the membrane
homomeric KCNQ1 channels lacking KCNE1 (Kanda et al. 2011c).
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2.2.3 Effects of KCNE2 on KCNQ1 Function and Trafficking
Over a decade after the discovery of KCNE1, we and others discovered the
remaining four members of the family, KCNE2–5, also named MinK-related
peptides (MiRPs) 1–4; KCNE5 was originally named KCNE1L (KCNE1-like)
(Abbott et al. 1999; Piccini et al. 1999). KCNE2–5 also all regulate KCNQ1, but
with widely different outcomes compared to KCNE1, and for different physiological
purposes (Abbott 2014).

KCNE2 confers upon KCNQ1 constitutive activation in the physiological voltage
range, together with much-reduced current density compared to homomeric
KCNQ1 – giving a shallow but linear IV curve, in contrast to the outward rectifying
properties displayed by KCNQ1 or KCNQ1-KCNE1 (Tinel et al. 2000). The
mechanism for reduced current has not been investigated at the single-channel
level but there may be a contribution from altered trafficking due to KCNE2
interaction (Hu et al. 2019). KCNQ1-KCNE2 complexes serve essential functions
in a range of non-excitable epithelial cell types, including in gastric parietal cells,
thyroid epithelial and choroid plexus epithelial cells (Roepke et al. 2006, 2009,
2010, 2011a). In parietal cells, KCNQ1-KCNE2 channels facilitate gastric acid
secretion by the gastric H+/K+-ATPase by providing a conduit through which K+

ions can return to the stomach lumen to feed the ATPase to ensure K+/proton
exchange through it to acidify the oxyntic pits. Highlighting the importance of
KCNE2 in gastric complexes with KCNQ1, germline deletion of Kcne2 in mice
results in complete abolition of gastric acid secretion and ultimately development of
gastritis cystica profunda and gastric neoplasia, likely due to both bacterial over-
growth and inflammation because of the lack of gastric acid secretion. There are also
separate effects of Kcne2 depletion on gastric cellular proliferation. Reduced gastric
KCNE2 expression is similarly associated with human gastritis cystica profunda,
gastric neoplasia, and resistance to 5-fluorouracil-based chemotherapy or with
gastric tumor proliferation outpacing this therapy (Abbott and Roepke 2016; Li
et al. 2016; Roepke et al. 2006, 2009, 2010, 2011a).

In addition to permitting KCNQ1 to remain open (and non-inactivated) at the
moderately polarized membrane potentials in the parietal cells (�20 to �40 mV),
KCNE2 bestows at least two other crucial properties on KCNQ1 for its gastric role.
First, homomeric KCNQ1 (and KCNQ1-KCNE1) channels are inhibited by extra-
cellular low pH, and therefore would be nonfunctional when at the apical side of the
parietal cell and facing the stomach lumen, where they are required to ensure K+

return to the lumen. KCNE2 reverses this property such that KCNQ1-KCNE2
activity is augmented by extracellular low pH. This switch in pH sensitivity requires
KCNE2 residues in its extracellular N-terminus and N-terminal portion of the TM
segment, and is not observed in KCNQ1-KCNE3 channels, which are constitutively
active (see below) yet pH-insensitive (Heitzmann et al. 2007).

Second, in the absence of KCNE2, KCNQ1 traffics to the basolateral membrane
instead of the apical membrane of parietal cells, where it cannot serve its function of
returning K+ to the stomach lumen. Using single- and double knockouts of the
Kcne2 and Kcne3 genes in mice, we showed that in the absence of Kcne2, Kcne3 –

normally more highly expressed in the colon and intestine than in the stomach – is
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upregulated in the stomach and hijacks Kcnq1, taking it to the basolateral side of
parietal cells. Knockout of both Kcne2 and Kcne3 restored Kcnq1 to the apical side,
but the mice still lacked gastric acid secretion – likely because lacking in Kcne2 their
gastric Kcnq1 channels were inhibited by low pH (Roepke et al. 2011b).

KCNE2 is not required for KCNQ1 channel function per se but is essential for
several of its known physiological roles in the stomach, thyroid, and choroid plexus.
Germline deletion of Kcne2 in mice also causes hypothyroidism, because Kcnq1-
Kcne2 complexes are required at the basolateral side of thyroid epithelial cells for
efficient function of the sodium-iodide symporter (NIS). Without Kcne2, NIS is
unable to sequester sufficient iodide into thyroid cells, an essential ion for production
of thyroid hormone, at key times in the mouse life cycle, including in early
development, during gestation and lactation, and in old age (Roepke et al. 2009).
We found that this was an uptake defect and not a storage defect, and that the effects
of Kcne2 deletion on thyroid iodide uptake deficiency could be recapitulated using
chromanol 293B, a blocker of KCNQ1-containing channels, in vitro and in vivo
(Purtell et al. 2012). Studies using positron emission tomography to track I124

showed that lactating dams could not produce sufficient milk to feed their pups,
and that the iodide that did reach their pups via milk was inefficiently sequestered by
their thyroid glands, leading to developmental delay, cardiac hypertrophy, and
alopecia. These defects could be prevented by surrogacy of Kcne2 knockout pups
with wild-type dams (and vice-versa), indicating a prominent role for maternal
Kcne2 status in the pups’ phenotype (Roepke et al. 2009). While the molecular
mechanism underlying the need for Kcnq1-Kcne2 channels to facilitate efficient
iodide uptake by NIS is not fully understood, it is not simply a requirement for
maintenance of a whole-cell transmembrane electrochemical gradient to permit
sodium-dependent solute transporter function, as the sodium-coupled
monocarboxylate transporter (SMCT) was able to function normally in the absence
of Kcne2 (Purtell et al. 2012).

Kcne2 deletion also causes increased handling-related seizures in mice, increased
susceptibility to seizures initiated by the chemoconvulsant pentylenetetrazole (PTZ),
and reduced depressive/despair-type behavior – each suggesting increased
excitability in the nervous system. These changes can be traced to another role of
Kcne2 complexes, in the apical membrane of the choroid plexus epithelium. As the
primary site of cerebrospinal fluid (CSF) production and secretion, the choroid
plexus plays an important role in regulating the environment of the nervous system.
Kcne2 deletion in mice uncovered its regulation of two different Kv channel
isoforms in the choroid plexus, Kcnq1 and Kcna3 (Kv1.3). Compared to wild-type
choroid plexus epithelia cells, Kcne2 knockout cells exhibited increased XE991-
sensitive outward current but reduced XE991-sensitive inward current at
hyperpolarized membrane potentials. This profile matches what one would expect
for loss of Kcne2 from Kcnq1 complexes, XE991 being a relatively KCNQ-specific
inhibitor; KCNE2 being known to decrease KCNQ1 outward current but permit its
constitutive activation at hyperpolarized voltages. In addition, Kcne2 deletion
increased Margatoxin (MgTx)-sensitive currents, while leaving Dendrotoxin-
sensitive currents unchanged, indicative of altered Kcna3 (Kv1.3) but not Kcnq1
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currents, respectively. Accordingly, in heterologous co-expression experiments,
human KCNE2 was found to increase KCNA3 current but not alter KCNA1 current.
Co-assembly of mouse Kcne2 with Kcnq1 and Kcne3 in choroid plexus epithelium
was also supported by co-localization and co-immunoprecipitation experiments
(Abbott et al. 2014; Roepke et al. 2011a).

Kcne2 deletion hyperpolarized the choroid plexus epithelial cell membrane
potential, as would be predicted from the above effects, and also increased CSF
[Cl�], but a mechanism for increased seizure susceptibility was not immediately
apparent (Roepke et al. 2011a). Metabolomics analysis subsequently revealed that
Kcne2 deletion caused a reduction in CSF myo-inositol, and restoration of normal
myo-inositol levels by mega-dosing in the water supply also restored normal seizure
susceptibility and depressive behavior. The reason for reduced CSF myo-inositol
was uncovered by further analysis – KCNQ1-KCNE2 channels negatively regulate
activity of the SMIT1 sodium-dependent myo-inositol transporter, which is
expressed at both the apical and basolateral membranes of the choroid plexus
epithelium and which regulates movement of myo-inositol between the blood and
CSF. Loss of Kcne2 in mice resulted in loss of the brake upon uptake ofmyo-inositol
from the CSF back into the choroid plexus, suggesting a plausible mechanism for
depleted CSF myo-inositol. This work represented the discovery of direct physical
interaction of a K+ channel with a sodium-coupled solute transporter and has since
led to many other examples of this type of interaction (Abbott 2016a; Abbott et al.
2014; Neverisky and Abbott 2015, 2017).

2.2.4 Effects of KCNE3 on KCNQ1 Function
KCNE3, like KCNE2, induces constitutive activation in channels formed with
KCNQ1, by greatly negative-shifting the voltage dependence of activation and
thus dramatically reducing the time-and voltage dependence of the current across
the physiological voltage range (Schroeder et al. 2000). This is achieved by KCNE3
locking the KCNQ1 voltage sensor in the activated state, thus indirectly locking
open the pore (Nakajo and Kubo 2007; Panaghie and Abbott 2007). Unlike KCNE2,
KCNE3 does not concurrently reduce overall current magnitude of KCNQ1, so the
resultant channels are much easier to study and the majority of mechanistic analyses
on loss of voltage dependence have been conducted in KCNQ1-KCNE3 complexes
(reviewed in Abbott 2016b). The constitutive activation of KCNQ1-KCNE3
channels, which essentially provides a continuous K+ selective current that does
not inactivate, permits the utility of KCNQ1-KCNE3 channels in non-excitable cells
such as those in the colonic epithelium, where they regulate membrane potential and
in turn, cAMP-stimulated chloride secretion (Schroeder et al. 2000), and in
non-excitable cells of the airway (Grahammer et al. 2001) and mammary epithelia
(vanTol et al. 2007).

KCNE3 also endows KCNQ1 with sensitivity to estrogen. Increased estrogen
causes downregulation of KCNE3, which leaves homomeric KCNQ1 alone to
function in the non-excitable colonic cell membrane without KCNE3 to lock open
its voltage sensor and keep it activated. Consequently, during proestrus, when
estrogen levels are high, female mammals exhibit water retention partly because
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KCNQ1 is less able than KCNQ1-KCNE3 to promote cAMP-stimulated chloride
secretion. In addition, male rats have higher colonic crypt KCNE3 expression and
enriched KCNQ1-KCNE3 channel versus homomeric KCNQ1, compared to female
rats. Estrogen regulation of KCNE3 requires KCNE3-S82 because it requires a
signaling cascade that includes phosphorylation of S82 by PKC (Alzamora et al.
2011; Kroncke et al. 2016; O’Mahony et al. 2009; Rapetti-Mauss et al. 2013).
Phosphorylation of KCNE3-S82 is also required for KCNE3 to induce subthreshold
activation in Kv3.4-KCNE3 complexes, which are important in skeletal muscle
physiology (Abbott et al. 2001a, 2006; King et al. 2017).

2.2.5 SK Regulatory Proteins and BK g Subunits
Separate from the classic Kv channels, the calcium-activated potassium channels
have superficially similar architecture but different functional properties (Berkefeld
and Fakler 2013; Berkefeld et al. 2010); see also chapter “Calcium-Activated K+

Channels (KCa) and Therapeutic Implications”). The majority of calcium-activated
potassium channels fall into one of two main groups. The BK (big conductance)
calcium-activated potassium channels form one group, while the SK (small conduc-
tance) and IK (intermediate conductance) calcium-activated potassium channels fall
into the other group. SK channels have a relatively small unitary conductance
(~10 pS) and share somewhat similar tetrameric architecture and topology to that
of Kv channels, with each α subunit containing 6 TM domains and a P-loop. The
major difference to Kv channels is that the S4 segment of SK channels is only
weakly charged (only two basic residues compared to seven for typical Kv channels)
and SK channels are accordingly relatively insensitive to voltage, instead being
activated by Ca2+. There are three SK channel α subunit isoforms (SK1–3), encoded
by KCNN1–3, and the isoforms are expressed throughout the nervous system in
higher animals, where they regulate neuronal excitability (especially the medium
afterhyperpolarizing potential, mAHP) and participate in calcium signaling and
synaptic plasticity (Bond et al. 1999).

SK channels are not known to possess any channel-specific ancillary subunits, but
they participate in functionally essential interactions with generalized protein
modulators calmodulin (CaM, which endows calcium sensitivity), casein kinase
2 (CK2, which phosphorylates T80 of channel-bound CaM) and protein phosphatase
2 (PP2A, which dephosphorylates CaM-T80). IK channels exhibit unitary
conductances of ~35 pS; these are to date the least studied of the KCa channels.
There is one IK isoform in the human genome, KCa3.1 (a.k.a. IKCa1, SK4),
encoded by KCNN4. KCa3.1 exhibits similar TM topology and activation mecha-
nism to that of the SK channels, including the voltage insensitivity and the depen-
dence on CaM for Ca2+ binding and sensitivity. IK channels are expressed in
epithelia, blood cells, and in peripheral neurons (Lujan et al. 2009; Weatherall
et al. 2010).

BK (also MaxiK or Slo) channels – encoded by KCNMA genes – belong in a
different class to the SK and IK channels for several reasons. First, BK channels, as
the name suggests, have a much larger unitary conductance, of 200–300 pS. Second,
BK channels contain an additional TM helix, termed S0, at the N-terminal end, that
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distinguishes them from both SK/IK channels and from Kv channels and in fact all
the classic voltage-dependent S4 family (repeating units of Nav and Cav channels
each contain 6 TM segments). Third, BK channels possess intrinsic voltage sensi-
tivity, via positive charges in their voltage-sensing domain (VSD), primarily TM
segments S2-S4. Fourth, BK channels also exhibit intrinsic Ca2+ sensitivity, with
two types of Ca2+ binding site present on the channel α subunits themselves – high-
affinity “regulator for conductance of potassium” (RCK) domains within the α
subunit cytosolic C-terminal (RCK1 and RCK2) and a lower affinity binding site
that binds Ca2+ (and other divalent metal ions such as Mg2+) located between the TM
segments and the gating ring (Kshatri et al. 2018) (Vergara et al. 1998). Fifth, BK
channels are regulated by channel-specific ancillary subunits. Specifically, BK
channels are modulated by physical interaction with ancillary proteins termed β
subunits, here referred to as BKβ subunits to distinguish them from Kvβ subunits and
γ subunits (Li and Yan 2016).

The BK γ (gamma) subunits are represented as four isoforms (BKγ1–4, encoded
by LRRC26, 52, 55 and 38, respectively) in the human genome. LRRC is an
acronym for “leucine-rich repeat containing” and refers to the extracellular LRR
domain. BKγ1 is widely expressed including in the brain, various glandular
epithelia, aorta and mucosa; BKγ2 in skeletal muscle, testis placenta and sperm,
BKγ3 also in sperm and in the brain, but also in the liver, spleen and olfactory bulb,
and BKγ4 in muscle, testis and sperm, cerebellum, adrenal gland, and thymus. They
are each potent regulators of BK channel activation, shifting the voltage dependence
of activation by �100 to �140 mV across the Ca2+ concentration range, such that
the γ-containing BK channels are constitutively active at resting membrane
potentials, even in the absence of elevated intracellular Ca2+, with approximately
half activation at�80 mV in 100 μM intracellular free Ca2+ (Yan and Aldrich 2010).
Each γ subunit also speeds activation and slows deactivation of BK channels,
without inducing inactivation. It is thought that γ subunits exhibit variable stoichi-
ometry, from 1–4 in a complex of 4 α subunits; increasing the number of γ subunits
per complex increases the negative-shift in voltage dependence of BK channel
activation.

2.2.6 BK b Subunits
Not as common as those possessing a single TM span, some ion channel regulatory
subunits possess a 2-TM topology (Sun et al. 2012). In the K+ channels, the BKβ
subunits are the exemplar, and they are another example of ancillary subunits that
modify channel function to enable specific physiological roles but are not essential
for channel activity per se (Castillo et al. 2015). The BKβ subunits each possess two
TM domains, and there are four isoforms (BKβ1–4). BKβ1 and BKβ2 each shift the
voltage dependence of human BK channel activation (with elevated intracellular
Ca2+) by �70 and �50 mV, respectively; BKβ2 also induces inactivation that is
absent from homomeric BK α subunit channels. BKβ3 hyperpolarizes murine BK
channel activation across the Ca2+ concentration range (by �30 mV) but does not
alter voltage dependence of human BK channel activation; however, BKβ3 induces
inactivation in both human and murine BK. BKβ4 is able to differentially alter BK
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activation voltage dependence depending on Ca2+ levels: a 20-mV positive shift in
low Ca2+, and a somewhat greater negative shift in high Ca2+; these effects are
coupled with reduced activation and deactivation rate. BKβ1 and BKβ4 do not
induce BK channel inactivation. As for γ subunits, β subunits are reported to exhibit
variable stoichiometry, from 1–4 in a complex of 4 α subunits; increasing the
number of BKβ in a channel increases their relative effect on the voltage dependence
of BK activation (Castillo et al. 2015) (Fig. 3).

2.2.7 Cytosolic Subunits that Add Novel Functionality to Kv Channels
An array of cytosolic ancillary subunits regulate K+ channels, typically by interac-
tion with the cytosolic portions of the K+ channel and sometimes adding completely
unique functionality not exhibited by the α subunits alone. One example is the Kvβ
subunit family. Some but not all Kvβ subunits contain a fast inactivation domain that
can plug the pore of slow-inactivating delayed rectifier α subunits to induce fast
inactivation, that is, rapid current decay following voltage-dependent activation. The

Fig. 3 Structure of human
Slo1-β4 complex. (a) Side
view of Ca2+-bound human
Slo1-β4 complex, solved by
cryo-EM, plotted from
coordinates in Tao and
MacKinnon (2019). Slo1
(BK) α subunit colored pink,
red, orange, yellow. B4
subunits colored purple, blue,
cyan, green. Crown is an
extracellular region formed
from the β4 subunits. (b)
View of Slo1-β4 complex as
above but from
extracellular face
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structural basis of Kvβ-mediated fast inactivation has been suggested by solving of
the structure of the prokaryotic KcsA K+ channel containing tetrabutylantimony, an
electron-dense quaternary ammonium ion that resembles the distal end of the
inactivation peptide and adopts a deep pore binding site. In addition, solving of
the octameric complex of Kvβ2 with the cytoplasmic tetramerization (T1) domain of
KCNA1 suggested that lateral negatively charged fenestrations above this octameric
structure could permit inactivation peptide access to the pore in the intact α subunit/β
subunit complex (Gulbis et al. 2000; Zhou et al. 2001).

An earlier crystallographic analysis revealed that the Kvβ2 subunit displays
structural homology to aldo-keto reductases, proteins that contain a bound NADP
(+) co-factor (as does Kvβ2) and can sense the redox state of the cell (Gulbis et al.
1999). Further functional analyses have indeed shown that Kvβ2 can couple channel
activity and other characteristics to the redox state of the cell, and that this occurs
in vivo. For example, using Kcnab2 knockout mice for comparison, it was found that
Kvβ2 is important for adequate expression of cardiac transient outward current (Ito,
generated by Kv1.4, Kv4.2, and Kv4.3) and IK,slow (generated by Kv1.5) and that
this ancillary subunit also coupled myocyte repolarization to metabolic state via its
interaction with these Kv α subunits (Campomanes et al. 2002; Kilfoil et al. 2019).

Another class of cytoplasmic subunits, the K+ channel interacting proteins
(KChIPs) endows Kv channels with calcium sensitivity. KChIPs are best known
for regulating Kv4 α subunits, inducing large increases in current magnitude upon
co-expression; knockout of the cardiac KChIP isoform, KChIP2, in mice leads to
loss of cardiac myocyte Ito because of impaired Kv4 channel activity. KChIPs
increase the surface density of Kv4 α subunits, negative-shift the voltage depen-
dence of activation, slow inactivation and speed recovery from inactivation. KChIPs
are also important for regulating what are termed A-type current or ISA (fast-
inactivating Kv4-generated currents) in the brain. KChIPs contain four EF-hand-
like domains and are calcium-binding proteins related to neurocalcins and neuronal
calcium sensor-1 (NCS-1). While there have been conflicting observations on the
effects Ca2+ in Kv4-KChIP complex formation, stoichiometry, and gating, it does
appear that changes in intracellular [Ca2+] can modulate Kv4-KChIP gating
properties. Increasing intracellular Ca2+, but not Co2+, via patch pipette was found
to increase ISA current magnitude, thought to be expressed by Kv4-KChIP
complexes, in cultured rat cerebellar granule cells. In another study conducted
using heterologous expression in HEK-293 cells it was concluded that direct binding
of Ca2+ to KChIP2 EF hand motifs EF3 and EF4 likely accelerates inactivation
recovery of Kv4.3/KChIP2 channels (Abbott 2017a; Abbott et al. 2007; Amadi et al.
2007; An et al. 2000; Bahring 2018; Bahring et al. 2001; Foeger et al. 2013; Gong
et al. 2006; Takimoto and Ren 2002).

2.2.8 SUMO and 14-3-3 Interactions with K2P Channels
K2P channels are the molecular correlates of many potassium-selective leak currents
in the cells of mammals and other organisms. K2P channels tend to exhibit linear
current-voltage (IV) relationships with symmetrical [K+] on either side of the plasma
membrane, while behaving as outward (open) rectifiers under physiological
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conditions (low K+ outside, high K+ inside the cell). K2P channels form as dimers
each with 4 P-loops (two contributed from each subunit) and can form as
heterodimers with unique properties (Fig. 4). There are at least 18 K2P isoforms in
the human genome, and most of them are categorized into four subfamilies: TALK,
TASK, TREK, and TWIK (Duprat et al. 2007; Goldstein et al. 1996, 2001; Ketchum
et al. 1995; Kollewe et al. 2009; Mathie et al. 2010); see also chapter “The
Pharmacology of Two-Pore Domain Potassium Channels”.

At the time of writing, K2P-specific ancillary subunits have yet to be uncovered;
given that the first K2P α subunits were cloned a quarter century ago (in 1995), this
suggests that K2P-specific regulatory subunits may be uncommon or absent. How-
ever, there are some notable examples of K2P channels being regulated by more
general modulatory proteins. First, 14-3-3β (a cytoplasmic protein that forms as
dimers and is composed of 9 α-helices per monomer in an anti-parallel organization)
is required for maturation and expression of K2P3 and K2P9 at the cell surface. This
is because β-COP, which belongs to the coatamer class of proteins, binds to K2P3
and K2P9 to prevent them from exiting the endoplasmic reticulum after translation.
14-3-3β binding to the K2Ps requires phosphorylation at a single residue on the

Fig. 4 Structure of human
K2P1 channel. (a) Side view
of human K2P1 channel,
solved by X-ray
crystallography, plotted from
coordinates in Miller and
Long (2012). The two α
subunits are colored pink and
purple. (b) View of human
K2P1 channels as above but
from extracellular face
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channel C-terminus; once this occurs, β-COP binding is inhibited, permitting chan-
nel maturation and surface expression. 14-3-3 also serves to facilitate folding and
maturation of other, non-channel proteins, using a similar mechanism (O’Kelly et al.
2002; O’Kelly and Goldstein 2008).

While 14-3-3 rescues K2P channel surface expression and activity, another
protein – the small ubiquitin-related modifier protein (SUMO) – modifies K2P
channels by silencing them when it is covalently attached to, e.g., K2P1 via interac-
tion of the channel with the SUMO conjugating enzyme, Ubc-9 ligase. Removal of
SUMO by the SUMO-specific protease, SENP1, restores K2P1 activity. Covalent
modification by addition of SUMO occurs via a single residue, K2P1-K274 (Plant
et al. 2010; Rajan et al. 2005). Before this discovery, SUMO was previously thought
to not regulate proteins at the plasma membrane and instead perform solely nuclear
functions; it is now known to regulate other plasma membrane proteins in addition to
K2P1, including the cardiac KCNQ1-KCNE1 potassium channel and the neuronal
and cardiac Kv2.1 potassium channel (Plant et al. 2011, 2014).

2.3 Ancillary Subunit Interactions Inhibitory to Channel Activity

While it is not always completely understood why this occurs, some ancillary
subunits strongly inhibit channel activity. KCNQ1 activity is strongly inhibited by
the KCNE4 and KCNE5 subunits. KCNE4 is the largest of the KCNE subunits, with
a recent N-terminal extension not previously detected bringing the total length of the
long version of human KCNE4 (hKCNE4L) to 221 residues, still with a single TM
segment. The shorter (170 amino acid) hKCNE4S isoform inhibits KCNQ1 by as
much as 90% in heterologous co-expression studies in Xenopus laevis oocytes (and
hKCNE4S also strongly inhibits KCNQ1 in COS cells), while hKCNE4L inhibits by
only 40% in Xenopus oocytes (Abbott 2016d). The mechanistic studies of KCNE4
inhibition were all performed using KCNE4S. KCNE4S does not alter the surface
expression of KCNQ1 protein, and the mechanism by which it inhibits KCNQ1
involves binding to both KCNQ1 and also directly to CaM, which is essential for
KCNQ1 activity. A tetraleucine motif on the membrane-proximal region of the
KCNE4 intracellular C-terminus is required for interaction with CaM. Further,
KCNQ1 inhibition by KCNE4S is calcium-sensitive, with lower intracellular cal-
cium levels decreasing inhibition. Thus, KCNE4, in concert with CaM, provides a
mechanism to tune KCNQ1 current to intracellular calcium, and this may provide a
reason for the existence of KCNE4 as a KCNQ1 inhibitory subunit (Abbott et al.
1999; Bendahhou et al. 2005; Ciampa et al. 2011; Grunnet et al. 2002, 2005;
Lundquist et al. 2005; Manderfield et al. 2009; Manderfield and George 2008).
KCNE4 also inhibits Kv1.1 and Kv1.3 channel activity (Grunnet et al. 2003).

KCNE5 also inhibits KCNQ1, shifting its voltage dependence by +140 mV such
that it does not activate at physiologically relevant membrane potentials. The
mechanism does not appear to be CaM-dependent and KCNE5 lacks the tetraleucine
motif important for KCNE4 interaction with CaM. The physiological role of this
inhibition is not known, although it is of note that both KCNE4 and KCNE5 can
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inhibit IKs (KCNQ1-KCNE1) complexes and all are expressed in human heart.
KCNE4 is reportedly the highest expressed of all the KCNEs in human heart,
which raises the question, still unanswered, of its role there – could it be to
negatively regulate IKs, or render it calcium-sensitive? Perhaps KCNQ1 channels
can gain or lose KCNE subunits while at the cell surface, or in endocytic pits,
providing a dynamic mechanism for regulation of IKs kinetics, voltage dependence,
and other properties (Angelo et al. 2002; Bendahhou et al. 2005; Piccini et al. 1999).

While KCNE1 and KCNE2 have opposite effects to one another on KCNQ1 (one
slowing activation and increasing outward current, the other inducing constitutive
activation and reducing outward current), they each exert a similar inhibitory effect
on N-type inactivating (hereafter referred to as N-type) α subunits of the Kv1 and
Kv3 (KCNA and KCNC) subfamilies. N-type subunits are fast-inactivating by virtue
of a cytoplasmic “ball” domain at the end of the α subunit N-terminal domain, which
plugs the pore from the intracellular side after channel activation, to induce inacti-
vation, or block of the activated pore. This produces currents with rapid decay after
rapid activation. In the Kv1 subfamily, Kv1.4 is the N-type subunit, while Kv1.1 and
Kv1.2, for example, are delayed rectifier subunits (fast activating, slow-inactivating
by a C-type mechanism involving pore collapse). In the Kv3 subfamily, Kv3.3 and
Kv3.4 are the N-type subunits, while Kv3.1 and Kv3.2 are delayed rectifiers.

Within the same subfamily, co-expression of fast-inactivating N-type subunits
with slow-inactivating delayed rectifier subunits produces heteromeric channels
(if co-assembly is permissible) with intermediate inactivation kinetics (Coleman
et al. 1999; Isacoff et al. 1990; Ruppersberg et al. 1990). This is because the rate
of N-type inactivation is proportional to the number of N-type inactivation domains
in the tetrameric complex, and any one of the up to 4 inactivation domains is
necessary and sufficient to induce fast inactivation; a higher number increases the
chance of this occurring in a given time period (Malysiak and Grzywna 2008). The
rate of N-type inactivation is an important factor in determining the excitability and
action potential frequency of cells such as neurons in which Kv1 and Kv3 α subunits
are expressed. Therefore, it follows that co-assembly of N-type with delayed rectifier
α subunits should be tightly regulated, to control inactivation rate. KCNE1 and
KCNE2 were unexpectedly discovered to provide such a mechanism. When either of
these subunits is co-expressed with any of the N-type subunits, Kv1.4, Kv3.3, or
Kv3.4, it results in strong inhibition of channel activity. This is due to the KCNE
subunits retaining the N-type subunits early in the secretory pathway, probably in the
endoplasmic reticulum. Co-expression of KCNE1 or KCNE2 with the delayed
rectifier subunits Kv1.1 or Kv3.1 did not result in inhibition. Crucially, triple
expression of KCNE1 with both Kv1.1 and Kv1.4 prevented inhibition by
KCNE1, permitting surface expression and channel activity of heteromeric Kv1.1-
Kv1.4 complexes. A similar effect was observed with Kv3,1, which prevented
intracellular retention of Kv3.4 by KCNE1 (and indeed prevented interaction of
KCNE1 with Kv3.4). Furthermore, Kv3.2 was also able to rescue Kv3.4 from
intracellular retention by KCNE1, while Kv2.1 – which can interact with KCNE1
but not Kv3.4 – was unable to rescue Kv3.4 from retention by KCNE1 (Kanda et al.
2011a, b). Thus, KCNE1 and KCNE2 can act as checkpoints that prevent surface
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expression of homomeric N-type channels and instead permit surface expression
only of same-subfamily heteromeric N-type/delayed rectifier channels that have
intermediate inactivation rates.

3 Ancillary Subunit Modulation of K+ Channel Pharmacology

3.1 Sensitization by Providing a Novel Binding Site Absent from
the Channel a Subunit to Directly Impact Channel Function

Perhaps the most profound mode of pharmacomodulation by an ancillary subunit is
when it introduces a completely novel site to endow sensitivity to a drug or other
small molecule to which the α subunit-alone channel is insensitive. Here we divide
these into two classes depending on whether the novel small molecule effect is on
function or protein folding/assembly/trafficking. BKβ subunits, for example, act in
the first category, by providing a novel binding site and thereby sensitizing BK
channels to activation by a range of steroids and steroid-like compounds. BKβ1
sensitizes BK channels to dehydrosoyasaponin-I (DHS-I), lithocholate, tamoxifen,
17β-estradiol and xenoestrogen; likewise, BKβ2 and BKβ4 sensitize BK channels to
dehydroepiandrosterone and corticosterone, respectively. Several residues (T169,
L172, and L173) in the BKβ1 TM2 segment form a steroid-sensing site essential for
binding of, e.g., lithocholate. Neither homomeric BK α subunit channels, nor BK
channels formed with any of the other β subunits, are activated by this steroid
(Bukiya et al. 2007, 2009).

Sulfonylurea receptor (SUR) subunits participate in both forms of modulation.
SURs are so-called because they bind sulphonylureas, which are used to treat type
2 diabetes mellitus and also some types of neonatal diabetes. Sulfonylurea binding to
the SUR subunits inhibits KATP channels, thereby depolarizing pancreatic β-cells,
which leads to voltage-gated calcium channel activation, and insulin secretion.
Another important pharmacological role for SURs is in mediating the action of
pharmacochaperones. This term describes drugs that can rescue KATP channel
folding or assembly mutants, i.e., channels carrying mutations that prevent KATP

channel surface expression, causing β-cell hyperexcitability and resultant congenital
hyperinsulinism. Recent structural analyses utilizing cryo-electron microscopy
(cryo-EM) showed that glibenclamide, repaglinide, and carbamazepine bind within
a common binding pocket located in the SUR1 subunit of Kir6.2-SUR1 channels,
which are the pancreatic β-cell KATP channel isoform. Because this site is located
close to the Kir6.2 N-terminus, binding of the drugs to the SUR receptor stabilizes
the Kir6.2 N-terminus, providing a solid base for channel folding and assembly,
rescuing the mutant KATP channel activity by facilitating their surface expression,
even though the pharmacochaperones are also channel inhibitors (Martin et al. 2017,
2019, 2020) (Fig. 5). Thus, SURs provide a novel binding site absent on the channel
α subunit, to directly impact channel folding/assembly.

The Seebohm laboratory discovered a structural basis for drug sensitization of
KCNQ1 by KCNE1, involving introduction of windows, or fenestrations, by
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KCNE1 that endow novel sensitivity of KCNQ1 to adamantane compounds. While
KCNQ1-KCNE1 channels display an IC50 of 78.4 nM for inhibition by
2-(4-chlorophenoxy)-2-methyl-N-[5-[(methylsulfonyl)amino]tricyclo[3.3.1.13,7]
dec-2-yl]-propanamide (also named JNJ303), homomeric KCNQ1 channels, or
those formed by KCNQ1 with isoforms KCNE2–5, are completely insensitive to
1 μM JNJ303, which inhibits KCNQ1-KCNE1 by 80%. It is thought that rather than
blocking the KCNQ1-KCNE1 pore, adamantane compounds instead stabilize a
non-conducting closed state. By introducing a fenestration in the KCNQ1 pore,
KCNE1 reportedly introduces a novel binding site that permits JNJ303 and other
adamantane compounds to stabilize the closed state; hence, homomeric KCNQ1 is
unaffected by these compounds (Wrobel et al. 2016). Pharmacological exploitation
of this phenomenon has the potential to produce highly subtype-specific IKs
modulators.

Fig. 5 Structure of Syrian
hamster SUR1-rat Kir6.2 with
glibenclamide and ATP
bound. (a) Side view of Syrian
hamster SUR1-rat Kir6.2 with
glibenclamide and ATP
bound solver by cryo-EM,
plotted from coordinates in
Martin et al. (2017). One
SUR1 subunit is colored
yellow, one Kir6.2 subunit is
colored orange. (b) Close-up
of structure in panel A, with
glibenclamide (glib) and ATP
labeled
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KCNQ channels can also form reciprocally regulating complexes with sodium-
coupled solute transporters. In these cases, each protein can be considered as the
others’ ancillary subunit (Abbott 2016a; Abbott et al. 2014; Neverisky and Abbott
2015, 2017). We found that KCNQ channels function as chemosensors to permit
sodium-coupled myo-inositol transporters to respond to stimuli to which they are
typically insensitive, including the neurotransmitter GABA, related metabolites
β-hydroxybutyrate (an important ketone body) and the KCNQ2/3-targeting anticon-
vulsant, retigabine – all of which activate KCNQ2/3 channels, do not act on
homomeric SMITs, but inhibit myo-inositol transport activity of SMITs in physical
complexes with KCNQ2/3 channels (Manville and Abbott 2020). Reciprocally,
SMITs alter the response of KCNQs to some of these molecules. KCNQ2/3 channels
are the primary molecular correlate of the neuronal M-current, which regulates
neuronal excitability. They are sensitive to GABA and β-hydroxybutyrate by virtue
of a binding pocket on their KCNQ3 subunits formed by residues in the S4–5 linker
region and S5 (Manville et al. 2018, 2020). Homomeric KCNQ channels are
activated by both GABA and β-hydroxybutyrate, while homomeric KCNQ2 is
insensitive to both. In contrast, when in complexes with SMIT1, KCNQ2 channels
are still insensitive to GABA, but can sense and are able to facilitate inhibition of
SMIT1 by β-hydroxybutyrate. Therefore, SMIT1 modulates KCNQ2 pharmacology
and introduces a novel sensitivity of the channel α subunit to β-hydroxybutyrate
(Manville and Abbott 2020). A related example is that for Kv4.3 (or Kv4.2) channel
complexes to become sensitive to the drug NS5806, the KChiP3 ancillary subunit is
required, because it provides the NS5806 binding site. In addition, the mode of
action of NS5806 (potentiation or inhibition) depends on the presence of yet another
ancillary subunit – DPP6 (Zhang et al. 2020).

3.2 Sensitization by Increasing the Affinity of a Small Molecule
That Also Binds to and Modulates a Subunit-Only Channels

3.2.1 Modulation of KCNQ1 Pharmacology by KCNEs
As described above, KCNQ1 is differentially regulated by a molecular toolkit of
KCNE subunits to permit it to function in a wide range of cellular environments and
overcome challenges such as extracellular acidification (in gastric parietal cells), lack
of excitability (various epithelia cells), and diverse localization requirements (e.g.,
apical for KCNQ1-KCNE2 in parietal cells, basolateral for KCNQ1-KCNE3 in the
lower digestive tract). KCNE subunits have long been known to alter the pharma-
cology of small molecules that modulate KCNQ1 (Panaghie and Abbott 2006).
Therefore, there is the possibility that the differences in pharmacology of the
different KCNQ1-KCNE complexes could 1 day be exploited to increase selectivity
and target the desired tissue type while sparing others.

Unlike JNJ303, described in the previous section, Chromanol 293B is a classic
inhibitor of both KCNQ1 and IKs, but it blocks with considerable differential
sensitivity dependent on the presence of KCNE subunits. In particular, KCNE3
highly sensitizes KCNQ1 to inhibition by chromanol 293B, decreasing the IC50
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100-fold from 65 to 0.5 μM; KCNQ1-KCNE1 complexes lie in the middle, with an
IC50 of 15 μM. One might suspect that this effect could arise from the widely
different gating attributes of the three channel types, in particular that KCNQ1-
KCNE3 has a much higher open probability at more negative voltages than the
others. However, it was found that KCNQ1-KCNE3-V72T channels, which exhibit
time- and voltage-dependent activation more akin to KCNQ1-KCNE1 channels,
showed similar chromanol 293B sensitivity to that of wild-type KCNQ1-KCNE3,
thus suggesting a change in the drug binding site itself rather than solely an indirect
effect linked to altered gating (Bett et al. 2006).

3.2.2 Wild-Type and Inherited Mutant KCNE2 Effects on hERG
Pharmacology

The hERG (human ether-à-go-go related gene product) potassium channel
(a.k.a. Kv11.1; KCNH2) is essential for human ventricular myocyte repolarization.
It generates IKr (the rapidly activating potassium current) in ventricular myocardium
of humans, guinea pigs, rabbits, rats, but is absent in mice. Inherited loss-of-function
mutations in the KCNH2 gene that encodes hERG account for as many as 40–45% of
sequenced inherited Long QT syndrome cases (termed LQT2 if they involve hERG),
roughly equal to the proportion for KCNQ1 (LQT1), with sodium channel Nav1.5
gene SCN5A gain-of-function mutations (LQT3) reaching around 10%. The
remaining small fraction of sequenced LQTS cases mostly involve ancillary subunits
or other channels (Abbott 2013) (see also chapter “Cardiac K+ Channels and
Channelopathies”).

hERG is regulated by both KCNE1 (originally termed MinK, IsK) and KCNE2
(MiRP1), although the relative importance of homomeric hERG, versus hERG-
KCNE1 or hERG-KCNE2, channels in the myocardia of humans and the various
other species is not fully understood (Abbott 2015; Abbott et al. 1999; McDonald
et al. 1997). There is biochemical evidence for each type of heteromeric complex in
cardiac tissue and also evidence from human genetics studies. While KCNE1
doubles hERG current by an unclear mechanism, KCNE2 reduces hERG current
by 40%, partly by reducing unitary conductance. Other effects include speeding of
deactivation, right-shifting of the voltage dependence of activation, reduction of
sensitivity to external K+, and endowing hERG with a biphasic response to the
inhibitor E-4031, more closely matching that of native IKr (Abbott 2015; Abbott
et al. 1999; McDonald et al. 1997).

Inherited KCNE1 mutations are known to cause LQTS (the LQT5 form) but this
is primarily considered to occur because of dysfunction of KCNQ1-KCNE1 (IKs)
complexes in cardiac myocytes. A recessive inherited disorder, Jervell Lange-
Nielsen syndrome (JLNS), is well known to cause both LQTS and sensorineural
deafness. This reflects the importance of KCNQ1-KCNE1 channels in the inner ear,
where they regulate K+ secretion into the endolymph. Without this channel func-
tioning correctly, the inner ear develops abnormally resulting in deafness. Mutations
in either KCNE1 or KCNQ1 cause JLNS; typically, both alleles carry a loss-of-
function mutation to cause JLNS although this is not always the case (Schulze-Bahr
et al. 1997; Tranebjaerg et al. 1993; Tyson et al. 1997). KCNQ1 has been found to
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form complexes with hERG in vitro and in vivo, a surprising result given that it is
generally considered that Kv channels can only heteromultimerize with α subunits
from their own subfamily (e.g., Kv1.1 with Kv1.4; Kv3.1 with Kv3.4). It is therefore
possible that KCNE1 (or KCNE2) mutations could reduce myocyte repolarization
reserve by disrupting IKs, IKr, or coupled IKs-IKr complexes (Organ-Darling et al.
2013; Ren et al. 2010).

For inherited KCNE2 gene variants, several associations between specific
mutations and polymorphisms have been found to associate with LQTS, a caveat
being that in most cases, a second insult is likely required to cause arrhythmia. hERG
is known to be highly susceptible to inhibition by a wide range of small molecules,
many of which are or were FDA-approved and in clinical use for disorders unrelated
to cardiac function, e.g., antihistamines, antibiotics. Paradoxically, some Class I
antiarrhythmics (main antiarrhythmic action is sodium channel block) are also
proarrhythmic in some settings, because they also block hERG channels. This has
resulted in restricted use of some anti-arrhythmics based on the diagnosis and
susceptibility to acquired (drug-induced) arrhythmia, and also drugs being
completely withdrawn from clinical use. Thus, avoiding hERG block is seen as an
important step during drug development, to help avoid cardiotoxicity (Guo et al.
2009; Recanatini et al. 2005; Roy et al. 1996; Testai et al. 2004) (see also chapter
“Cardiac hERG K+ Channel as Safety and Pharmacological Target”).

The relevance with respect to KCNE2 is that some mutations or even common
polymorphisms in the KCNE2 gene can increase drug susceptibility of hERG-
KCNE2 channels and therefore predispose to acquired arrhythmia (a combined
inherited/acquired form of LQTS). There are several different categories of
KCNE2 gene variant in this regard, three of which are found in gene variants that
occur in a cluster on the extracellular N-terminal of KCNE2. The first is represented
by the T8A polymorphism, which is present in around 1.6% of Caucasians studied in
the USA and was not found in African-Americans. T8A does not alter channel
function at baseline. However, it increases susceptibility of hERG-KCNE2 channels
to block by the antibiotic sulfamethoxazole, shifting the Ki almost twofold, from
380 to 210 μg/ml. In addition, sulfamethoxazole only speeded deactivation of T8A,
and not wild-type hERG-KCNE2 channels. T8A was discovered in a patient with
sulfamethoxazole-induced arrhythmia and appears to predispose to this condition
based on the clinical and cellular electrophysiology findings. Thus, T8A is a silent
polymorphism at baseline, its effects on function only uncovered in the context of
drug block (Abbott et al. 1999; Sesti et al. 2000). Interestingly, the mechanism for
enhanced drug block was found to be loss of a consensus glycosylation site,
preventing addition of a carbohydrate moiety that normally helps to shield hERG-
KCNE2 channels from sulfamethoxazole block (Park et al. 2003).

These effects contrast with that of KCNE2-Q9E, which causes both altered
hERG-KCNE2 channel function at baseline (+9 mV shift in the voltage dependence
of activation and an 80% increase in the fast time constant of deactivation, with no
change in the slow component) and threefold-increased sensitivity to the macrolide
antibiotic, clarithromycin. The Q9E variant was originally discovered in an African-
American woman who presented with clarithromycin-induced LQTS after receiving
intravenous clarithromycin in hospital; Q9E was subsequently discovered to be
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present in 3% of African-Americans and absent from Caucasians in the USA (Abbott
et al. 1999; Ackerman et al. 2003).

A third gene variant in this N-terminal cluster, KCNE2-T10M, was found in a
woman who had a history of episodes of auditory-induced syncope (a hallmark of
KCNH2-linked LQTS) and who presented with prolonged QT interval and ventricu-
lar fibrillation with hypomagnesemia and hypocalcemia after running the New York
Marathon. She also exhibited later ventricular fibrillation concurrent with hypokale-
mia. Other family members carried the variant and did not exhibit LQTS; the subject
did not harbor mutations in KCNH2 or other known LQTS genes. In cellular
electrophysiology experiments, we found that T10M reduced hERG-KCNE2
currents by up to 80%, left-shifts the voltage dependence of inactivation, slows
inactivation and recovery from inactivation, but did not alter sensitivity to extracel-
lular cations. It was concluded that the T10M variant is a loss-of-function mutation
that is tolerable until overlapping with another insult, in this case perturbation of
extracellular cations such as K+. Increased extracellular [K+] paradoxically augments
hERG and hERG-KCNE2 outward currents, against driving force (up to 10 mM
extracellular K+), because of beneficial interactions with the outer pore. Thus, the
hypokalemia experienced by the patient, exacerbated by lower repolarization reserve
due to the T10M variant, likely contributed to their arrhythmia (Gordon et al. 2008).

Three other variants, M54T, I57T, and A116V, were found in individuals with
procainamide-, oxatomide-, and quinidine-induced LQTS, respectively (Abbott et al.
1999; Sesti et al. 2000). None of these mutations altered the affinity of hERG-
KCNE2 channels to block by the respective drugs, but all impaired channel function
at baseline (by ~30% in terms of peak tail current inhibition). These then would fall
into the category, like T10M of KCNE2 variants that predispose to acquired
arrhythmia by reducing repolarization reserve enough that superimposition of
another IKr-impairing environmental agent (e.g., drug, electrolyte imbalance) causes
pathogenic IKr reduction. We also identified M54T and I57T in subjects with LQTS
with no known environmental IKr reducing factors, so it is possible that in rare cases
a drug or other agent is not needed for KCNE2-associated LQTS. Overall, given its
effects on hERG sensitivity to electrolytes, E-4031, sulfamethoxazole and
clarithromycin, it is clear that KCNE2 (either in wild-type or mutant form) falls
into the category of an ancillary subunit that modulates hERG sensitivity to drugs
that also act on the homomeric channel (Abbott et al. 1999; Sesti et al. 2000).

3.2.3 G Protein bg (Gbg) Subunits
Aside from the SURs (described in Sect. 2.1), the other most important Kir channel
ancillary subunits are the membrane-associated G protein βγ (Gβγ) subunits. G
protein-coupled inwardly rectifying potassium channels (GIRKs) are activated by
a combination of phosphatidylinositol 4,5-bisphosphate (PIP2) and by GPCR stimu-
lation, e.g., by neurotransmitters. GPCR stimulation causes Gβγ subunits to be
released, dissociating from the Gα subunit. Gβγ subunits are then free to directly
bind to and activate Kir3.1–3.4 (GIRK1–4) α subunits; the resultant heteromeric
channel complexes are referred to as Kir3.x or GIRK channels. Kir3.1–3.3 are
expressed predominantly in the nervous system, while Kir3.4 is primarily a cardiac
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subunit. The minor membrane phospholipid component but prominent signaling
molecule, PIP2, is able to directly bind to and activate homomeric Kir3 channels in
the absence of Gβγ subunits, but PIP2 is a much more potent activator of heteromeric
Kir3-Gβγ channels. In contrast, Gβγ subunits cannot activate Kir3 channels in the
absence of PIP2. Thus, Gβγ subunits regulate Kir3 channels by sensitizing them to
PIP2, probably by increasing the affinity of Kir3 channels for PIP2 (Glaaser and
Slesinger 2015; Hibino et al. 2010; Sadja et al. 2003; Yamada et al. 1998).

3.3 Desensitization by Decreasing the Affinity of a Small
Molecule That Binds to and Modulates a Subunit-Only K+

Channels

Receptor desensitization by ancillary subunits is an important consideration in
channel pharmacology because it can potentially be leveraged to provide increased
specificity if the α subunit-ancillary subunit expression and interaction profiles are
well understood across different cell and tissue types. Several of the TM ancillary
subunits desensitize their α subunit partners to pharmacological agents and other
types of channel regulators, and we consider various key examples below.

The BKβ subunits can act to decrease the sensitivity of BK channels to some
molecules that regulate homomeric BK α subunit channels. Thus, BKβ1 and more so
BKβ2- β4 reduce BK channel sensitivity to block by charybodotoxin (ChTx) and/or
Iberiotoxin (IbTx), with β4 inducing almost complete resistance. The extracellular
loop of the BKβ subunits mediates the altered sensitivity to ChTx, specifically L90,
Y91, T93, and E94 in β1, and a lysine-rich ring comprising K137, 141, 147, and
150 in β2 (Li and Yan 2016; Torres et al. 2014). In BKβ4, which is a more powerful
protector against toxin inhibition, K120, R121 and K125 together with some BK α
subunit residues, form a shield against toxin blockade (Gan et al. 2008) (Fig. 3).

The KCNE3 regulatory subunit, which regulates KCNQ1 in colonic epithelium,
also regulates the Kv3.4 potassium channel α subunit, in skeletal muscle. An R83H
gene variant in KCNE3 predisposes to human periodic paralysis and reduces the
ability of Kv3.4-KCNE3 channels to activate at subthreshold membrane potentials,
thereby shifting the membrane potential of C2C12 skeletal muscle cells more
positive (Abbott et al. 2001a, 2006). Mice with germline deletion of Kcne3 exhibit
skeletal muscle downregulation of hERG (also a partner of KCNE3), Kv3.4 and the
K2P channel, KCNK4 (TRAAK). Kcne3 knockout gastrocnemius muscle exhibits
transcript remodeling and – consistent with increased oxidative metabolic activity –

increased type IIa fast twitch oxidative muscle tissue. Kcne3 knockout also causes
abnormal hind limb clasping upon tail suspension, loss of the normal biphasic
decline in contractile force upon repetitive hind limb muscle stimulation, and
impaired skeletal myoblast K+ currents, indicating a primary role for Kv3.4-
KCNE3 channels in skeletal muscle (King et al. 2017). Strikingly, and as observed
for the toxin response in BK channels containing BKβ subunits (see above), KCNE3
greatly desensitizes Kv3.4 channels to block by the sea anemone toxin, blood-
depressing substance II (BDS-II), assessed by quantifying open probability at the
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single-channel level. KCNE3 reduced the BDS-II Ki of Kv3.4 30-fold, from 260 nM
to 7.2 μM, recapitulating the BDS-II sensitivity of native C2C12 muscle cell currents
(6.9 μM). It is likely that KCNE3 forms a protective shield that disrupts toxin
binding to a site on the α subunit, as observed for BK channels (Abbott et al. 2001a).

Finally, as mentioned above, homomeric KCNQ3 channels are sensitive to and
are activated by GABA and β-hydroxybutyrate (Manville et al. 2018, 2020).
Heteromeric KCNQ2/3 channels are also sensitive and can transmit this sensitivity
to physically coupled SMIT1 myo-inositol transporter, resulting in inhibition of
transport activity. However, when KCNQ3 (in the absence of KCNQ2) forms
physical complexes with SMIT1, the complex loses sensitivity to
β-hydroxybutyrate, while retaining GABA sensitivity. An arginine in the S4–5
linker (R242 in KCNQ3) is required for communicating GABA binding to SMIT1
and is also known to be important for GABA binding; mutation of this residue also
results in dramatic current inhibition upon SMIT1 binding to the channel. GABA
induces a novel pore conformation in KCNQ3 and KCNQ5 that represents an
activated state (GABA also binds to KCNQ2 and KCNQ4 but neither alters the
pore conformation nor activates these two isoforms) and SMIT1 itself binds to the
KCNQ pore module and induces a similar conformational shift (Manville and
Abbott 2020). In sum, it appears that SMIT1 co-assembly alters the conformation
of the S5/S4–5 binding site that coordinates binding of GABA, β-hydroxybutyrate
and other small molecules such as retigabine.

SMIT1 also reduces sensitivity of KCNQ2/3 to the classic K+ channel pore-
blocking quaternary ammonium ion, tetraethylammonium (TEA) (by fourfold,
increasing the EC50 from 7 to 29 mM at 0 mV). SMIT1 also decreased KCNQ1
TEA sensitivity by fourfold at 0 mV (EC50 shifted from 29 to 121 mV) and reversed
the voltage dependence of KCNQ1 inhibition (Manville et al. 2017).

4 Conclusions

The ion channel structural biology revolution that started with X-ray crystallography
and that has now benefitted from rapid advances in cryo-EM is enabling structural
biologists to solve high-resolution structures of ion channel complexes with both
their α and ancillary subunits, and in some cases drugs and other regulatory small
molecules bound. These data can be understood in the context of advances in our
knowledge of the essential roles of ancillary subunits in specific tissues and physio-
logical roles, and with understanding of the effects of ancillary subunits on native ion
channel function, derived from cellular electrophysiology, transgenic mouse and
human genetics studies. Emerging from this are realistic prospects of future drugs
that achieve specificity by targeting specific α-ancillary subunit complexes while
leaving others untouched.
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Abstract

A number of peptide toxins isolated from animals target potassium ion (K+)
channels. Many of them are particularly known to inhibit voltage-gated K+

(KV) channels and are mainly classified into pore-blocking toxins or gating-
modifier toxins. Pore-blocking toxins directly bind to the ion permeation pores
of KV channels, thereby physically occluding them. In contrast, gating-modifier
toxins bind to the voltage-sensor domains of KV channels, modulating their
voltage-dependent conformational changes. These peptide toxins are useful
molecular tools in revealing the structure-function relationship of KV channels

K. Matsumura · M. Yokogawa · M. Osawa (*)
Graduate School of Pharmaceutical Sciences, Keio University, Tokyo, Japan
e-mail: osawa-ms@pha.keio.ac.jp

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
N. Gamper, K. Wang (eds.), Pharmacology of Potassium Channels,
Handbook of Experimental Pharmacology 267, https://doi.org/10.1007/164_2021_500

481

http://crossmark.crossref.org/dialog/?doi=10.1007/164_2021_500&domain=pdf
mailto:osawa-ms@pha.keio.ac.jp
https://doi.org/10.1007/164_2021_500#DOI


and have potential for novel treatments for diseases related to KV channels. This
review focuses on the inhibition mechanism of pore-blocking and gating-modifier
toxins that target KV channels.

Keywords

Gating-modifier toxin · Peptide toxin · Pore-blocking toxin · Voltage-gated
potassium channel

1 Introduction

Peptide toxins are found in the venoms of poisonous organisms, such as scorpions,
sea anemones, spiders, cone snails, snakes, bees, and centipedes. The biological
roles of the toxins in these animals are self-defence against natural enemies and
predation (Finol-Urdaneta et al. 2020; Harvey and Robertson 2004; Jiménez-Vargas
et al. 2017). Some peptide toxins target potassium (K+) channels in humans and
other higher organisms. In the various types of cells, tissues, and organs, K+ channels
play essential roles in life functions and are also related to some diseases. Therefore,
the mechanisms of K+ channel modulation by peptide toxins have attracted much
attention because these toxins can be used as effective molecular tools for
elucidating the structure-function relationship of K+ channels and for developing
novel drugs.

2 Classification of Peptide Toxins Targeting K+ Channels

K+ channels are classified into four types: inward-rectifier K+ (Kir) channels,
tandem-pore domain K+ (K2P) channels, voltage-gated K+ (KV) channels, and
calcium-activated K+ (KCa) channels (Fig. 1a). Many peptide toxins that act on K+

channels target KV and KCa channels (Jiménez-Vargas et al. 2017), whereas some
peptide toxins target Kir channels (Doupnik 2017; Ramu and Lu 2019; Ramu et al.
2018). To date, no peptide toxins targeting K2P channels have been reported.

Based on their mode of inhibition, peptide toxins targeting K+ channels include
pore-blocking toxins and gating-modifier toxins (Tables 1 and 2). Pore-blocking
toxins bind to the pore domain (PD) of KV, KCa, and Kir channels and physically
occlude their ion permeation pores, which reduces ionic currents (Fig. 1b, c;
Banerjee et al. 2013; MacKinnon and Miller 1988). Gating-modifier toxins bind to
the voltage-sensing domain (VSD) of KV channels and modulate their voltage-
dependent conformational changes that allosterically control ion permeation in the
PD (Fig. 1b; Swartz 2007). Many gating-modifier toxins inhibit KV channels in a
voltage-dependent manner, shifting the conductance-voltage relationship towards
the positive potential (Fig. 1d; Lee et al. 2003; Swartz and MacKinnon 1997a). In
this chapter, we mainly describe the inhibition mechanism of KV channels by pore-
blocking and gating-modifier toxins.
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Table 1 Pore-blocking toxins targeting K+ channelsa

Name Species Length UniProt code
Target and IC50, Kd, or
Ki

α-KTx 1.1
(charybdotoxin:
CTX)

Leiurus
quinquestriatus

37 P13487 KV1.2: Kd ¼ 14 nM
(Grissmer et al. 1994)
KV1.3: Kd ¼ 2.6 nM
(Grissmer et al. 1994)
KV1.6: Ki ¼ 22 nM
(Garcia et al. 1994)
KCa1.1: Ki ¼ 3.5 nM
(Takacs et al. 2009)
KCa3.1: Kd ¼ 5 nM
(Rauer et al. 2000)

α-KTx 1.2
(charybdotoxin-
Lq2: Lq2)

Leiurus
quinquestriatus

37 P45628 Kir1.1: Ki ¼ 0.41 μM
(Lu and MacKinnon
1997)

α-KTx 1.3
(iberiotoxin:
IbTx)

Hottentotta
tamulus

37 P24663 KCa1.1: Kd ¼ 1.07 nM
(Candia et al. 1992)

α-KTx 2.1
(noxiustoxin:
NTX)

Centruroides
noxius

39 P08815 KV1.2: Kd ¼ 2 nM
(Grissmer et al. 1994)
KV1.3: Kd ¼ 1 nM
(Grissmer et al. 1994)

α-KTx 2.2
(margatoxin:
MgTX)

Centruroides
margaritatus

39 P40755 KV1.2: Kd ¼ 6.4 pM
(Bartok et al. 2014)
KV1.3: Kd ¼ 11.7 pM
(Bartok et al. 2014)

α-KTx 3.1
(kaliotoxin-1:
KTX1)

Androctonus
mauritanicus

38 P24662 KV1.1: Kd ¼ 41 nM
(Grissmer et al. 1994)
KV1.2: Ki ¼ 20 nM
(Takacs et al. 2009)
KV1.3: Kd ¼ 0.65 nM
(Grissmer et al. 1994)
KCa1.1: Kd ¼ 20 nM
(Crest et al. 1992)

α-KTx 3.2
(agitoxin-2:
AgTx2)

Leiurus
quinquestriatus

38 P46111 Shaker: Ki ¼ 0.64 nM
(Garcia et al. 1994)
KV1.1: Ki ¼ 0.044 nM
(Garcia et al. 1994)
KV1.2: Ki ¼ 3.4 nM
(Takacs et al. 2009)
KV1.3: Ki ¼ 0.004 nM
(Garcia et al. 1994)
KV1.6: Ki ¼ 37 pM
(Garcia et al. 1994)

BgK Bunodosoma
granuliferum

37 P29186 KV1.1: Kd ¼ 6 nM
(Cotton et al. 1997)
KV1.2: Kd ¼ 15 nM
(Cotton et al. 1997)
KV1.3: Kd ¼ 39 nM
(Rauer et al. 1999)

(continued)
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Table 1 (continued)

Name Species Length UniProt code
Target and IC50, Kd, or
Ki

KV1.6 (Cotton et al.
1997; Racapé et al.
2002)
KCa3.1: Kd ¼ 172 nM
(Rauer et al. 1999)

ShK Stichodactyla
helianthus

35 P29187 Shaker: Ki ¼ 2 nM
(Zhao et al. 2015)
KV1.1: IC50 ¼ 16 pM
(Kalman et al. 1998)
KV1.2: IC50 ¼ 9,000 pM
(Kalman et al. 1998)
KV1.3: IC50 ¼ 11 pM
(Kalman et al. 1998)
KV1.6: IC50 ¼ 165 pM
(Kalman et al. 1998)
KV3.2: IC50 ¼ 6 nM
(Yan et al. 2005)
KCa3.1: Kd ¼ 30 nM
(Rauer et al. 1999)

HmK Heteractis
magnifica

35 O16846 Shaker: Ki ¼ 1.0 nM
(Zhao et al. 2015)
KV1.2: Ki ¼ 2.5 nM
(Zhao et al. 2015)
KV1.3: Ki ¼ 3.1 nM
(Zhao et al. 2015)

κO-conotoxin
PVIIA (PVIIA)

Conus
purpurascens

27 P56633 Shaker: IC50 ¼ 60 nM/
70 nM (Terlau et al.
1996)

κM-conotoxin
RIIIJ (RIIIJ)

Conus radiatus 25 P0CG45 KV1.1: IC50 ¼ 2.8 μM
(Cordeiro et al. 2019)
KV1.2: IC50 ¼ 0.32 μM
(Cordeiro et al. 2019)
KV1.3: IC50 ¼ 1.96 μM
(Cordeiro et al. 2019)
KV1.6: IC50 ¼ 4.4 μM
(Cordeiro et al. 2019)
KV1.7: IC50 ¼ 7.41 μM
(Cordeiro et al. 2019)

Tertiapin-Q Apis mellifera 21 P56587
A0A087ZPM1

KCa1.1: IC50 ¼ 5.8 nM
(Kanjhan et al. 2005)
Kir1.1: Ki ¼ 2 nM (Jin
and Lu 1998)
Kir3.1/Kir3.4: Ki ¼ 8 nM
(Jin and Lu 1998)

SsTx Scolopendra
subspinipes
mutilans

53 A0A2L0ART2 KV1.3: IC50 ¼ 5.26 μM
(Du et al. 2019)
KV7.1: IC50 ¼ 2.8 μM
(Luo et al. 2018)

(continued)
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3 Pore-Blocking Toxin

3.1 Overview

Pore-blocking toxins bind to the extracellular side of the PD of K+ channels,
physically occluding a K+-permeation pore (Fig. 2a; Banerjee et al. 2013). These
toxins include the α-KTx toxins from scorpions, ShK-motif toxins from sea
anemones, conotoxins from cone snails, etc. (Fig. 2b, c). Although the sequences
of these toxins are highly diverse, these toxins possess a “functional dyad”, a pair of
a pore-plugging basic residue (usually lysine) and a hydrophobic residue (usually
tyrosine or phenylalanine) within close proximity, which is crucial for the inhibition
of K+ channels (Fig. 2b, c; Dauplais et al. 1997; Mouhat et al. 2005). The pore-
plugging mechanism using the functional dyad is common among many peptide
toxins derived from various organisms (Mouhat et al. 2008), as observed in the
following structures of toxin-channel complexes: charybdotoxin (CTX)-KV1.2
(Banerjee et al. 2013); agitoxin-2 (AgTx2)-KcsA (Takeuchi et al. 2003); kaliotoxin
(KTX1)-KV1.3 (Lange et al. 2006); BgK-KV1.1 (Gilquin et al. 2005); ShK- and
HmK-KV1.3 (Zhao et al. 2020); PVIIA-Shaker (Huang et al. 2005); RIIIJ-KV1
(Cordeiro et al. 2019); and SsTx-Shal (Yang et al. 2020). In contrast, there are
some peptide toxins that bind to the PD of K+ channels, inhibiting it allosterically
rather than in pore-plugging mechanism (Frénal et al. 2004; Imredy and MacKinnon
2000; Karbat et al. 2019; Lamy et al. 2010; Xu et al. 2003; Zhang et al. 2003). Here,
we mainly describe the interaction mode of pore-blocking toxins and K+ channels,
focusing on the scorpion α-KTx toxin, CTX (Fig. 2a; Banerjee et al. 2013) as an
example.

Table 1 (continued)

Name Species Length UniProt code
Target and IC50, Kd, or
Ki

KV7.2: IC50 ¼ 2.7 μM
(Luo et al. 2018)
KV7.4: IC50 ¼ 2.5 μM
(Luo et al. 2018)
KV7.5: IC50 ¼ 2.7 μM
(Luo et al. 2018)
Kir6.2: Kd ¼ 180 nM
(Ramu and Lu 2019)
Shaker, Shal (Yang et al.
2020)

aMore detailed and comprehensive information is compiled in the following databases: Venom
zone, https://venomzone.expasy.org/, Kalium, https://kaliumdb.org/ (Tabakmakher et al. 2019);
ConoServer, http://www.conoserver.org/ (Kaas et al. 2008)
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Table 2 Gating-modifier toxins targeting K+ channelsa

Name Species Length
UniProt
code Target and IC50 or Kd

Hanatoxin
1 (HaTx1)

Grammostola
spatulata

35 P56852 KV2.1: Kd ¼ 19 nM/102 nM
(Swartz and MacKinnon
1997a)
KV4.2 (Swartz and
MacKinnon 1995)
Shaker: activator (Milescu
et al. 2013)

SGTx1 Scodra
griseipes

34 P56855 KV2.1: Kd ¼ 2.7 μM (Lee et al.
2004; Wang et al. 2004)

Heteropodatoxin
2 (HpTx2)

Heteropoda
venatoria

30 P58426 KV4.1: Kd ¼ 7.1 μM
(DeSimone et al. 2011)
KV4.2: IC50 ¼ 100 nM
(Escoubas et al. 2002)
KV4.3: Kd ¼ 2.3 μM
(DeSimone et al. 2011)

Phrixotoxin
1 (PaTx1)

Phrixotrichus
auratus

29 P61230 KV2.1: (Diochot et al. 1999)
KV2.2 (Diochot et al. 1999)
KV4.1 (Escoubas et al. 2002)
KV4.2: IC50¼ 5 nM (Escoubas
et al. 2002)
KV4.3: IC50 ¼ 28 nM
(Escoubas et al. 2002)

Stromatoxin
1 (ScTx1)

Stromatopelma
calceata

34 P60991 KV2.1: IC50 ¼ 12.7 nM
(Escoubas et al. 2002)
KV2.2: IC50 ¼ 21.4 nM
(Escoubas et al. 2002)
KV4.2: IC50 ¼ 1.2 nM
(Escoubas et al. 2002)
KV2.1/Kv9.3: IC50 ¼ 7.2 nM
(Escoubas et al. 2002)

Heteroscodratoxin
1 (HmTx1)

Heteroscodra
maculata

35 P60992 KV2.1 (Escoubas et al. 2002)
KV2.2 (Escoubas et al. 2002)
KV4.1: IC50 ¼ 280 nM
(Escoubas et al. 2002)
KV4.2 (Escoubas et al. 2002)
KV4.3 (Escoubas et al. 2002)

Voltage-sensor
toxin 1 (VSTx1)

Grammostola
spatulata

34 P60980 KVAP (Ruta et al. 2003; Ruta
and MacKinnon 2004)
hERG: IC50 ¼ 7.4 μM
(Redaelli et al. 2010)

Theraphosa
leblondi toxin
1 (TLTx1)

Theraphosa
leblondi

35 P83745 KV4.2: IC50 ¼ 193 nM
(Ebbinghaus et al. 2004)

Guangixitoxin-1E
(GxTx-1E)

Plesiophrictus
guangxiensis

36 P84835 KV2.1: Kd ¼ 2.6 nM/15.1 nM
(Herrington et al. 2006)
KV2.2: Kd ¼ 2.6 nM
(Herrington et al. 2006)

(continued)
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3.2 K+ Channel Inhibition by CTX in the Pore-Plugging
Mechanism

Charybdotoxin (CTX: α-KTx 1.1) is a 37-residue peptide toxin isolated from
Leiurus quinquestriatus, and one of the most well-characterised scorpion
α-KTx-family toxins (Fig. 2b; Miller 1995; Miller et al. 1985). CTX comprises an

Table 2 (continued)

Name Species Length
UniProt
code Target and IC50 or Kd

KV4.3: IC50 ¼ 24 nM
(Herrington et al. 2006)

SNX-482 Hysterocrates
gigas

41 P56854 KV4.2 (Kimm and Bean 2014)
KV4.3 (Kimm and Bean 2014)

Jingzhaotoxin-I
(JZTX-I)

Chilobrachys
jingzhao

33 P83974 KV2.1: Kd ¼ 12.2 μM (Yuan
et al. 2007b)
Kv4.1 (Yuan et al. 2007b)

Jingzhaotoxin-III
(JZTX-III)

Chilobrachys
jingzhao

36 P62520 KV2.1: Kd ¼ 0.43 μM (Yuan
et al. 2007b)

Jingzhaotoxin-V
(JZTX-V)

Chilobrachys
jingzhao

29 Q2PAY4 KV2.1: Kd ¼ 14.3 μM (Yuan
et al. 2007b)
KV4.2: IC50 ¼ 13 nM (Zhang
et al. 2019)

Jingzhaotoxin-XI
(JZTX-XI)

Chilobrachys
jingzhao

34 P0C247 KV2.1: IC50 ¼ 0.39 μM (Tao
et al. 2016)

Jingzhaotoxin-XII
(JZTX-XII)

Chilobrachys
jingzhao

29 P0C5X7 KV4.1: IC50 ¼ 0.363 μM
(Yuan et al. 2007a)

Jingzhaotoxin-35
(JZTX-35)

Chilobrachys
jingzhao

36 B1P1F9 KV2.1: IC50 ¼ 3.62 μM (Wei
et al. 2014)

Blood depressing
substance-I
(BDS-I)

Anemonia
sulcata

43 P11494 KV3.1: IC50 ¼ 220 nM (Yeung
et al. 2005)
KV3.2 (Yeung et al. 2005)
KV3.4: IC50 ¼ 47 nM (Diochot
et al. 1998)

Blood depressing
substance-II
(BDS-II)

Anemonia
sulcata

43 P59084 KV3.1: IC50 ¼ 750 nM (Yeung
et al. 2005)
KV3.2 (Yeung et al. 2005)
KV3.4: IC50 ¼ 56 nM (Diochot
et al. 1998)

APETx1 Anthopleura
elegantissima

42 P61541 hERG: Kd ¼ 87 nM/141.1 nM/
16.3 nM (Diochot et al. 2003;
Zhang et al. 2007)

APETx2 Anthopleura
elegantissima

42 P61542 hERG: IC50 ¼ 1.21 μM
(Jensen et al. 2014)

APETx4 Anthopleura
elegantissima

42 C0HL40 KV10.1: IC50 ¼ 1.1 μM
(Moreels et al. 2017)

aMore detailed and comprehensive information is compiled in the following databases: Venom
zone, https://venomzone.expasy.org/, Kalium, https://kaliumdb.org/ (Tabakmakher et al. 2019)
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α-helix and a two-stranded β-sheet, which are bridged by three disulphide bonds
(cysteine-stabilised α/β motif: CS-α/β motif) similar to other α-KTx-family toxins
(Fig. 2c; Bontems et al. 1992; Rodríguez de la Vega and Possani 2004). CTX
inhibits Shaker-type KV (KV1), KCa1.1 (BK, Slo1), and KCa3.1 (IK, SK4) channels
at low nanomolar concentrations (Table 1; Garcia et al. 1994; Grissmer et al. 1994;
Rauer et al. 2000; Takacs et al. 2009).

An X-ray crystallographic study provided an obscure electron density map of
CTX bound to the KV1.2-KV2.1 chimera (KV chimera) because the asymmetric CTX
molecule binds to the fourfold symmetric KV chimeric tetramer (Banerjee et al.
2013). This technical challenge was overcome by using three CTX derivatives with
distinct sites labelled with heavy atoms, and a structural model obtained in this way
demonstrates good complementarity between the shapes of the toxin and the channel
(Fig. 3a; Banerjee et al. 2013). This model effectively explains the observations in
the functional analysis, as described below.

The crystal structure shows that CTX binds to the PD of the KV chimera as in a
“lock and key”model (Fig. 2a; Banerjee et al. 2013). The positively charged ε-amino
group of CTX K27, which is the basic residue of the functional dyad, was positioned
near the outermost ion-binding site in the selectivity filter of the KV chimera (Fig. 2a;
Banerjee et al. 2013). The ε-amino group of CTX K27 causes electrostatic repulsion
with permeant ions. Thus, CTX-binding made the outermost ion-binding site in the
selectivity filter empty (Banerjee et al. 2013), whereas K+ density was observed in
the crystal structure of the KV chimera alone (Long et al. 2007). In the electrophysi-
ological analysis, the CTX dissociation from the Shaker channel is voltage-
dependent because the permeant ions from the intracellular side destabilise the
toxin-channel complex (Goldstein and Miller 1993). This effect is called the
“trans-enhanced dissociation effect” (MacKinnon and Miller 1988) and was
eliminated by the charge-neutralisation mutations of CTX K27 (Goldstein andMiller
1993), suggesting that K27 is the crucial pore-plugging residue in K+ channel
inhibition.

In addition to K27, the CTX active residues contributing to the inhibition of the
Shaker channel were identified by mutational analysis (Fig. 3b; Goldstein and Miller
1992; Goldstein et al. 1994; Naranjo and Miller 1996; Stocker and Miller 1994) and
were found to be located at the toxin-channel interface of the crystal structure

Fig. 2 (continued) shown. The backbones in the signature sequence (TTVGYG) of the selectivity
filter are represented as sticks, and K+ ions are represented as cyan balls. (b) The sequence
alignments of pore-blocking toxins: α-KTx-family toxins from scorpions, ShK-motif toxins from
sea anemones, and conotoxins from cone snails. The one letter code of unnatural amino acids are as
follows: Z, pyroglutamic acid; O, hydroxyproline. The pairs of cysteine residues forming disulphide
bonds are indicated with orange lines. The basic and hydrophobic residues of the functional dyad
are coloured with blue and green, respectively. (c) The structures of pore-blocking toxins:
charybdotoxin, CTX (PDB code: 2CRD; Bontems et al. 1992); agitoxin 2, AgTx2 (PDB code:
1AGT; Krezel et al. 1995); ShK (PDB code: 1ROO; Tudor et al. 1996); BgK (PDB code: 1BGK;
Dauplais et al. 1997); and κM-conotoxin PVIIA (PDB code: 1AV3; Scanlon et al. 1997). The
distances between Cβ atoms of the functional dyad residues are shown with dotted lines
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(Fig. 3a; Banerjee et al. 2013). CTX Y36, the hydrophobic residue of the functional
dyad, contacts both D375 and V377 of the KV chimera (Fig. 3a, c). A conservative
Y36F mutation was relatively tolerated, whereas the other mutations in this position
remarkably attenuated the inhibition, which indicates that an aromatic ring in this
position of CTX is crucial (Goldstein et al. 1994). CTX M29 is also located in close
proximity to D375 and V377 in another subunit of the KV chimera (Fig. 3c, left). The
M29Q, M29E, and M29G mutations drastically reduced inhibition (Goldstein et al.
1994). Moreover, mutant cycle analysis showed that CTX M29 is energetically
coupled with T449 in the Shaker channel corresponding to V377 in the KV chimera
(Naranjo and Miller 1996).

CTX R25 is positioned possibly to form electrostatic interactions with D359 of
the KV chimera and the head group of the lipid observed in the crystal structure
(Fig. 3c, right), whereas CTX R34 is located close enough to form electrostatic
interactions with D375 and a hydrogen bond with Q353 (Fig. 3; left). Charge-

Fig. 3 Residues forming the interaction between CTX and KV chimera (PDB code: 4JTA;
Banerjee et al. 2013). (a) Extracellular view of the PD of the KV chimera in complex with CTX.
CTX is represented by a white semi-transparent ribbon. The KV chimera is coloured according to
each subunit. The interacting residues of both molecules, deduced by functional analysis, are shown
as sticks representing the side chains. (b) The molecular surface of CTX is represented as the semi-
transparent surface with the sticks. The orientation of CTX on the left panel is the same as that in
panel (a). The CTX residues involved in inhibiting the Shaker channel are shown as a red surface.
(c) Side view of the complex. The residue numbers of the KV chimera are indicated and the
corresponding residues of the Shaker channel are given in parenthesis

Peptide Toxins Targeting KV Channels 491



reversal mutations, R25D and R34D/E of CTX, decreased the inhibition of the
Shaker channel, and a conservative R34K mutation did not affect the inhibition
(Goldstein et al. 1994), which indicates that these basic residues are important for
inhibition.

CTX N30 is located close to D375 of the KV chimera (Fig. 3c, left). The N30D/E
mutations remarkably weakened the inhibition of the Shaker channel (Goldstein
et al. 1994), which suggests that CTX N30 interacts with D375 of the KV chimera by
forming a hydrogen bond. In close proximity, the backbones of T8 and T9 of CTX
contact D353 of the Kv chimera (Fig. 3c, right). A residue corresponding to D353 of
KV1.2 is F425 in the Shaker channel, whose substitution with glycine increased the
affinity for CTX by 1,900-fold (Goldstein and Miller 1992). Moreover, complemen-
tary mutational analysis suggested that F425 is physically close to T8 and T9 in CTX
(Goldstein et al. 1994).

As mentioned above, the crystal structure of the CTX-KV complex suggests a
“lock and key” model, in which the toxin binds to the channel without spending
binding free energy on the conformational change (Banerjee et al. 2013). In contrast,
it has also been proposed that α-KTx family toxins, including CTX, inhibit K+

channels with dynamic interactions. Molecular dynamics simulation combined with
electrophysiological analysis shows the wobbling of CTX on the Shaker channels,
which suggests transitional states in dissociation pathways (Moldenhauer et al.
2019). Another α-KTx family toxin, kaliotoxin-1 (α-KTx 3.1, KTX-1) has been
proposed to bind to the KV1.3 chimera channel with both molecules undergoing
conformational changes, based on the chemical shift changes in solid-state nuclear
magnetic resonance spectroscopy (Lange et al. 2006). Moreover, high-speed atomic
force microscopy revealed that the binding affinity of agitoxin-2 (α-KTx 3.2,
AgTx2) to the prokaryotic K+ channel, KcsA, increases during persistent binding,
which supports the induced-fit model (Sumino et al. 2019). These studies propose
that the inhibition of the K+ channel by pore-blocking toxins is attained by dynamic
interactions, not by a simple “lock and key” interaction.

3.3 Pore-Blocking Toxin with a Distinct Structural Fold

Pore-blocking toxins targeting KV channels have been discovered in organisms other
than scorpions (Table 1). They form distinct structural folds but possess a common
functional dyad (Fig. 2b, c; Dauplais et al. 1997; Mouhat et al. 2005). Sea anemone
ShK-motif toxins, BgK, ShK, and HmK, are characterised by homologous
sequences and structures and are considered to inhibit KV1 channels by a pore-
plugging mechanism (Fig. 2b, c; Dauplais et al. 1997). Three consecutive residues
(Lys-Tyr-Arg) are conserved, and the lysine and tyrosine residues (K22 and Y23 in
ShK) mainly contribute to the inhibition of KV1 channels (Dauplais et al. 1997;
Finol-Urdaneta et al. 2020; Pennington et al. 1996). Recently, it was proposed that
ShK inhibits KV1.3 by an arginine-dependent blocking mechanism using R24,
whereas HmK inhibits KV1.3 by a conventional lysine-dependent blocking mecha-
nism using K22, suggesting that the binding of the ShK-motif toxins is multimodal
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(Zhao et al. 2020). A cone snail toxin, κO-conotoxin PVIIA, contains the inhibitor-
cystine-knot (ICK) fold (Fig. 2b, c) and inhibits the Shaker channel by plugging K7
into the pore (Huang et al. 2005). Another cone snail toxin, κM-conotoxin RIIIJ,
which shows no sequence homology with PVIIA (Fig. 2b), is proposed to bind to the
asymmetric KV1 heterotetramer, inserting K9 into the pore (Cordeiro et al. 2019).
Recently, several centipede toxins targeting K+ channels have been identified (Chu
et al. 2020), and one of them, SsTx, is likely to utilise different basic residues to
inhibit KV1.3, KV7.4, and Shal K+ channel (Du et al. 2019; Luo et al. 2018; Yang
et al. 2020).

3.4 Peptide Toxins That Bind to the PD with Indirect Inhibition
Mechanisms

Despite binding to the PD, several peptide toxins inhibit K+ channels through
indirect inhibition mechanisms rather than by pore-plugging mechanisms. Scorpion
γ-KTx family toxins, including ErgTx1 (γ-KTx 1.1) and BeKm-1 (γ-KTx 2.1),
inhibit ether-ά-go-go-related gene (ERG) K+ channels (Gurrola et al. 1999;
Korolkova et al. 2001). These toxins share a CS-αβ motif with α-KTx family toxins
but bind to the linker connecting S5 and the pore helix (turret; Fig. 1b) of ERG
channels rather than the selectivity filter, indirectly modulating gating kinetics (Hill
et al. 2007; Tseng et al. 2007; Xu et al. 2003). δ-Dendrotoxin (δ-DTX), a snake
Kunitz-type-fold toxin, is also proposed to bind to the turret region rather than the
centre of the pore in KV1.1, based on the findings of mutant cycle analysis (Imredy
and MacKinnon 2000). Cone snail conkunitzin-S1 (Conk-S1) possesses a Kunitz-
type fold and inhibits the Shaker channel by binding to the turret regions and causing
asymmetric conformational changes in the selectivity filter (Karbat et al. 2019). In
the inactivation-deficient mutants of the Shaker channel, Conk-S1 retains its binding
capacity to the channels but shows no inhibition, which suggests that Conk-S1 is a
“pore-modulating toxin” that collapses the pore by exploiting a slow inactivation
mechanism (Karbat et al. 2019). Apamin, an 18-residue small peptide, is a compo-
nent of bee venom inhibiting KCa2.1-2.3 (SK1-3) channels with high affinity (Brown
et al. 2020). It is suggested that apamin is an allosteric inhibitor, which acts by
binding to an extracellular region distinct from that of tetraethylammonium, which is
a small molecule that binds to the centre of the pore (Lamy et al. 2010). Apamin
interacts with not only the PD but also the S3-S4 loop of the VSD (Weatherall et al.
2011).
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4 Gating-Modifier Toxins

4.1 Overview

Gating-modifier toxins bind to the VSD of voltage-dependent ion channels to
modify the voltage dependence of the channels by trapping a specific functional
state; this mechanism is called voltage-sensor-trapping mechanism (Catterall et al.
2007; Cestèle et al. 1998; Swartz 2007). Most gating-modifier toxins targeting KV

channels were isolated from spiders (mostly tarantula) or sea anemones (Table 2;
Swartz 2007). Spider gating-modifier toxins include hanatoxin 1 (HaTx1) of
Grammostola spatulata (Swartz and MacKinnon 1995), SGTx1 of Scodra griseipes
(Marvin et al. 1999), and guangxitoxin-1E (GxTx-1E) of Plesiophrictus
guangxiensis (Herrington et al. 2006). These toxins form ICK folds containing an
anti-parallel β-sheet with three disulphide bonds, of which a bond connecting
positions III and VI is passed through the others (Fig. 4a; Lee et al. 2004, 2010;
Takahashi et al. 2000). Sea anemone gating-modifier toxins, such as blood depress-
ing substance-I (BDS-I) of Anthopleura sulcata (Diochot et al. 1998; Yeung et al.
2005) and APETx1 of Anthopleura elegantissima (Diochot et al. 2003; Zhang et al.
2007), form a β-defensin fold, in which the pattern of disulphide bonds is distinct
from that in the spider ICK-fold toxins, as shown in Fig. 4b (Chagot et al. 2005;
Driscoll et al. 1989a, b). Gating-modifier toxins possess a cluster of hydrophobic
residues called hydrophobic patches on their molecular surfaces (Fig. 4a, b). The
hydrophobic patch plays an important role in the inhibition of KV channels by
interacting with KV channels directly and partitioning into the lipid membrane
(Lee and MacKinnon 2004; Milescu et al. 2007, 2009).

The inhibition mechanism of KV channels by gating-modifier toxins has been
well characterised in spider toxins (Swartz 2007). HaTx1, the first isolated spider
toxin targeting K+ channels, stabilises the VSDs of KV channels in the resting state,
which is an impermeable state of the channel under resting membrane potential (Lee
et al. 2003; Phillips et al. 2005; Swartz and MacKinnon 1997a). Another spider
toxin, VSTx1, is also a gating-modifier toxin that binds to the depolarised confor-
mation of the VSD of KV channels, detaining the inactivated state (Schmidt et al.
2009). Here, we describe the inhibition modes of KV channels by gating-modifier
toxins, which were mainly revealed by functional analysis.

4.2 The S3-S4 Region of VSD Is the Binding Site
of Gating-Modifier Toxins

HaTx1 inhibits KV2.1 at nanomolar concentrations (Table 2; Swartz and MacKinnon
1995, 1997a). Electrophysiological analysis demonstrated that HaTx1 binding is not
competitive with the pore-blocking toxin AgTx2, suggesting that its binding site is
on the outside of the pore (Swartz and MacKinnon 1997b). Moreover, multiple
HaTx1 molecules can bind to a single KV channel (Swartz and MacKinnon 1997a).
Alanine-scanning mutational analysis of KV2.1 revealed that three S3b residues,
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I273, F274, and E277, contribute to the inhibition by HaTx1 and, to a lesser extent,
two S4 residues, R290 and R296, suggesting that HaTx1 binds to the VSD (Fig. 4c;
Li-Smerin and Swartz 2000; Swartz and MacKinnon 1997b). It has also been
reported that the S3b-S4 region of KV channels plays a critical role in the binding
of other spider gating-modifier toxins (Alabi et al. 2007; DeSimone et al. 2009;
Li-Smerin and Swartz 1998; Milescu et al. 2009; Tao et al. 2013a, b; 2016; Zhang
et al. 2019).

Sea anemone gating-modifier toxins are also considered to interact with the
S3b-S4 region of VSDs in KV channels. Two related sea anemone toxins, BDS-I
and BDS-II, inhibit KV3 channels (Diochot et al. 1998), and several mutations in the
S3b-S4 region of KV3.2 reduce the sensitivity of these toxins (Yeung et al. 2005).
Other sea anemone toxins, APETx1 and APETx2, inhibit hERG (Diochot et al.
2003; Jensen et al. 2014). Three hERG S3-S4 mutations, F508A, E518C, and I521A,
drastically decreased the effect of APETx1, whereas the two S1-S2 mutations,
L433A and D460A, also modestly decreased it (Fig. 4d; Matsumura et al. 2021;
Zhang et al. 2007). These results suggest that sea anemone gating-modifier toxins
mainly bind to the S3-S4 regions of KV channels similar to that of the spider gating-
modifier toxins.

4.3 Hydrophobic Surface Contributing to the Inhibition
of Gating-Modifier Toxins

SGTx1 shares 80% sequence identity with HaTx1, and its structure resembles that of
HaTx1 (Fig. 4a; Lee et al. 2004; Takahashi et al. 2000). SGTx1 inhibits KV2.1, but
its affinity is reported to be 20-fold weaker than that of HaTx1 (Table 2; Lee et al.
2004; Wang et al. 2004). SGTx1 was used to identify an active surface of spider
gating-modifier toxins instead of HaTx1, which is difficult to prepare using peptide
synthesis or recombinant expression systems because of the multiple conformers
generated during the folding process (Lee et al. 2004; Milescu et al. 2007; Wang
et al. 2004). Alanine-scanning mutational analysis of SGTx1 revealed that five
hydrophobic residues (Y4, L5, F6, A29, and F30) and four charged residues (R3,

Fig. 4 (continued) alignments and molecular structure of ICK-fold toxins from spiders: HaTx1
(PDB code: 1D1H; Takahashi et al. 2000), SGTx1 (PDB code: 1LA4; Lee et al. 2004). (b)
Sequence alignments and molecular structure of β-defensin-fold toxins from sea anemones:
BDS-I (PDB code: 1BDS; Driscoll et al. 1989a, b), APETx1 (PDB code: 1WQK; Chagot et al.
2005). (c) Mapping the residues contributing to the inhibition of KV2.1 by HaTx1 on the VSD of the
KV chimera (PDB code: 2R9R; Li-Smerin and Swartz 2000; Long et al. 2007; Swartz and
MacKinnon 1997b). The VSD structure of the KV chimera is represented by a ribbon coloured
according to the region of KV1.2 (grey) and KV2.1 (white). (d) Mapping the residues contributing to
hERG inhibition by APETx1 on the VSD of hERG (PDB code: 5VA2; Matsumura et al. 2021;
Wang and MacKinnon 2017; Zhang et al. 2007). The S1-S2 and S3-S4 loops, missing in the cryo-
EM structure, are shown with dotted lines
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H18, R22, and D31) contribute to KV2.1 inhibition (Fig. 4a; Wang et al. 2004).
These active residues are conserved between SGTx1 and HaTx1, except for a
conservative substitution from R22 in SGTx1 to K22 in HaTx1. The active residues
are localised on the molecular surface of the toxins, and a cluster of hydrophobic
residues form a hydrophobic patch (Fig. 4a; Wang et al. 2004). Other spider gating-
modifier toxins are also known to possess hydrophobic patches, contributing to their
inhibition of KV channels (Tao et al. 2013a; Zhang et al. 2019).

The amphipathic surface of the spider gating-modifier toxins is important for
partitioning into the lipid membrane to inhibit KV channels (Lee and MacKinnon
2004; Milescu et al. 2007, 2009; Phillips et al. 2005). The molecular surfaces of
SGTx1 that interact with KV2.1 and the lipid membrane are overlapped (Milescu
et al. 2007; Wang et al. 2004). The HaTx1-binding site on KV2.1 S3b is located at
the interface with the lipid membrane (Fig. 4c; Long et al. 2007; Swartz and
MacKinnon 1997b). Moreover, the modification in lipid composition affects the
inhibition of KV2.1 by gating-modifier toxins, suggesting that the local lipid mem-
brane environment around the S3b-S4 regions is involved in the stability of the
toxin-channel complex (Milescu et al. 2007, 2009).

A hydrophobic patch is also observed on the molecular surface of sea anemone
gating-modifier toxins (Fig. 4b). Mutational analysis of APETx1 showed that the
four hydrophobic residues, F15, Y32, F33, and L34, which are located on the
molecular surface, are crucial for hERG inhibition (Matsumura et al. 2021). These
residues form a hydrophobic patch of APETx1 (Fig. 4b; Chagot et al. 2005;
Matsumura et al. 2021). APETx2 has also been proposed to use hydrophobic
residues to inhibit hERG (Jensen et al. 2014). These reports suggest that the
hydrophobic patch plays a critical role in inhibition by the gating-modifier toxins
of spiders and sea anemones.

4.4 Voltage-Dependent Inhibition of KV Channel by
Gating-Modifier Toxins

Most spider and sea anemone gating-modifier toxins targeting KV channels strongly
inhibit ionic currents at lower depolarised voltages (e.g. 0 mV) rather than higher
ones (e.g. +100 mV), shifting the activation voltage towards the positive direction
(Fig. 1d; Swartz 2007). HaTx1 and GxTx-1E also inhibit the gating currents of
KV2.1 (Lee et al. 2003; Tilley et al. 2019) and BDS-II inhibits that of KV3.2 (Yeung
et al. 2005). These results show that the gating-modifier toxins inhibit KV channels
by trapping the VSDs in the resting state, in which the intracellular gate of KV

channels is closed. This resting state trapping mechanism of gating-modifier toxins
is corroborated by kinetic analyses that measured the onset and recovery rates of
inhibition (Lee et al. 2003; Phillips et al. 2005; Swartz and MacKinnon 1997a; Tilley
et al. 2014).

Kinetic analyses of inhibition demonstrate that the binding of HaTx1 and GxTx-
1E to KV2.1 becomes weaker when the channel is activated at a depolarised voltage
(Phillips et al. 2005; Tilley et al. 2014). However, the kinetics in recovery from the
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inhibition by HaTx1 are much slower than the channel gating kinetics, suggesting
that the channel can be activated with HaTx1 bound to the VSDs (Phillips et al.
2005). This continuous toxin binding during channel activation explains the obser-
vation that many gating-modifier toxins accelerate the channel closing (deactivation)
kinetics reflected in the attenuation of the tail current (Ebbinghaus et al. 2004;
Herrington et al. 2006; Lee et al. 2003, 2004; Li-Smerin and Swartz 1998; Liao
et al. 2006; Matsumura et al. 2021; Phillips et al. 2005; Swartz 2007; Swartz and
MacKinnon 1997a; Tao et al. 2016; Yuan et al. 2007b).

As mentioned above, GxTx-1E stabilises KV2.1 in the resting state (Herrington
et al. 2006; Tilley et al. 2014). Recently, the inhibitory effect of GxTx-1E on KV2.1
was evaluated by a single channel recording and gating current analysis (Tilley et al.
2019). The single channel recording revealed that GxTx-1E reduces macroscopic
currents of KV2.1 by lowering its open probability without affecting its unitary
conductance. Furthermore, GxTx-1E inhibited the movement of all gating charges
in KV2.1, indicating that GxTx-1E detains KV2.1 in the early resting state by
stabilising the deepest resting conformation of the VSD. In contrast, HaTx1 shows
the fractional inhibition of gating currents of KV2.1, suggesting that HaTx1 inhibits
later voltage-dependent movements of the VSD (Lee et al. 2003).

4.5 Gating-Modifier Toxins Binding to the Depolarised
Conformation of VSD

As described above, many gating-modifier toxins targeting KV channels stabilise the
resting conformation of VSD (Swartz 2007). However, one of the well-known spider
gating-modifier toxins, VSTx1, inhibits KVAP by binding to the depolarised confor-
mation of VSD to stabilise the inactivated state (Schmidt et al. 2009). To date, two
distinct structural models of the VSTx1-VSD complex in the depolarised conforma-
tion are proposed based on interaction analyses using solution nuclear magnetic
resonance spectroscopy (Lau et al. 2016; Ozawa et al. 2015).

In contrast to the inhibitory effect on KV2.1, HaTx1 acts on the Shaker channel as
an activator that shifts the activation voltage towards the negative direction and
increases the macroscopic current (Milescu et al. 2013). Although the activating
effect on the Shaker channel by HaTx1 was weak, this effect was drastically
enhanced by introducing three mutations into the S3b of the Shaker channel
(Milescu et al. 2013). HaTx1 not only stabilised the depolarised conformation of
the VSD, but also facilitated the final pore-opening transition. Unlike HaTx1,
another inhibitor of KV2.1, GxTx-1E, robustly inhibited a Shaker channel mutant
with five mutations on S3b, positively shifting its activation voltage. These results
suggest that the complementarity of the toxin-channel interface determines the
activating or inhibitory effect of gating-modifier toxins (Milescu et al. 2013).
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5 Conclusion

To date, though the crystal structure of the KV channel in complex with CTX has
been reported (Banerjee et al. 2013), other structures of K+ channels in complex with
peptide toxins remain elusive. Recently, membrane proteins embedded in nanodiscs
and liposomes mimicking physiological lipid membrane environments have been
used for structural analysis (Gao et al. 2020; Matthies et al. 2018; Yao et al. 2020),
and these methods may be applicable to the analysis of toxin-channel complexes. In
the future, further analysis would reveal the structural mechanism of the inhibition of
K+ channels by peptide toxins, which would provide a structural basis for the
development of ligands and drugs with novel mechanisms of action for K+ channels.
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Abstract

Monoclonal antibodies combine specificity and high affinity binding with excel-
lent pharmacokinetic properties and are rapidly being developed for a wide range
of drug targets including clinically important potassium ion channels. Nonethe-
less, while therapeutic antibodies come with great promise, K+ channels represent
particularly difficult targets for biologics development for a variety of reasons that
include their dynamic structures and relatively small extracellular loops, their
high degree of sequence conservation (leading to immune tolerance), and their
generally low-level expression in vivo. The process is made all the more difficult
when large numbers of antibody candidates must be screened for a given target,
or when lead candidates fail to cross-react with orthologous channels in animal
disease models due to their highly selective binding properties. While the number
of antibodies targeting potassium channels in preclinical or clinical development
is still modest, significant advances in the areas of protein expression and
antibody screening are converging to open the field to an avalanche of new
drugs. Here, the opportunities and constraints associated with the discovery of
antibodies against K+ channels are discussed, with an emphasis on novel
technologies that are opening the field to exciting new possibilities for biologics
development.

Keywords

Biologic · Ion channel · Kv1.3 · Potassium channel · Therapeutic antibody

1 K+ Channels as Targets for Therapeutic Antibody
Development

As detailed throughout this volume, potassium-selective ion channels are involved in
a wide range of physiological processes important in human health and disease.
While not all K+ channels are validated drug targets, many are, and the past decade
has seen notable successes in the discovery and development of both small and large
molecule drugs that can modulate the activity of a number of important disease-
related K+ channel targets. Antibodies that can recognize and modulate the activities
of human Kv1.3, Kv10.1, Kv11.1, and TASK3 have now been described and their
potential use in the context of disease is discussed in detail at the end of the chapter
(Sects. 4.1–4.4).

First, we consider the advantages of antibodies as therapeutic compounds, the
mechanisms by which they achieve their effect, the strategies underlying their
discovery and development (Fig. 1; Box 1) along with the practical aspects of
antigen design, protein production, immunization, and screening to identify potential
lead compounds that can move forward through clinical trials.
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Box 1 Antibody Discovery
Obtaining therapeutic antibodies that can modulate the activity of K+ channels
can proceed via different routes depending, to some extent, on the source

(continued)

Fig. 1 Alternative routes toward antibody discovery
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Box 1 (continued)
material for antibody generation and screening. As shown in Fig. 1, traditional
approaches involve immunizing animals with purified channel proteins (or, in
some cases, virus-like particles containing channel proteins) that are expressed
recombinantly in heterologous systems. Alternatively, genetic immunization
with nucleic acids encoding relevant proteins (either in the form of cDNA or
mRNA) offers yet another way to induce channel-specific antibody production
in animal hosts. Following immunization, culture supernatants from cloned
B-cells or immortalized hybridoma cell lines that secrete antibodies are then
screened for binding to channels of interest. As an alternative to screening
culture supernatants, B-cells from immunized animals can be harvested and
used to construct phage or yeast libraries that display single-chain antibody
fragments (scFvs) on their surface as a way to indirectly screen for antibodies
that bind and modulate channel activity. In fact, animal immunization can be
precluded altogether using single-domain antibody display libraries
constructed from B-cells of naïve animals or human patients (bottom right).
These libraries are often of sufficient depth that they can be mined for rare
antibodies that might never be produced in response to immunization but are
valuable therapeutic candidates, nonetheless. Finally, regardless of the source
of antibodies used for discovery, recombinant channel proteins that are either
purified or expressed in mammalian cell lines for functional (patch-clamp)
studies, provide necessary material for antibody screening.

2 Antibody Discovery and Development: Challenges
and Opportunities

Based on their long half-lives and exquisite target selectivity, antibodies have
distinct advantages relative to both small molecule drugs, which often lack selectiv-
ity, and peptide toxins that can be highly selective but are rapidly cleared from the
bloodstream (Hutchings et al. 2019; Posner et al. 2019; Wulff et al. 2019). With
regard to the latter, approaches toward increasing the half-lives of peptide toxins
(including the use of antibody scaffolds (see Sect. 2.1)) are being actively pursued,
however, maintaining the native binding activity of re-engineered toxins remains a
significant issue (Lau and Dunn 2018; Murray et al. 2019).

In the case of small molecules, the drug-binding pockets where these entities
typically exert their effect are often conserved among members of a given ion
channel family, have relatively small surface area (~300 Å2 (Coleman and Sharp
2010)), and suffer from general promiscuity at the level of both the pocket and
ligand. Conversely, the large solvent accessible surface area of the paratope/epitope
interaction site formed between the complementarity-determining regions of
immunoglobulins and their cognate antigens (~1,500–2,000 Å2 (Ramaraj et al.
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2012)) drives high specificity binding for a given target and is one of the principal
advantages of antibodies compared to small molecule drugs.

High-affinity binding is clearly a hallmark of therapeutic antibodies, however, in
order to achieve clinical relevance, antibodies targeting K+ channels must not only
bind the target, they must also alter a specific physiological process in vivo either by
blocking or potentiating channel activity, and/or drive the elimination of disease-
causing cells by engaging immune effector mechanisms. This has been a difficult
problem to solve for reasons that are both theoretical and practical.

2.1 Theoretical Considerations

Although much is known about the gating properties of K+ channels, there are
relatively few examples of antibodies that can modulate channel activity and there
is little-to-no structural information that can inform us as to how such antibodies
either inhibit or potentiate channel activity. Thus, in the absence of a solid frame-
work for understanding how antibodies alter the functional activity of a channel, a
rational approach toward generating such antibodies remains elusive.

That being said, among the handful of antibodies that can modulate K+ channel
activity, a majority are directed against the small extracellular loop structures of their
cognate channel proteins. While this may seem obvious given that these loop
structures are the sole regions on K+ channels available for antibody binding, an
antibody directed against TASK3 appears to inhibit the channel indirectly by driving
receptor-mediated endocytosis of the channel itself. Inhibitory antibodies to Kv1.3
and Kv10.1, on the other hand, appear to block their respective channels more
directly.

In the absence of detailed structural studies, one can only speculate that
antibodies in this latter group act through either steric hindrance (that is, blockage
of the pore) or allosteric interactions that interfere with the normal cycling between
conformationally distinct (resting, open, and inactivated) states of the channel in
each case (Kuang et al. 2015). In the second instance, antibodies that recognize
unique epitopes associated with a particular state could potentially stabilize or lock a
channel into a given conformation leaving it irreversibly opened or closed. Alterna-
tively, it is possible that binding to an epitope (s) shared by all conformational states
could prevent cycling or force a channel into a particular state. Either way, such
antibodies could be useful from a therapeutic standpoint and, in the case of true
“state-dependency,” could offer an additional layer of selectivity on target binding.
Indeed, recent evidence has suggested that a lead antibody targeting Kv1.3 is capable
of blocking channel activity in a use-dependent manner by recognizing an epitope
associated with the open-state of the channel accessible in activated human TEM cells
but not in “resting”Kv1.3 expressing CHO cells (Colussi, personal communication).

The idea that K+ channels may expose state-dependent epitopes is clearly consis-
tent with voluminous studies showing that these ion channels are structurally
dynamic and that conductance changes are generally accompanied by changes in
the 3-dimensional conformation of the channel itself (Tombola et al. 2006; Gupta
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et al. 2010; Vargas et al. 2012; Kuang et al. 2015; Islas 2016). Although it is unclear
whether such conformational shifts generate novel B-cell epitopes, studies using
stabilized GPCR structures (Hutchings et al. 2017; Soave et al. 2018) suggest
possible strategies for screening antibodies that recognize unique determinants
associated with particular conformational states of a given K+ channel. Additionally,
active consideration is being given to the use of biparatopic and bispecific antibodies
that can bind different epitopes on the same or different proteins (in the case of
homomeric or heteromeric channels, respectively) as a way to prevent dynamic
structural changes thereby blocking channel activity. Finally, it should be noted
that antibodies that can modulate K+ channel activity have been identified using
purified full-length proteins in an undetermined conformational state as the starting
immunogen (Colussi, unpublished).

As noted above, inhibition of channel activity by antibodies may result from
steric blockage of the pore. In this case, single-domain antibodies (nanobodies) from
camelids or sharks may be particularly useful due to their small size and apparent
ability to bind recessed epitopes (Henry and Mackenzie 2018). While a precise
mechanism (s) is lacking, several camelid single-domain constructs have been
shown to inhibit K1.3 (see Sect. 4.1). Along the same lines, antibodies produced
in some species have ultra-long hypervariable regions in their heavy chains. This is
perhaps best exemplified in cows where the complementarity-determining region
3 (CDRH3) of the heavy chain folds into an extended “stalk” and disulfide-bonded
“knob” structure. Wang and colleagues took advantage of this structure to build
chimeric humanized antibodies containing the extended bovine CDRH3 stalk
domain but substituting the knob region with the peptide toxins Moka-1 or Vm24
that bind to the outer vestibule of the Kv1.3 channel pore (Wang et al. 2016). In each
case, the chimeric antibodies blocked Kv1.3 channel activity, presumably by
interfering with conductance through the pore. While such chimera are highly
engineered constructs, the fact that the ultra-long bovine CDRH3 can gain access
to the outer regions of the pore suggests that cows and other species that generate
antibodies with novel properties could be ideal platforms for producing pore-
blocking antibodies.

2.2 Practical Considerations

From a practical standpoint, immunization and screening campaigns to identify
modulating antibodies typically require large amounts of high-quality starting mate-
rial to achieve success. Nevertheless, K+ channels tend to be expressed at low levels
in their native contexts and, as multi-span transmembrane proteins that can be toxic
when overexpressed, are often difficult to produce as recombinant proteins. This
problem is compounded when considering heteromeric K+ channels where more
than a single polypeptide must be expressed and assembled at the proper stoichio-
metric ratios before antibody generation can begin. Despite this, a number of
successful approaches are being used to generate sufficient levels of antigen for
animal immunization including the use of novel expression systems (Sect. 3.2).
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A more basic problem relative to antibody generation is the high level of
sequence conservation between K+ channels of different species. Tolerance
mechanisms during B- and T-cell development dampen the immune response to
autoantigens and can be difficult to overcome when challenging a given species with
antigens that are evolutionarily conserved and therefore similar or identical to self.
The most relevant regions of the K+ channels in this case are the small extracellular
loops where antibodies are expected to bind. As illustrated for the Kv1.3 channel
(Table 1), these regions show varying degrees of sequence conservation in orthologs
from humans and mice and, as expected, greater divergence in more distantly related
species (specifically, chickens). Interestingly, when comparing homologous K+

channel family members of a given species, extracellular loop structures tend to be
less conserved than the transmembrane domains separating them (Table 1) and,
theoretically, provide sufficient sequence diversity to elicit production of highly
selective antibodies in a given animal host.

It is also worth noting that while the number of potential B-cell epitopes
associated with the extracellular loops is somewhat limited due to their small size
(roughly 10–20% of total protein for the annotated human K+ channels (Table 1)),
the proteins themselves exist as multimers of the same or different subunits. As a
result, surface epitopes are displayed in a repetitive fashion on native proteins. Such
repetitive features may be conducive to antibody production via crosslinking of the
Ig receptor on B-cells and may provide some advantage for antibody screening based
on binding avidity. Certainly, the ability to generate native loop structures on
recombinant proteins together with the use of strong adjuvants and evolutionarily
diverse species for immunization offer logical approaches to antibody generation
(Sects. 3.2 and 3.4). And, while peptide constructs corresponding to loop structures
tend to be weakly immunogenic on their own, methods are being developed to
enhance their potency including multimerization of antigen constructs. A notable
example in this case is mAb56, which blocks the Kv10.1 channel (Sect. 4.2) and was
generated by linking a peptide from the third extracellular loop of the channel to a
tetramerization domain from the C-terminal region of the same protein (Hartung
et al. 2011).

Beyond the need to generate antibodies, screening to identify not only binders,
but also antibodies that can modulate channel activity in vivo has its own unique
challenges. This is a complex task that involves surveying vast repertoires of
antibody molecules for antigen binding, recovering genetic sequences for antibodies
that bind, and screening potentially hundreds of candidates for their ability to
modulate channel activity. While these steps are often fraught, a variety of novel
technologies are being married with more traditional approaches to screen and
identify candidates of interest. A more detailed description of these technologies is
provided in Sect. 3.4.

The preceding discussion has focused on the discovery of antibodies that can
modify channel function by blocking or potentiating current flow. While this is
arguably the most difficult goal to achieve in the development of therapeutic
antibodies against K+ channels, it is worth noting that modulating channel activity
is not the sole mechanism for achieving both specificity and biological effect. As
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noted above, a monoclonal antibody targeting the TASK3 channel inhibits human
lung cancer xenografts and murine breast cancer metastasis in mice through inter-
nalization of the channel/antibody complex (Sun et al. 2016). Furthermore,
Fc-mediated effector functions such as antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-
dependent cytotoxicity (CDC) offer additional mechanisms by which depletion of
diseased cells could achieve therapeutic benefit (de Taeye et al. 2019; Graziano and
Engelhardt 2019). In the same vein, engineering approaches involving optimization
of Fc domain structure (Lobner et al. 2016; Saunders 2019), the use of monovalent,
bi- and multi-valent formats (Brinkmann and Kontermann 2017; Husain and
Ellerman 2018), antibody drug conjugates (Joubert et al. 2020), as well as cellular
approaches that engage chimeric antigen receptors on engineered T cells
(Golubovskaya and Wu 2016) represent additional opportunities for K+ channel
antibody development.

3 Workflows in Antibody Production and Screening

As outlined in Fig. 1, having chosen a particular target, a wide range of options is
available in the path toward therapeutic antibody development. This begins with
decisions around whether to immunize animals or rely on surface display
technologies to select for antibodies (typically in single-chain scFv or Fab formats
in the case of phage, yeast, or ribosome display) that can bind the target of interest
(Fig. 1; Box 1). Since therapeutic antibodies must contain humanized or fully human
heavy and light chain scaffolds, one advantage of surface display is the potential to
screen commercially available libraries prepared from human DNA. Indeed, such
libraries have been constructed from both naïve and autoimmune patient samples
and are of sufficient depth that one can mine the entire B-cell receptor repertoire of a
given individual, albeit, without native heavy and light chain pairings (Lee et al.
2018; Rouet et al. 2018). Alternatively, one can choose to immunize animals and
create de novo surface display libraries, which, theoretically, could increase the
likelihood of selecting for antibodies of interest, particularly in cases where a given
channel protein is highly conserved across species boundaries and pre-existing
libraries might lack strong binders.

Regardless of the direction one chooses, success in antibody discovery ultimately
depends on having an antigen to screen with (Fig. 1). If the initial choice is to
immunize animals with protein antigens, the immunogen itself can be used for
screening purposes in combination with any of a variety of binding assays including
conventional ELISA and bead-based assays that allow colorimetric or fluorescence
read-outs. Similarly, if one opts for nucleic acid immunization, or relies solely on
surface display to select for antibodies of interest, the screening entity can be a
peptide, a protein fragment, or a full-length protein purified directly from native
tissue or produced recombinantly and bound to a solid support (see Sect. 3.1). Cell-
based flow cytometry offers an additional method of screening but suffers a number
of pitfalls including low resolution (if the channel is not abundantly expressed) and
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the potential to miss antibodies that bind a particular conformational state. Despite
these problems, flow cytometry has the major advantage that it can potentially select
for only those antibodies that bind surface exposed loops on channel proteins and is
especially useful at later stages of screening when binders have already been
identified.

Among the most powerful technologies now being applied to antibody discovery
are manual and automated high-throughput B-cell cloning methods that allow one to
screen the secreted products of thousands to hundreds-of-thousands of individual
plasma cells from naive or immunized animals. These include the optofluidic
BEACON platform created by Berkeley Lights, Inc. (Emeryville, CA, USA), the
Genovac Nano platform (Aldevron LLC, Fargo, ND, USA), and Abcellera’s
microfluidic platform (Vancouver, Canada) among others. A somewhat different
approach involves the capture of individual B-cells in porous microspheres that can
be directly screened under a microscope using diffusible fluorescent probes
(Izquierdo et al. 2016). Of course, the power of these single-cell technologies is
that cDNA sequences encoding the heavy and light chains of potentially every B-cell
clone in their native pairings can be readily recovered by standard RT-PCR and
sequencing to regenerate the antibody of interest either as a native immunoglobulin
or a chimeric antibody containing the variable regions of the original clone within a
human immunoglobulin scaffold. Although not routinely available to academic
laboratories, the platforms themselves can be accessed through commercial sources
(Aldevron, LLC, Fargo, NC; Abcellera, Vancouver, Canada; Ligand
Pharmaceuticals Inc., San Diego, CA).

Lastly, antibodies identified in binding assays must be further screened for their
ability to modulate K+ channel activity and/or induce a biological effect in vitro and
in vivo. Depending on the channel and target cell, these assays will differ but
assuming the desired effect is achieved, the antibody will then be evaluated for
binding affinity, selectivity, cross-reactivity with non-human orthologs, potency,
manufacturability (expression yield, solubility, thermal and long-term stability),
and immunogenicity and, if necessary, subjected to additional engineering prior to
selection of a final lead and initiation of preclinical development. While these latter
criteria are beyond the scope of this chapter, the sections that follow provide
additional detail on key aspects of antibody generation and screening beginning
with the selection of immunogens.

3.1 Choice of Immunogen

For programs involving animal immunization, antibody development begins with
the choice of immunogen, which are grouped here into four categories, namely, (1)
peptides and soluble protein fragments; (2) native full-length proteins; (3) recombi-
nant full-length proteins; and, (4) nucleic acids encoding antigens of interest. The
use of peptides and protein fragments enables production of antibodies against
targeted regions of the channel that are accessible at or near the cell surface and
likely to play a role in ion flux. When larger fragments or full-length proteins are
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used as immunogens, screening methods designed to preferentially select those
antibodies that can bind extracellular regions of the channel (either on a solid support
or on target cells) are preferred (Bednenko et al. 2018).

Although peptides and small protein fragments have been used to generate
antibodies against a number of K+ channels (Hemmerlein et al. 2006; Gómez-
Varela et al. 2007; Sun et al. 2016; Hartung et al. 2020; Fan et al. 2020), they are
weakly immunogenic and lack the full spectrum of multi-domain, conformational
epitopes present in the full-length, correctly folded and functional channel proteins
(Dodd et al. 2018). Efforts to improve their immunogenicity and solubility include
linking such fragments to sequences that promote oligomerization (Hemmerlein
et al. 2006; Gómez-Varela et al. 2007; Hartung et al. 2020).

By comparison, full-length proteins provide all possible B- and T-cell epitopes
associated with a given target and, when available, are the antigens of choice for
generating inhibitory antibodies against channel proteins; the principal caveat being
that K+ channels are not abundantly expressed in their native cell types and their
overexpression in heterologous cells can be toxic resulting in limited yields.
Modulating antibodies against a small number of ion channels (the calcium channel,
Orai1 (Lin et al. 2013); the ligand-gated ion channel P2X7 (Buell et al. 1998); and
the cation channel TRPA1 (Lee et al. 2014)) have been generated using proteins
derived from mammalian expression systems. While this has not been demonstrated
in the case of the K+ channels, alternative approaches using DNA immunization
(Stortelers et al. 2018), peptide/carrier protein conjugates (Fan et al. 2020), virus-like
particles (Adam et al. 2014; Doms et al. 2014) and proteins produced in protozoan
expression systems (Bednenko et al. 2018) have had success targeting the important
potassium channel, Kv1.3.

Lastly, vector-encoded antigens (in the case of DNA immunization) and, more
recently, mRNA immunization (Pardi et al. 2018; Zhang et al. 2019) obviate the
need to generate and purify proteins altogether and are discussed in more detail
below (Sect. 3.2).

3.2 Expression Platforms for Antigen Generation

While expression in Escherichia coli and other bacteria are among the most robust
platforms in terms of protein yield, they are generally not recommended for mam-
malian membrane proteins due to their reducing cytosolic environments along with
significant differences between prokaryotic and eukaryotic protein processing and
membrane insertion mechanisms (Pandey et al. 2016). However, several eukaryotic
systems have demonstrated consistently strong performance in expression of mem-
brane protein drug targets. We took advantage of the Protein Data Bank (PDB; rcsb.
org) to obtain information on production of eukaryotic full-length K+ channels for
structure analysis (Table 2). Of the 21 potassium channels in this archive, 9 were
expressed in human embryonic kidney HEK293 cells using BacMam technology,
6 in methylotrophic yeast Pichia pastoris, 5 in insect cells (Spodoptera frugiperda
Sf9 and Trichoplusia ni High Five cells), and 1 in rat insulinoma INS-1832/13 cells.
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Table 2 Potassium ion channels that were expressed as full-length proteins for structural analysis
(source: Protein Data Bank, rcsb.org)

Potassium
channel Species Expression system

PDB
accession
number References

Kv1.2 Rattus
norvegicus

Pichia pastoris 2A79 Long et al. (2005)

Kv7.1 Homo
sapiens

Human HEK293S
GnTI- cells
(BacMam
technology)

6UZZ Sun and MacKinnon (2020)

Kv7.1 Xenopus
laevis

Human HEK293S
GnTI- cells
(BacMam
technology)

5VMS Sun and MacKinnon (2017)

Kv10.1 Rattus
norvegicus

Human HEK293S
GnTI- cells
(BacMam
technology)

6PBY
6PBX
5K7L

Whicher and MacKinnon
(2016), (2019)

Kv11.1 Homo
sapiens

Human HEK293S
GnTI- cells
(BacMam
technology)

5VA1
5VA2
5VA3

Wang and MacKinnon
(2017)

KCa1.1 Homo
sapiens

Human HEK293S
GnTI- cells
(BacMam
technology)

6V3G
6V38
6V35
6V22

Tao and MacKinnon (2019)

KCa1.1 Aplysia
californica

Trichoplusia ni
(High Five cells)

5TJI
5TJ6

Hite et al. (2017), Tao et al.
(2017)

KCa3.1 Homo
sapiens

Human HEK293S
GnTI- cells
(BacMam
technology)

6CMN
6CNN
6CNO

Lee and MacKinnon (2018)

KCa4.1 Gallus
gallus

Spodoptera
frugiperda Sf9 cells

5A6E
5U70
5U76

Hite et al. (2015), Hite and
MacKinnon (2017)

Kir2.2 Gallus
gallus

Pichia pastoris 3JYC
3SPC
3SPG
3SPH
3SPI
3SPJ
5KUK
5KUM
6M84
6M85
6M86

Tao et al. (2009), Hansen
et al. (2011), Lee et al.
(2016b), Zangerl-Plessl et al.
(2020)

Kir3.2 Mus
musculus

Pichia pastoris 3SYA
3SYC
3SYO
3SYP

Whorton and MacKinnon
(2011), (2013)

(continued)
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Table 2 (continued)

Potassium
channel Species Expression system

PDB
accession
number References

3SYQ
4KFM

Kir6.2 Homo
sapiens

Human HEK293S
GnTI- cells
(BacMam
technology)

6C3O
6C3P

Lee et al. (2017)

Kir6.2 Mus
musculus

Human Free-style
HEK293-F cells
(BacMam
technology)

5YKE
5YKF
5YKG
5YW8
5YW9
5YWA
5YWB
5YWC
6JB1

Wu et al. (2018), Ding et al.
(2019)

Kir6.2 Rat
norvegicus

Rat insulinoma
INS-1 832/13 cells
transduced with
adenovirus

5TWV
6BAA

Martin et al. (2017a, b, 2019)

Kir6.2 Mus
musculus

HEK293S
GnTI� cells
(BacMam
technology)

5WUA Li et al. (2017)

TWIK1 Homo
sapiens

Pichia pastoris 3UKM Miller and Long (2012)

TREK1 Homo
sapiens

Spodoptera
frugiperda

4TWK To be published

TREK2 Homo
sapiens

Spodoptera
frugiperda Sf9 cells

4BW5
4XDJ
4XDK
4XDL

Dong et al. (2015)

TRAAK Homo
sapiens

Pichia pastoris 3UM7
4I9W
4RUE
4RUF
4WFE
4WFF
4WFG
4WFH

Brohawn et al. (2012),
(2013), (2014), Lolicato et al.
(2014)

TRAAK Mus
musculus

Pichia pastoris 6PIS Brohawn et al. (2019)

TASK1 Homo
sapiens

Spodoptera
frugiperda Sf9 cells

6RV2
6RV3
6RV4

Rödström et al. (2020)
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Both BacMam and insect cell platforms utilize modified double-stranded DNA
baculoviruses as vehicles for gene delivery. Baculoviruses do not replicate in
mammalian cells, and high-level transient expression in BacMam system is achieved
by the presence of a mammalian expression cassette containing a strong CMV
promoter (Goehring et al. 2014).

While insect cells are capable of generating high protein yields, mammalian cells
offer additional advantages, most importantly, native N-glycosylation and mem-
brane lipid composition (e.g., higher cholesterol content), which increases the
likelihood of correct protein folding (Goehring et al. 2014). However,
overexpression of recombinant ion channels can be toxic for mammalian cells,
presumably due to unregulated activity of the channel in a heterologous environment
(Claire 2006). To avoid cytotoxicity, expression can be carried out in eukaryotic or
prokaryotic cell-free systems that may include detergents and/or lipids to enhance
membrane protein solubility. Both Kv1.1 and Kv1.3 have been successfully
expressed using cell-free technologies (Renauld et al. 2017; Cortes et al. 2018),
although it is important to note that cell-free systems typically produce only moder-
ate amounts of protein, are relatively expensive and often difficult to scale up.

As an alternative to mammalian and insect cells, fast-growing and efficient
microbial eukaryotes such as yeast (especially, Pichia pastoris and Saccharomyces
cerevisiae) or the ciliated protist, Tetrahymena thermophila, have also been explored
for the expression of recombinant potassium channels (see Table 3 for comparison of
P. pastoris and T. thermophila). P. pastoris owes its success in large part to a very
powerful and tightly regulated methanol-inducible AOX1 promoter as well as to its
ability to reach very high cell densities in culture (Vogl and Glieder 2013; Guyot
et al. 2020). Growth of P. pastoris either in shake flasks or bioreactors at the liter
scale can be sufficient to produce milligram quantities of purified membrane protein
to support animal immunization and screening trials (Guyot et al. 2020).

Tetrahymena, on the other hand, is a free-living protist with biological properties
that make it ideal for the production of eukaryotic membrane proteins. These
properties include the absence of a cell wall, the ability to introduce foreign genes
at very high copy number (~18,000 copies per cell), near uniform N-glycosylation
(primarily 3Man2GlcNAc) and a metabolism that is geared toward the production of
membrane and secreted proteins (Nusblat et al. 2012; Guerrier et al. 2017). Addi-
tionally, the T. thermophila genome is characterized by expanded gene families
encoding proteins involved in membrane dynamics and transport, including more
than 300 potassium voltage-gated ion channels (Eisen et al. 2006). Typically, it takes
1–2 weeks to obtain Tetrahymena transformants with confirmed recombinant protein
expression, and 2–3 more weeks to accumulate sufficient biomass for production of
2–10 mg of purified membrane protein. TetraGenetics Inc. (Arlington, MA, USA)
has employed this system for production of a number of human K+ channels being
targeted for therapeutic antibody development in the treatment of cancer, autoim-
mune and fibroproliferative disorders (Bednenko et al. 2018, Shim et al. 2020;
Bednenko and Colussi, unpublished).

Some antibody development technologies do not require immunogen
purification. For example, Integral Molecular (Philadelphia, PA, USA) produced
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Kv1.3-containing murine leukemia virus-like particles (VLPs) in HEK293T cells,
with the yield of 400 pmol Kv1.3/mg total VLP protein, or ~ 2.6% w/w (Adam et al.
2014; Doms et al. 2014). Due to their repetitive surface structures, VLPs are known
to elicit robust humoral and cellular immune responses (Mohsen et al. 2017).

As noted above, nucleic acid immunization technologies short-circuit the need for
protein antigens altogether (Liu et al. 2016). Typically, DNA expression vectors
encoding the antigen of choice are delivered into animal tissues by intradermal
microparticle bombardment or by intramuscular injection, while liposome
formulations and/or electroporation are used to increase transfection efficiency.
Ablynx (Ghent, Belgium) immunized llamas with Kv1.3-encoding plasmid DNA
to develop functional anti-Kv1.3 single-domain nanobodies (Stortelers et al. 2018).
The caveat with DNA immunization strategies is that they often yield low antibody

Table 3 Pichia pastoris and Tetrahymena thermophila

Pichia pastoris Tetrahymena thermophila

Cell size 4–6 μm 30–60 � 50–100 μm
Cell wall Yes No

Typical cell density at
the time of induction of
protein expression

108–109 cells/ml 106 cells/ml

Examples of high
membrane protein
expression yield

90 mg purified human aquaporin
1 from 1 l of culture (Nyblom
et al. 2007)
13 mg purified mouse
P-glycoprotein from 100 g of
cells (Bai et al. 2011)

3 mg purified human Kv1.3 from
1 l of culture (Bednenko et al.
2018)

Inducible promoter AOX1, methanol-inducible MTT, cadmium-inducible

Typical growth
temperature

27–30�C 30–37�C

Typical induction
temperature

20–27�C 24–37�C

Doubling time 2–3.5 h (1–3 h) 2–3 h

Induction time 16–60 h 2–24 h

N-glycosylation 8–14 mannose residues per side
chain
GlycoSwitch technology:
engineer your own strains to
obtain controlled, human-like
N-glycosylation (Jacobs et al.
2009)

Primarily Man2–5GlcNAc2
(Calow et al. 2016)

O-glycosylation Very little None

Membrane lipid
composition

Ergosterol is the major sterol.
Strains producing cholesterol
have been engineered (Hirz et al.
2013)

No sterol synthesis, tetrahymanol
as a sterol surrogate. Membrane
lipid composition can be
modified by addition of
cholesterol and other lipids into a
growth media (Nusblat et al.
2012)
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titers and may need to be supplemented with a purified recombinant protein for
animal boosting and/or antibody screening (Bednenko et al. 2018). Along with
DNA, in vitro transcribed messenger RNA (mRNA) can serve as a template for
antigen synthesis in vivo following cell entry. Chemically formulated mRNA
vaccines have demonstrated encouraging results in the field of vaccine development
and may become an indispensable tool in the fight against emerging infectious
diseases and cancer (Pardi et al. 2018; Corey et al. 2020; Espeseth et al. 2020).

3.3 Purification and Formulation of Target Immunogens

An important consideration when designing purification strategies for K+ channels is
maintenance of physiological activity, which in the end can be validated using one or
more analytical methods depending on the formulation (e.g., ligand binding,
ion-flux, electrophysiology). This is particularly important when modifying native
sequences with various tags to aid in purification (6-10xHis, GFP, antibody epitopes
such as FLAG, Rho1D4, and others), or when truncations are introduced to the N-
and C-termini to limit aggregation and impart stability (Wang and MacKinnon 2017;
Whicher and MacKinnon 2019; Sun and MacKinnon 2020). While intracellular
domains are often irrelevant for therapeutic antibody discovery, care should be
taken to retain regions of the protein that are responsible for oligomerization and
membrane trafficking (Jenke et al. 2003). An additional consideration for immuno-
gen design is whether auxiliary proteins such as beta or gamma subunits (Tao and
MacKinnon 2019), or calmodulin for some Kv and KCa channels (Wang and
MacKinnon 2017; Lee and MacKinnon 2018; Whicher and MacKinnon 2019; Sun
and MacKinnon 2020) need to be co-expressed and purified along with the primary
alpha channel subunit.

Extraction of K+ channels from membranes typically requires solubilization of
the lipid bilayer with detergents, preferably those deemed more gentle and likely to
stabilize the channel such as the maltoside series of non-ionic detergents (e.g., DM,
DDM, Cymal-series). Additionally, incorporation of cholesterol analogs (e.g.,
cholesteryl hemisuccinate), phospholipids (alone or in mixtures, e.g., POPC,
POPG, POPE, POPA, POPS) can also help preserve activity of detergent-stabilized
K+ channels (Hansen et al. 2011; Whorton and MacKinnon 2011; Sun and
MacKinnon 2020).

While some antibody discovery programs have utilized ion channels in detergent
solution (Brohawn et al. 2013; Shcherbatko et al. 2016), reconstituting the target in a
membrane-like environment is the preferred option to stabilize the channel in
preparation for immunization, screening, and binding assays. Liposomes, which
are composed of synthetic or natural lipids that are sonicated or extruded to obtain
spherical unilamellar membranes, are the most commonly used formulations for this
purpose. Following reconstitution into liposomes (Seddon et al. 2004), the resulting
proteoliposomes can be used directly for immunization, as well for screening
antibody libraries and testing channel activity in flux assays (Wang and Sigworth
2009; Bednenko et al. 2018; Lee and MacKinnon 2018). Nevertheless, a drawback
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of liposome formulations is the difficulty in controlling the orientation of a
reconstituted membrane protein which is dependent on various empirical factors,
including the reconstitution method (Yanagisawa et al. 2011), lipid composition
(Hickey and Buhr 2011), and protein structure. This issue can be addressed via
engineered tags located on intracellular loops or termini that can tether a protein to a
solid support prior to reconstitution into lipids, thereby forcing the channels to orient
with the extracellular loops facing out (Sumino et al. 2017). Such approaches can be
effective for screening phage or yeast display libraries to preferentially recover
antibody fragments that recognize surface epitopes.

In recent years, numerous surfactants have been developed for keeping mem-
brane proteins stable in detergent-free solutions. Such surfactants offer additional
options for presenting K+ channels during immunization and screening and fall into
two general categories: (1) polymer-based surfactants such as amphipols (Tribet
et al. 1996; Popot et al. 2003) along with styrene-maleic acid (SMA) copolymers
(Lee et al. 2016a); and (2) peptide-based surfactants that are variations on
membrane-interacting proteins such as saposins or apolipoproteins (Frauenfeld
et al. 2016; Denisov et al. 2004; Denisov and Sligar 2016). Each of these platforms
results in disc-like membrane protein-surfactant complexes that theoretically expose
both the intracellular and extracellular domains of the protein in the same complex.
Currently, the most established surfactant technology is the protein-based nanodisc
(Denisov et al. 2004; Denisov and Sligar 2016) in which a dimer of an engineered
apoA1 construct (Membrane Scaffold Protein, or MSP) encircles a lipid membrane
containing an embedded membrane protein. This approach has been used success-
fully in the reconstitution of a number of K+ channels (Xu et al. 2015; Matthies et al.
2018; Shenkarev et al. 2018; Sun and MacKinnon 2020). Supporting their utility in
antibody discovery, membrane protein nanodiscs have been used to identify Fab
fragments from phage display libraries (Dominik et al. 2016). Amphipols, such as
the polyacrylate derivative A8–35 and PMAL-C8, have been used successfully to
stabilize K+ channels (Spear et al. 2015; Lee et al. 2017) and amphipol formulations
have been employed to generate monoclonal antibodies against other membrane
protein antigens in rodents (Agosto et al. 2014; Vij et al. 2018; Storek et al. 2019).
SMA lipoparticles (SMALPs) have also been demonstrated to solubilize K+

channels (Dörr et al. 2014), including human channels expressed in mammalian
cells (Karlova et al. 2019) but, to date, there have been no reports of their use in
antibody discovery.

3.4 Antibody Platforms and Initial Phases of Screening

As noted above, the decision tree leading to antibody discovery (Fig. 1) requires a
fundamental choice between the use of animal immunization, surface display
libraries, or some combination of the two. Each of these approaches has advantages
and disadvantages and, with sufficient resources, an argument can be made to pursue
parallel paths.
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In the case of animal immunization, one has the opportunity to generate
antibodies with high affinity that arise naturally through a process of reiterative
B-cell selection following somatic hypermutation of heavy and light chain genes in
the germinal centers of the spleen and secondary lymph nodes of vaccinated animals.
The principal downsides of animal immunization are the potential for tolerance
mechanisms to interfere with antibody production and the possibility that the
immune system will focus the B-cell response on so-called immunodominant
epitopes (to the exclusion of others) that are irrelevant with respect to therapeutic
potential of resulting antibodies. Additionally, while antibodies produced against a
given target may, in fact, be excellent drug candidates, downstream manufacturing
of those antibodies requires linking phenotype (that is, antibody binding and/or
modulating activity) to genotype (or more precisely, the sequences of the hypervari-
able regions of the heavy and light chain genes that produce the antibody).
Accomplishing this requires identification and isolation of individual B-cell clones
responsible for antibody production, which, until recently, relied on standard mouse
hybridoma technology that has since been expanded to other species (Parray et al.
2020). The ability to immortalize human B-cells (Kwakkenbos et al. 2016), along
with single-cell methods that permit high-throughput screening of secreted
antibodies from large numbers of B-cell clones is proving to be extremely powerful
as well and may eventually supplant hybridoma technology altogether (see below).

In choosing to immunize, a variety of factors including animal species/strain,
antigen dose, choice of adjuvant, route of injection, vaccination schedule must all be
considered before initiating the process. With regard to the animal host, specialized
mouse strains, as well as evolutionary distant species provide opportunities to
overcome tolerance mechanisms limiting the response to highly conserved channel
proteins (Sect. 2.2; Table 1). At the same time, antibodies produced in llamas, cows,
and sharks have unique structures that may be well suited to blocking channel
activity (see below).

Although standard mouse lines (especially BALB/c) have long been used for
monoclonal antibody production, the development of hyperimmune strains that
produce autoantibodies such as DiversimAb (Abveris, abveris.com, Canton, MA,
USA) and others (Perry et al. 2011; Lee et al. 2012), as well as mice that overexpress
the neonatal Fc receptor (Cervenak et al. 2015; Schneider et al. 2015) has proven to
be useful in generating immune responses to antigens with high homology to
endogenous mouse proteins. Additionally, tolerance issues should be precluded in
knock-out mice that do not express channels of interest (Hrabovska et al. 2010) and
strains lacking KCNA3, KCNA5, and KCNN4 genes all appear to be viable (London
et al. 2001; Koni et al. 2003; Begenisich et al. 2004). Finally, in addition to
engineered mouse strains, evolutionary distant species provide another option to
overcome tolerance mechanisms. Chickens, in particular, are capable of generating
high-affinity antibodies against broad sets of epitopes on mammalian proteins
(Abdiche et al. 2016; Bednenko et al. 2018). Indeed, Bednenko and co-workers
identified 9 functional anti-Kv1.3 mAbs following immunization of a single animal
with full-length Kv1.3 expressed recombinantly in T. thermophila (Bednenko et al.
2018) (Sect. 4.1).

524 J. Bednenko et al.

http://abveris.com


Along with chickens and mice, other species have garnered attention from ion
channel researchers based on their ability to generate antibodies with unusual
structures. In cows, for example, roughly 10% of antibodies contain ultra-long
CDRH3 heavy chain loops with protruding “stalk-and-knob” structures that extend
away from the main antibody scaffold and play a predominant role in antigen
binding (Wang et al. 2013; Dong et al. 2019; Stanfield et al. 2018, 2020).
Researchers have explored the use of these unique structures in the development
of broadly neutralizing therapeutic antibodies against HIV (Sok et al. 2017). Fur-
thermore, the “knob” domains of cow antibodies have been modified to incorporate
various polypeptides including protease inhibitors and cytokines, as well as peptide
toxins that have been shown to block the activity of Kv1.3 (Zhang et al. 2013a, b;
Liu et al. 2015; Wang et al. 2016).

In camelids (i.e., llamas, alpacas, and camels) and cartilaginous fish (sharks), a
subset of immunoglobulins (or immunoglobulin-like molecules in the case of
sharks) is entirely devoid of light chains (Könning et al. 2017). The variable domains
of these heavy chain-only isotypes (referred to as VHHs, or nanobodies, in camelids
and V-NARs, for New Antigen Receptors, in sharks) represent autonomous antigen-
binding units. While having different evolutionary origins (Flajnik et al. 2011;
English et al. 2020), camelid nanobodies and V-NARs share an immunoglobulin-
like fold along with a number of other features including small size (12–15 kDa),
protruding CDR3 loops (up to 40 amino acids in length), enormous structural
diversity, modular design, and high stability and solubility (Könning et al. 2017;
Mitchell and Colwell 2018; Feng et al. 2019). Camelid VHH genes are highly
homologous to human VH genes while shark V-NARs arose from a
non-immunoglobulin lineage. Generally, camelid nanobodies exhibit low immuno-
genicity in humans but nevertheless require humanization (Vincke et al. 2009), a
process which is far more challenging for V-NAR sequences (Steven et al. 2017).

Over the past decade, camelid nanobodies have dominated the single-domain
antibody discovery field and are viewed as next generation tools for use in medical
and biotechnological applications (Hoey et al. 2019). Nanobody-derived products
are at various stages of clinical development and at least one (caplacizumab; Cablivi)
received FDA approval in 2019 for treatment of acquired Thrombotic Thrombocy-
topenia Purpura (aTTP) (Hanlon and Metjian 2020; Jovčevska and Muyldermans
2020; Kaplon et al. 2020). A number of promising shark single-domain antibodies,
including a V-NAR against the ion channel, P2X3, are currently in preclinical
development (English et al. 2020; ww.ossianix.co.uk).

As with bovine antibodies, single-domain entities can access buried epitopes,
such as enzyme active sites and, potentially, the transmembrane pores of ion
channels. Small size, high tissue/tumor penetration, and fast renal clearance make
single-domain antibodies particularly useful for in vivo diagnostics. To enable half-
life extension (HLE) for therapeutic purposes, nanobodies have either been
PEGylated, engineered in a bivalent or multivalent format with an albumin-binding
domain, or fused to human antibody scaffolds containing the Fc domain. For
example, trivalent anti-P2X7 and anti-Kv1.3 nanobodies with extended half-lives
have been developed that contain two identical channel blocking domains linked to
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an anti-albumin binding domain (Danquah et al. 2016; Stortelers et al. 2018). Other
examples of engineered multivalent nanobodies include a biparatopic dimer
targeting distinct epitopes of CXCR2 (Bradley et al. 2015) and an engineered fusion
of the anti-mGluR1 IgG with the blood brain barrier-penetrating nanobody FC5
(Webster et al. 2016).

As indicated above, regardless of the species, antibodies developed in animals
must be humanized in order to limit immunogenicity in therapeutic applications.
This is a complex process and often needs to be coupled to affinity maturation. An
alternative strategy relies on the immunization of transgenic animals carrying human
immunoglobulin loci (Green 2014). The first rodent strains that utilized this
approach, the HuMAbMouse® and XenoMouse® (Lonberg et al. 1994; Mendez
et al. 1997), produced fully human antibodies, while subsequent versions (the
OmniRat and VelocImmune mouse) focused on substituting human variable
domains for the rodent versions without modifying rodent constant regions allowing
for a more efficient immune response in immunized animals (Osborn et al. 2013;
Murphy et al. 2014). Following hit identification, human constant regions are
appended to fully human variable regions using standard molecular biology tools.
To date, more than 20 monoclonal antibodies discovered in transgenic mice have
been approved by the FDA (Lu et al. 2020) and many different species – rats,
chickens, cows – have been transformed to create human antibody-producing
factories. Some humanized commercial platforms not listed above include
IntelliSelect (kymab.com), OmniMouse, OmniChicken, OmniFlic, OmniClic
(omniab.com), H2L2 Mouse and HCAB (harbourantibodies.com), Trianni mouse
(Trianni) and Tc-bovines (sabbiotherapeutics.com).

As a way around animal immunization, investigators have the option to screen
combinatorial libraries that display variable regions of antibodies on the surfaces of
either phage particles or microbial cells (bacteria or yeast) to screen for potential
binders to K+ channels of interest. Surface display technologies have been in
widespread use for more than two decades and have seen enormous advancement
in both the underlying display platforms and types of molecules that are displayed,
and in the case of antibodies, allow the user to mine vast numbers (on the order of
1012 or more) of heavy and light chain pairings from naïve or immune animals, while
at the same time, have access to their sequence information.

Variations on the types of surface display platforms and their relative advantages
and disadvantages are too great to adequately cover in this chapter, although several
excellent reviews are available in the literature (Almagro et al. 2019; Kunamneni
et al. 2020; Ministro et al. 2020). Briefly, the libraries themselves are classified as
immune, naïve, synthetic and semi-synthetic depending on the source material and
the way in which the libraries are constructed. Naïve libraries are antigen indepen-
dent and are constructed from non-rearranged V gene segments from humans or
animals, as well as synthetic and shuffled V genes. In some respects, they are
considered “universal” libraries since they are used to screen for binders to essen-
tially any target. Immune libraries, on the other hand, are constructed from humans
or animals that have been immunized or are expected to contain antibodies against
specific proteins as a result of a medically relevant condition. While these are
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typically more circumscribed in their overall sequence coverage, VH and VL regions
have already undergone gene rearrangement and somatic hypermutation in vivo,
thereby increasing the likelihood of identifying high affinity binders to the antigen of
interest. By contrast, identification of antibody fragments with high binding activity
displayed on naïve, synthetic, or semi-synthetic libraries often depends on the size of
the library being screened. As suggested by their names, much of the diversity of VH

and VL domains in synthetic and semi-synthetic libraries is generated artificially
through oligonucleotide synthesis and/or random in vitro assembly of V and DJ gene
segments. In either case, such libraries are commercially available and can be mined
in-house or on a fee-for-service basis using commercial suppliers.

One of the inherent issues with combinatorial antibody display libraries has been
the non-native pairing of heavy and light chains generated during library construc-
tion that can give rise to antibodies having lower affinity and selectivity than bona
fide immunoglobulins produced in response to immunization. Additionally,
non-natively paired immunoglobulin can be prone to less than desirable biophysical
properties (e.g., aggregation, etc.) although more recent engineering approaches to
library design and construction have mitigated these drawbacks. Using a novel
single-cell emulsion and oligo-dT mRNA capture approach, Wang and co-workers
have recently succeeded in retaining the native VH and VL pairings in scFv
expressing yeast display libraries prepared from human patient plasmablasts
(Wang et al. 2018). This approach yielded broadly neutralizing antibodies against
HIV, as well as high-affinity antibodies to the Ebola virus glycoprotein and influenza
HA (Wang et al. 2018) and will likely have numerous applications in antibody
discovery in the future.

3.5 Functional Screening Assays

Following generation of anti-K+ channel antibodies in immunized animals, or,
alternatively, interrogation of surface display antibody libraries, screening to identify
mAbs with desired characteristics typically requires a multi-tiered approach. Gener-
ally, initial antibody screening establishes specificity and identifies binders that
recognize the target K+ channel. Protein-based binding assays such as ELISA and
HTRF-FRET are highly sensitive, amenable to high throughput and can be used to
screen unpurified samples such as hybridoma supernatants and bacterial periplasmic
extracts. However, cell-based assays (e.g., flow cytometry) using either endogenous
or recombinant cell lines expressing the K+ channel of interest in a more physiologi-
cally relevant conformation can offer a significantly more robust method to identify
surface binders that are more likely to modulate channel function. Nevertheless,
while the latter is typically viewed as superior to the former, this is not always the
case where, for example, antibodies bind an exposed epitope on a purified protein
preparation in an ELISA format that is not necessarily exposed on cells owing to the
particular state of the channel.

Identification of antibody binders is typically followed by functional screening to
isolate clones capable of modulating K+ channel function. Analytical methods used
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for functional screens can be broadly divided into ion flux-based assays and electro-
physiology that directly measures electrical currents produced by potassium ion
movement through the channel. Ion flux assays include methods that use radioactive
tracers such as 86Rb that can pass through K+ channels and can be detected by atomic
absorption spectrometry (Karczewski et al. 2009). However, hazards associated with
radioactivity can make these assays inconvenient to perform (Gill et al. 2003; Yu
et al. 2016) and alternative methods using ion sensitive dyes have been developed
and are preferable for some laboratories. For example, K+ channels are also perme-
able to thallium (Tl+) ions, and Tl+-sensitive dyes have been developed and applied
to K+ channel screens (Weaver et al. 2004). In Tl+-based ion flux assays, cells
expressing the K+ channel of interest are initially loaded with a non-fluorescent,
Tl+-specific, and membrane permeant reporter dye such as the BTC-AM or
FLUXOR. Tl+ is added to the medium and, following stimulation, flows through
the open channel, activating the dye, thereby generating a fluorescent signal that can
be measured by imaging plate-readers (Beacham et al. 2010). Tl+ flux assays have
been used to identify modulators of multiple types of K+ channels including voltage-
gated (Cheung et al. 2012; Yu et al. 2016) inward rectifier (Wang et al. 2011;
Kaufmann et al. 2013; Wydeven et al. 2014; Swale et al. 2016), two-pore domain
(Sun et al. 2016; Wright et al. 2017), and KCa channels (Jørgensen et al. 2013).

An alternative method of detecting ion flux is based on monitoring the change of
membrane potential induced by movement of ions across the membrane using a
voltage-sensitive dye. Multiple voltage-sensitive dyes utilizing different
mechanisms have been developed (Miller 2016) and include: (1) electrochromic
probes such as amino-naphthyl ethenyl-pyridinium (ANEP) dyes whose fluores-
cence spectra change in response to changes in the surrounding electric field. ANEP
dyes can detect sub-millisecond membrane potential changes, but typically suffer
from low sensitivity; (2) lipophilic redistribution dyes (e.g., oxonol dye DiBAC4)
that have superior sensitivity, but slower response times; and, (3) fluorescence
resonance energy transfer (FRET) based probes which typically combine high
sensitivity with fast response times (Yuan et al. 2013). Additionally, a new type of
voltage-sensing dye has been developed in recent years that utilizes a photo-induced
electron transfer (PET) mechanism (Kulkarni et al. 2016).

The direct measurement of electrical currents by patch-clamp electrophysiology
is still generally considered the gold standard for ion channel research, with the
whole-cell patch-clamp configuration being widely used for investigating ion
channels and membrane potential. The whole-cell patch-clamp technique uses a
glass micropipette electrode to form a high resistance seal with the cell membrane
allowing it to record and manipulate ionic current across the whole-cell membrane
(Liu et al. 2019). The inherent flexibility of manual patch recording makes it ideal for
characterizing ion channel functional properties as well as investigating mechanisms
of action of modulating compounds. Indeed, several modulating antibodies targeting
K+ channels have been successfully characterized using manual patch clamp
techniques including Kv1.3 (Bednenko et al. 2018) and Eag1 (Gómez-Varela et al.
2007). For screening purposes, manual patch clamp is hampered by several factors
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including the fact that it is labor-intensive, can only be performed by highly trained
experimentalists, and has relatively low throughput.

To meet the demand for large-scale screening of drug candidates, several
automated patch clamp systems have been developed that can be divided into two
types, based on their patching system (Dunlop et al. 2008; Annecchino and Schultz
2018). The first type inherited the glass micropipette of conventional patch clamp
and includes Flyscreen, AutoPatch, and roboPatch for mammalian cells, and the
robocyte17 and OpusXpress 6000A for Xenopus oocytes. More popular automated
platforms use micro-fabricated planar electrode-based patch clamp that replaces the
glass micropipette in conventional patch clamp and include IonWorks Barracuda
and PatchXpress from Molecular Devices (Xu et al. 2003; Kuryshev et al. 2014;
Cerne et al. 2016), Patchliner and Syncropatch 384/786i from Nanion (Farre et al.
2009; Obergrussberger et al. 2018), and QPatch and Qube 384 from Sophion
(Asmild et al. 2003; Chambers et al. 2016).

Compared to manual patch clamp, the appeal of automated platforms is their
semi-high throughput capabilities that enable compound library screening or acqui-
sition of multiple data points in a single experiment. Nevertheless, automated
systems suffer from some limitations including compatible cell types (typically
recombinant as opposed to primary), inability to establish long recording times
and generally lower quality recordings compared to manual patch (Annecchino
and Schultz 2018), though the latter continues to improve in association with
platform advancements (Bell and Dallas 2018). Based on their respective advantages
and disadvantages, automated platforms are typically involved in early drug discov-
ery while confirmation and in-depth characterization of compounds of interest rely
on manual patch clamp techniques.

It is important to note that whichever approach is used, screening antibodies has
at least two unique challenges. First, any functional effect bestowed by an antibody
can reasonably be expected to be directly related to the kinetics of association and
dissociation from the target on a timescale that will likely be represented in minutes
not seconds as is typically observed with small molecule modulators. Second, a
number of antibodies targeting K+ channels demonstrate some level of state-
dependency (e.g., Kv1.3 [Colussi, personal communication], Eag1 [Gómez-Varela
et al. 2007]) that should be considered when designing screening experiments in
order to mitigate the potential of false-negative results. Such state-dependency may
depend on expression of the channel in its native context and be missed completely
in recombinant cell lines.

4 Current Status of the Field

Despite the challenges associated with antibody generation and screening, successful
attempts to produce antibodies that can modulate the activities of K+ channels have
been made. While these antibodies are at various stages of clinical development, we
fully anticipate that therapeutic antibodies targeting K+ channels will find their way
into clinical use for a wide range of human diseases in the not too distant future.
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4.1 Kv1.3

Based on its essential role in the activation and proliferation of chronically
stimulated effector memory T-cells (TEM cells), the voltage-gated Kv1.3 channel is
a well-established drug development target for autoimmune and inflammatory
diseases such as type 1 diabetes, psoriasis, and rheumatoid arthritis (reviewed in
Feske et al. 2015; Chandy and Norton 2017). Additionally, Kv1.3 is expressed in a
variety of other blood cells including platelets (McCloskey et al. 2010; Feske et al.
2015; Fan et al. 2020) where it is thought to play a role in platelet-dependent
thrombosis (see below). It is also considered a key therapeutic target for
neuroinflammatory diseases (Wang et al. 2020) and there is accumulating evidence
that inhibition of the Kv1.3 channel may be beneficial in cancer therapy (Teisseyre
et al. 2019). While a variety of small molecules, peptides, and peptide/antibody
fusions have been reported to downregulate Kv1.3 activity (Schmitz et al. 2005;
Wang et al. 2016; Chandy and Norton 2017), there remains a substantial need for
selective anti-Kv1.3 monoclonal antibodies that can be used therapeutically in
humans.

To develop antibodies against the Kv1.3 channel, Bednenko et al. utilized a
powerful Tetrahymena thermophila protein expression system to express and purify
multi-milligram quantities of Kv1.3 formulated as particulate antigens on
polysterene beads, magnetic beads, or proteoliposomes (Bednenko et al. 2018).
Two phylogenetically diverse species, chickens and llamas, were used to generate
antibodies. Chickens were immunized with Kv1.3-containing proteoliposomes, and
individual B-cell clones were screened for the production of antibodies against
Kv1.3 displayed on magnetic or polystyrene beads using gel-encapsulated microen-
vironment (GEM) assays (Izquierdo et al. 2016). Llamas were immunized with a
DNA vaccine encoding Kv1.3 and boosted with Kv1.3 proteoliposomes, followed
by construction of phage libraries displaying single-chain variable-region antibody
fragments (scFv) with non-native heavy and light chain pairings. Libraries were then
screened using recombinant Kv1.3 linked to beads to identify scFv clones with
binding activity. Finally, chicken antibodies or llama scFv fragments were used to
construct chimeric scFv-Fc clones that were analyzed by whole-cell patch clamp
electrophysiology with L929 mouse fibroblasts transiently expressing human Kv1.3.
Nine chicken and one llama antibody were found to inhibit Kv1.3 activity by
44–82% within 10 min of antibody addition. Select antagonist mAbs demonstrated
high potency (IC50 < 10 nM), cross-reactivity to rat and cynomolgus monkey
Kv1.3, and significant selectivity over related Kv1.x family members, hERG and
Nav1.5.

In independent studies with llamas, genetic immunization enabled the production
of nanobodies that successfully blocked Kv1.3 function as demonstrated by electro-
physiology (Steeland et al. 2016; Stortelers et al. 2018). These nanobodies
recognized the first extracellular loop (ECL1) of Kv1.3 and cross-reacted with rat
and cynomolgus monkey Kv1.3 channels. In addition, they displayed functionality
in primary T cell assays. Formatting monovalent nanobodies into bivalent and
trivalent constructs resulted in increased potency. Additionally, a construct
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comprised of two monovalent nanobody components and one albumin-binding
nanobody component (Nb12–12-alb11) was created, and it demonstrated efficacy
in vivo in a rat delayed-type hypersensitivity model.

Recently, Fan and co-workers utilized mouse hybridoma technology to develop a
monoclonal antibody (6E12#15) against a 14 amino acid peptide
EADDPTSGFSSIPD corresponding to a portion of the extracellular loop 3 (ECL3)
of human Kv1.3 (Fan et al. 2020). This antibody recognized both the human and
mouse Kv1.3 channels and inhibited their activity in transfected HEK293 cells.
Consistent with the important role Kv1.3 plays in the regulation of membrane
potential and calcium signaling in platelets (McCloskey et al. 2010), mAb
6E12#15 inhibited aggregation, adhesion, and activation of platelets isolated from
humans and wild-type mice but not mice lacking the KCNA3 gene. Moreover,
6E12#15 impaired platelet-driven thrombus formation when injected into wild-
type, but not KCNA3 knock-out mice, opening up the possibility for developing
therapeutics for the treatment of platelet-dependent thrombosis.

4.2 Kv10.1

Kv10.1, or Eag1, belongs to the ether-á-go-go (EAG) subfamily of voltage-gated K+

channels and it is recognized for its pathological overexpression in solid tumors
(Cázares-Ordoñez and Pardo 2017; Barros et al. 2020). In healthy human tissues,
Kv10.1 is primarily expressed in the brain. Kv10.1 is implicated in a variety of
cellular processes, including proliferation, migration, and adhesion, as well as cell
cycle progression. In addition, Kv10.1 has been genetically linked to two develop-
mental disorders, Temple-Baraitser syndrome and Zimmermann-Laband syndrome
(Kortüm et al. 2015; Simons et al. 2015).

In the search for specific inhibitors of Kv10.1 that did not interfere with the
function of other EAG family members such as Kv10.2 and Kv11.1 (hERG),
Gómez-Varela et al. developed a monoclonal antibody, mAb56, using standard
mouse hybridoma technology (Gómez-Varela et al. 2007). A 79 residue ECL3
sequence fused to the C-terminal Kv10.1 tetramerization domain was used to
immunize mice (Hemmerlein et al. 2006). Following hybridoma construction,
mAb56 was selected based on its ability to bind Kv10.1 and to inhibit Kv10.1
activity, but not hERG currents in whole-cell patch clamp experiments with Kv10.1-
expressing HEK293 cells (~40% inhibition of current amplitude with an IC50 of
~73 nM). mAb56 displayed cross-reactivity with rat and mouse Kv10.1, and its
cognate epitope has been mapped to a linear peptide, GSGSGKWEG, near the
middle of ECL3. Consistent with a role for Kv10.1 in cancer, mAb56 has been
shown to decrease proliferation of cancer cells in vitro and to reduce tumor growth in
mouse xenograft models (e.g., MDA-MB-435S human breast cancer cell xenografts;
PAXF1657 pancreatic cancer patient-derived xenografts). The mAb56 antibody is
commercially available through Sigma-Aldrich (catalog # MABN378) and has been
used as a highly selective Kv10.1 inhibitor for research purposes (Chen et al. 2011;
Hernández-Reséndiz et al. 2020).
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Ideally, therapeutics against cancer should not only reduce tumor growth, but also
mediate cancer cell death. Toward that end, Hartung et al. designed an anti-Kv10.1
antibody fusion with TRAIL (tumor necrosis factor-related apoptosis-inducing
ligand) with the goal of inducing apoptosis in Kv10.1-positive cancer cells (Hartung
et al. 2011, 2020; Hartung and Pardo 2016). In the first set of studies, mAb62
antibody, which was selected in the same immunization campaign as mAb56
(Hemmerlein et al. 2006; Gómez-Varela et al. 2007), was used as a template to
generate the single-chain variable fragment, scFv62, and then a trimeric scFv62-
TRAIL fusion. mAb62 has been shown to interact with Kv10.1, but not with its
closest relative Kv10.2. Unlike mAb56, however, mAb62 did not inhibit Kv10.1 K+

currents, and its linear epitope, DYEIFDEDT, was located within the N-terminal
portion of ECL3, proximal to the mAb56 epitope. The scFv62-TRAIL fusion
induced apoptosis in cancer cells when used in combination with cytotoxic drugs,
such as doxorubicin (Hartung et al. 2011; Hartung and Pardo 2016).

A third antibody with high affinity for ECL3 of Kv10.1, VHH-D9, was developed
by immunization of llamas with a Kv10.1 ECL3-containing construct similar to the
one used in the mAb56 and mAb62 development campaigns. This single-domain
antibody (nanobody) was then fused to three TRAIL-encoding sequences in tandem
to produce the potent apoptosis-inducing construct VHH-D9-scTRAIL (Hartung
et al. 2020). Together, these studies suggest a promising approach to cancer therapy
that utilizes antibody fusion constructs to target pro-apoptotic factors (in this case
TRAIL) to the surface of tumor cells.

4.3 Kv11.1 (hERG)

Another member of the EAG subfamily, Kv11.1 (in humans, referred to as hERG),
plays a fundamental role in cardiac repolarization. While hERG is also ectopically
expressed in many types of cancer cells and may play a role in cancer progression
(He et al. 2020), suppression of Kv11.1 function in vivo, either by genetic mutation
or, in some cases, by administration of small molecule drugs, can lead to the
potentially fatal long QT syndrome (Barros et al. 2020; Garrido et al. 2020). Since
the vast majority of drugs associated with QT prolongation have been shown to
interact with hERG, lead compounds are counter-screened against human Kv11.1
early in drug discovery to rule out potential interactors.

Despite this, antibodies against hERG that specifically recognize intracellular
epitopes within the N-terminal portion of the protein have been developed as
biochemical, immunofluorescence, and electrophysiological tools (Hausammann
et al. 2013; Harley et al. 2016). In the first instance (Hausammann et al. 2013),
mice were immunized with the purified full-length hERG expressed in Spodoptera
frugiperda Sf9 cells. Twelve hERG-specific monoclonal antibodies were identified
based on their ability to bind hERG in detergent-permeabilized hERG-expressing
CHO cells. Most antibodies in this series recognized linear epitopes within the
intracellular region spanning amino acid residues 130 through 320 corresponding
to the disordered linker region between the N-terminal Per-Arnt-Sim (PAS) domain
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and the voltage-sensor domain. Antibodies developed in this study were utilized to
develop sensitive ELISA-based protocols for quantification of hERG in cell lysates
and membrane preparations.

Harley and colleagues developed and characterized single-chain variable
fragments recognizing the PAS domain of Kv11.1 (Harley et al. 2016). In this
case, a phage display library containing scFv fragments derived from chickens
immunized with the N-terminal region of the protein (amino acid resides 1–135)
was screened with the purified PAS domain. Following biochemical and functional
characterization of various scFv fragments, two clones, designated scFv 2.10 and
scFv 2.12, were selected. Both were able to modulate hERG activity in whole-cell
patch electrophysiology assays when delivered into the cytoplasm of either hERG-
expressing HEK293 cells or stem cell-derived human cardiomyocytes via the patch
pipette. Interestingly, both antibodies appeared to augment hERG channel activity
although by different mechanisms, consistent with them interacting with two differ-
ent regions in the PAS domain.

4.4 TASK3

The TWIK-related Acid-Sensitive K+ channel 3 (TASK3) is a member of the K2P
family of potassium channels expressed primarily in the central nervous system
(Bittner et al. 2010; Feliciangeli et al. 2015). TASK3 is also overexpressed in cancer
cells. Expression of the TASK3-encoding KCNK9 gene was found to be amplified
threefold to tenfold in ~10% of breast tumor samples (24 out of 247) and KCNK9
mRNA expression was elevated between 2 and >100-fold in 36% of lung tumors
and in 44% of breast tumors (Mu et al. 2003). Furthermore, wild-type TASK3, but
not the G95E mutant with minimal-to-no channel activity, promotes tumorigenesis
in mice, presumably by enhancing cancer cell survival under hypoxic or serum-
deprived conditions (Pei et al. 2003). Based on these findings, TASK3 has generated
interest as a potassium channel target for cancer therapy development.

To develop a monoclonal antibody against TASK3, Sun and colleagues (Sun
et al. 2016) took advantage of a specific structural feature of the K2P channels, a
large extracellular cap that extends above the selectivity filter (Brohawn et al. 2012;
Miller and Long 2012; Dong et al. 2015; Rödström et al. 2020). A 59 amino acid
region of the human TASK3 extracellular loop 1 corresponding to the cap-forming
domain was expressed in mammalian cells as a fusion protein with the Fc domain of
mouse IgG2a and then used to immunize mice (Sun et al. 2016). The most potent
monoclonal antibody, Y4 (an IgG1), demonstrated binding to human TASK3 with
sub-nanomolar affinity, cross-reactivity with mouse TASK3, and selectivity when
tested against other human K2P family members. Although no inhibitory effect on
channel activity was observed in electrophysiology experiments after relatively short
periods of incubation and recording (20 min), Y4 functionality was demonstrated in
ion flux assays using human TASK3-expressing HEK293 cells after preincubation
for >6 h. The delayed effect of Y4 is presumably due to antibody-induced internali-
zation of the channel which has been shown to occur in both recombinant TASK3-
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expressing HEK293 cells as well as in selected human and murine cancer cell lines
(Sun et al. 2016). Importantly, following prolonged incubation (24–72 h), the Y4
antibody resulted in decreased viability of TASK3-expressing cancer cells, an effect
exacerbated when the cells were grown in low serum. Furthermore, Y4 suppressed
tumor growth and metastasis in vivo when administered to mice (Sun et al. 2016).

5 Concluding Remarks

Targeting potassium channels with antibodies remains a challenging endeavor.
However, the ability to achieve high selectivity, potency, and favorable pharmaco-
kinetics using biologics that can modulate the activity of a wide range of K+ channels
implicated human disease make this approach well worth the effort. Indeed, the
growing list of functionally active K+ channel antibodies identified to date, along
with concomitant advances in target expression, formulation and methods for anti-
body discovery, suggests that this burgeoning field will continue to expand leading
ultimately to novel and effective antibody therapeutics.
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