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19.1 INTRODUCTION

The ability of the central nervous system (CNS) to receive,
integrate, and process information is dependent on the operation
of a finely tuned orchestra of receptors and ion channels that
reside at the surface of excitable cells. Among the ensemble at
the neuronal plasma membrane are many types of K* channels
that act together to control some of the most fundamental
determinants of excitable behavior, in particular, the frequency
and duration of action potentials and the resting membrane
potential (V). It is valuable therefore to understand the
structural basis for K* channel function, the role of K* channels
in physiology, and the factors that regulate K* channel activity in
health and disease. In this chapter, we consider the most recently
discovered family of mammalian K* channels, the predominant
contributors to background (leak) K* currents, the two-pore
domain K* (K2P) channels.

Encoded by 15 kcnk genes in humans (Figure 19.1a), K2P
channels open and close (gate) in response to a variety of stimuli,
including neurotransmitters, volatile anesthetics, and changes in
pH. K2P channels are recognized by their distinct body plan of
four transmembrane domains (TMD) and two-pore (P)-forming
loops in each subunit (Figure 19.1b). Another distinction of the
K2P channels is that they operate across the physiological voltage

range (Figure 19.1¢) and therefore influence both the shape of
excitable events at depolarized voltages and the stability of V
at hyperpolarized voltages below the firing threshold for action
potentials.

The kcnk genes were identified in the late 1990s, advancing
the study of background K* currents onto a molecular footing.
Now, nearly two decades on, a wealth of research and discovery
spanning the natural kingdom from yeast to man has propelled
K leak currents from insightful predictions by Hodgkin et al.
required to model neuronal biophysics (Goldman 1943; Hodgkin
et al. 1949) to K2P channels as identified mediators of the resting
state from which neuronal action potentials rise and return.

Here, we present an overview of K2P channels and the
regulatory pathways that modulate their roles in physiology; by
necessity, this is an image in time, because our understanding
of the mechanistic basis for their operation and the extent of
their responsibilities in vivo are still rapidly expanding. As we
consider individual K2P channels, it will become clear that a
great deal of work has focused on the nervous system, but this
should not mislead the reader; K2P channels are being discovered
to be important to normal functions and in disease pathogenesis
throughout the body, notably, in other excitable tissues like
the heart and skeletal muscle, organs such as the kidney and
pancreas, and even in circulating immune cells.
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Figure 19.1 Classification and operation of two-P domain channels. (a) A phylogenetic tree calculated to show the relatedness of the 15 K2P
subunits found in humans based on ClustalW alignments of the IUPHAR accession numbers for each clone (see http://www.iuphar-db.org/
DATABASE/VoltageGatedSubunitListForward). To date, functional expression has not been observed for K2P7, K2P12, and K2P15 (b). Left:
K2P subunits are integral membrane proteins with internal amino (N) and carboxy (C) termini, four TMDs (M1-M4), and two-pore-forming
(P)-loops. Middle: Current recorded from a Chinese hamster ovary cell heterologously expressing active K2P1 channels (in whole cell mode
with de-SUMOylating enzyme in the pipette). (Adapted from Plant, L.D., Proc. Natl. Acad. Sci. U.S.A., 107, 10743, 2010.) The inside of the cell
contains 140 mM K* and the external solution contains 4 mM K*. Right: The same cell recorded with 140 mM K* on both sides of the membrane.
(c). Mean current-voltage relationships for cells studied as in (b). Active K2P1 channels show open (GHK) rectification passing more outward
current under quasiphysiologic conditions (A, 4 mM external K*) and a linear current-voltage relationship with symmetrical 140 mM K* (a).

(d) Left: Fungal two-P domain subunits have eight TMDs. Middle: Current recorded from Xenopus laevis oocytes expressing TOK1 channels
studied in 2 mM (Middle) or 100 mM external K* (Right). (Adapted from Ketchum, K.A. et al., Nature, 376, 690, 1995.) (e) Current-voltage
relationships for the cell studied in panel D show outward rectification, that is, a shift of the potential where outward current is measured with
changes in the external concentrations of K* that accord with the Nernst potential for K* (Ey, as described in Table 19.1).

19.2 RESTLESS MEMBRANE
POTENTIAL

Even when neurons are electrically quiescent, the V), is never

truly at rest. Active transport proteins consume ATP to maintain
ionic imbalance across the plasma membrane so that the
concentration of Na* is low and the concentration of K* is high in
the cytoplasm relative to the extracellular solution (Table 19.1).
These ionic gradients are a repository of electrochemical energy
that is harnessed when excitable cells respond to physicochemical
stimuli. Thus, depolarization, temperature change, deformation of
the surface membrane, and increases in the local concentrations
of neurotransmitters are among the many stimuli that activate
(or inactivate) ion channels and use the energy stored in the
transmembrane ionic gradients to do the work of living cells.

When activation opens a channel conduction pore, large
numbers of select ions diffuse down their electrochemical
gradient to produce changes in cell behavior. Hence, in neurons,
action potentials are triggered when V), is depolarized to the
firing threshold. At threshold, voltage-gated Na* (Nay) channels
are activated and this allows Na* to rush into the cell. The influx
of Na* instigates greater depolarization, because additional Na,,
channels become active. This rising phase of the action potential
is regenerative and explosive. The phase is rapidly followed by fast
inactivation of the channels, a process that stops Na* flow and
allows the neuron to recover (repolarize) in preparation for the
next firing event.

Outward flow of K* repolarizes the neuron. Thus, voltage-
gated K* (K) channels activate in response to membrane

depolarization, like Nay channels, but with slower kinetics.

Ky channels therefore allow the rapid rise of the action

potential and then contribute to restoring Vy to resting levels
until they inactivate or close with repolarization. Since K2P
channels remain open during firing and recovery, net K* efflux
continues through these pores until the magnitude of negative
countercharge inside the cell is sufficient to balance the chemical
and electrostatic driving force favoring K* outflow.

The V where there is no net flux of K* through open
K#-selective channels is called the Nernst potential for K* (Ey) and
is usually around -95 mV in mammalian cells (Table 19.1). Typical
Nernst potentials in human cells for Na* (Ey,), Ca?* (E,), and
CI- (E() are 65, 120, and -90 mV, respectively, values that depend
on the concentration of the ion on either side of the membrane
and temperature in a manner described by the Nernst equation
(Table 19.1). The Vy of cells at rest is determined by the sum of the
Nernst potentials for the major ions scaled to reflect their relative
permeability across the membrane, as described by the Goldman—
Hodgkin—Katz (GHK) equation (Table 19.1). Typically, the
resting V; of mammalian cells is close to Ey, because K* channels
populate most surface membranes densely and K* currents flow via
K2P channels across the physiological voltage range.

Because different cells in the body express distinct types of ion
channels and because regulators modify the level of expression
and operation of ion channels, membrane permeability is
dynamic. Thus, the resting V), of neurons in dorsal root ganglia
ranges from ~-45 to -75 mV, depending on the experimental
condition (Baccaglini 1978; Puil et al. 1987; Wang et al. 1994;
Baumann et al. 1996). In addition to the background K* currents
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Table 19.1 Concentrations of free ions in mammalian skeletal muscle

Na* 145 12 12 67
Kx 4 155 0.026 -98
Ca? 1.5 107 M 15,000 129
Cl 123 4.2 29 -90

Cellular membrane potential is dependent on the internal and external concentration of ions and the relative
permeability of the membrane to each ion (Hille 2001). In many cells, resting V; is strongly influenced by the
magnitude of background K* currents. Equilibrium potentials for each ion (£x) are calculated using the Nernst

equation:

EX=E'IH%,

F  [X])

where
R is the Gas constant (1.987 cal K-! mol-!)
T is temperature in Kelvin
z is ionic charge
F is Faraday’s constant (9.648 x 10% C mol!)

vy < KT PAX), + PYY),
F o Px(X) + Py[Y)

[X], and [X]; are the external and internal concentrations of X, respectively

At physiological temperature (37°C), RT/zF is ~27 mV. The GHK equation shows that V), is determined by
the relative concentrations and permeabilities (P) of each ion, for example, X and Y

passed by K2P channels, Vy is also influenced by the activity

of other channels that are open at resting potentials. These
include K* currents passed by inwardly rectifying K* channels,
for example, in guinea pig ventricular myocytes (Sakmann

and Trube 1984), M-currents mediated by K,7.2 and K,/ 7.3
subunits in central and peripheral neurons such as those in frog
sympathetic neurons (Brown and Adams 1980) and rat dorsal
root ganglia cells (Delmas and Brown 2005), and chloride
currents observed in frog (Hodgkin and Horowicz 1959) and rat
(Blatz and Magleby 1985) skeletal muscle.

19.3 K2P POTASSIUM CURRENTS
SHAPE EXCITABILITY

Whereas the variety of Na, and Cay channels in individual
excitable cells is limited, the repertoire of K* channels

that shape electrical activity is broad. Channels that pass
background K* currents stabilize cells at hyperpolarized
membrane voltages, below the firing threshold (Goldman 1943;
Hodgkin et al. 1949). Regulatory stimuli that augment the
magnitude of background K* currents decrease excitability,

because V), moves closer to E¢ and larger depolarizations are
required to initiate action potentials. In contrast, inhibition

of background K* currents depolarizes V, allowing smaller
stimuli to initiate action potentials. In this manner, background
K* channels tune not only the magnitude of the stimulation
required to initiate an action potential but modify the shape,

frequency, and the magnitude of each spike (Hodgkin and
Huxley 1952; Jones 1989).

Many distinct stimuli regulate the activity of background K*
currents, including neurotransmitters (Siegelbaum et al. 1982;
Shen et al. 1992; Watkins and Mathie 1996), changes in pO,
(Buckler 1997; Plant et al. 2002), extracellular pH (Nattel et al.
1981), and pharmaceuticals such as volatile anesthetics (Nicoll
and Madison 1982; Plant et al. 2012). Although the physiological
significance of background K* currents had been appreciated
since the 1940s (Goldman 1943; Hodgkin et al. 1949), the
question of whether they were mediated by dedicated pathways
or accumulated through the operation of other processes and
membrane damage was not resolved until the mid-1990s.

19.4 FUNGAL TWO-PORE
DOMAIN K* CHANNELS

Two-P domain K* subunits were identified in the genomes

of the budding yeast Saccharomyces cerevisiae and nematode
Caenorbabditis elegans (Ketchum et al. 1995). Each subunit of

the yeast channel, called TOK1 (for two-P domain, outwardly
rectifying, K* channel 1), has two reentrant P-loops and eight
TMDs, whereas subunits in the roundworm have two P-loops and
four TMDs like their congeners in higher organisms (Figure 19.1).
Subunits with two P-loops and four TMDs were described shortly
thereafter in Drosophila melanogaster (Goldstein et al. 1996) and
in mammals (Lesage et al. 1996; Plant et al. 2005).
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To date, TOK-like channels with eight TMDs have been
identified only in fungi—S. cerevisiae (Ketchum et al. 1995),
the bread mold Newurospora crassa (Roberts 2003), and the
opportunistic pathogen Candida albicans (Baev et al. 2003). In
addition to their unique subunit architecture, TOK channels are
novel for passing large outward K* currents when the membrane
is depolarized above Ey but little or no inward currents when the
V is below Ey (Ketchum et al. 1995) (Figure 19.1d).

Even though the V,; of S. cerevisiae is determined primarily
by the transmembrane gradient of protons rather than K, an
important role for TOK1 in fungal physiology was highlighted
by a surprising view into biological competition between yeast
populations. Yeast cells infected with RNA killer virus release
K1 killer toxin, a peptide that activates TOK1 channels, causing
fatal efflux of K* from virus-free neighbors yeast (Ahmed et al.
1999). In contrast, virus-positive cells are immune because
internal K1 killer toxin blocks TOKI channels, suppressing the
action of external toxin (Sesti et al. 2001). Consistent with these
observations, excess K* efflux is toxic for yeast cells engineered to

overexpress the TOK1 channel (Loukin et al. 1997).

19.5 K2P CHANNELS IN
INVERTEBRATES PASS
BACKGROUND CURRENTS

Two-P domain K* subunits with four TMDs are now called K2P
channel subunits. K2P@, encoded by kcrnkd, was cloned from a
D. melanogaster neuromuscular gene library and shown to exhibit

the functional properties expected for background K* channels
(Goldstein et al. 1996; Zilberberg et al. 2000, 2001; Ilan and
Goldstein 2001). At first called dORK channels, to reflect their
identification in D. melanogaster and operation as openly rectifying
and K*-selective leak pores, both the cloned channels and native
background currents show GHK (or open) rectification—that

is, the simple property of an ion-selective pore to pass permeant
ions more readily across the membrane from the side of higher

ion concentration to the side of lower concentration (Figure 19.1).
Thus, intracellular K* is higher than extracellular and this favors
K* efflux. Also like native background currents, cloned K2PQ
channels expressed in experimental cells open and close with little
or no dependence on voltage and time. D. melanogaster is now
known to have 11 kcrk genes (Adams et al. 2000; Littleton and
Ganetzky 2000) and K2P@ channels have been described to play
a role in the circadian locomotor thythms of fruit flies (Park and
Griffith 2006) as well as in control of their cardiac thythms by
determining the slow diastolic depolarization phase of the heartbeat
(Lalevee et al. 2006).

The nematode C. elegans has 47 genes that encode K2P
subunits (Salkoff et al. 2005; Yook et al. 2012). This remarkable
inventory is posited to represent a large number of rapidly evolving,
nonconserved channels unique to C. elegans. This hypothesis
is supported by the observation that there is poor conservation
between the genes in C. elegans and the closely related roundworm
C. briggsae (Salkoff et al. 2005). Genetic studies of C. elegans have
determined that many of the channels are expressed in one neuron,
or just a few, and that expression can be dynamic, allowing for
fine, responsive control of excitability (Salkoff et al. 2001).

19.6 TWO-PORE DOMAIN
K* CHANNEL SUBUNITS
IN MAMMALS

In the decade that followed the identification of two-P domain
channels in yeast, worms, and fruit flies, 15 kcnk genes for K2P
channel subunits were identified in the genomes of human,

rat, and mouse (Figure 19.1a). The mammalian channels were
initially named according to the biophysical, physiological,

or pharmacological attributes of the currents that they passed
(Table 19.2). However, discrepant observations in different

species and experimental systems encouraged adoption of a formal
nomenclature in 2005 (Plant et al. 2005). While proteins encoded
by kcnk genes are now called K2P subunits (and numbered to match
their encoding gene, thus kcnkl and K2P1), original descriptive
names remain useful in ongoing efforts to correlate cloned channels
and the background K* currents they mediate in native cells.

K2P channels fall into seven subfamilies based on sequence
homology, and the channels in each subfamily are discussed later.
To date, no currents have been reported to pass through three of
the channels when they are expressed in experimental cells, K2P7,
K2P12, and K2P15.

Consistent with studies of native leak currents, the operation
of K2P channels is tightly controlled by a plethora of regulators
(Goldstein et al. 2001). Regulatory pathways that decrease K2P
channel activity by decreasing the density of channels at the
cells surface, by blocking the conduction pore, or by reducing
current magnitude due to lowered single channel conductance,
open probability or altered ion selectivity, serve to increase
cellular excitability. Reciprocally, those regulators that increase
the activity of K2P channels increase the permeability of the
membrane to K* and dampen excitability.

19.7 STRUCTURE OF K2P CHANNELS

Mammalian K2P channels have the membrane topology and
subunit stoichiometry demonstrated for K2P@ channels: each
subunit has two P-loops and four TMDs, the amino- and
carboxy-termini reside in the cytoplasm, and channels operate as
homodimers (Lopes et al. 2001; Kollewe et al. 2009; Plant et al.
2010) or heterodimers (Berg et al. 2004; Plant et al. 2012).

Initial insights into the 3D structure of K2P channels came
from homology models that were based on K* channels with
known x-ray structures and constraints defined by observations
of K2P channels in action. Thus, a model of K2P@ was produced
using the crystal structure of the K1.2 channel and 23 pairs of
residues in K2P@ channels that were inferred by serial substitution
analysis to interact directly based on second-site electrostatic
compensation; the model predicted K2P@ channels to employ
two subunits, arranged to form a single pore, with a K* selectivity
filter that had fourfold symmetry (even though it was lined by
the nonhomologous P1 and P2 loops from each subunit), and to
have a channel corpus with bilateral symmetry, as expected for a
channel complex formed by two subunits (Kollewe et al. 2009).

The strategy used to develop a homology model for K2P3
utilized the crystal structure of an aracheal K* channel, K,AP, and
the impact of serial alanine mutagenesis of K2P3 on pore blockade
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K2P1 kcnkl TWIK1 hOHO

K2r2 kcnk2 TREK1 TPKC1

K2P3 kcnk3 TASK1 TBAK1, OAT1
K2Pr4 kcnk4 TRAAK KT4

K2P5 kcnkS5 TASK2

K2P6 kcnkG TWIK2 TOSS

K2P7 kcnk7 kcnk8

K2P9 kcnk9 TASK3

K2P10 kcnkl0 TREK2

K2P12 kcnkl2 THIK2

K2P13 kcnkl3 THIK1

K2P15 kenkl5 TASK5 kenkl 1, kcnkl4
K2P16 kcnkl6 TALK1

K2P17 kcnkl7 TALK2 TASK4

K2P18 kcnkl8 TRESK1

K2P channels are named according to IUPHAR nomenclature (see http://www.
iuphar-db.org/DATABASE/VoltageGatedSubunitListForward). HUGO (Human
Genome Organization) designations for each gene are also listed. It is customary for
gene names to be in capital letters for human genes (KCNKI1), in lower case for rat
genes (kenkl), and in italics for mouse genes (kcrkl). Common names refer to a
biophysical or pharmacological property from an early report.

to infer residues exposed in the ion conduction pathway (Streit
et al. 2011). Supporting the predictions of the models of K2PQ

and K2P3, the separate studies identified pore-lining residues in 3;:53/;
common even though the two channels do not share a high degree domain

of sequence homology (Kollewe et al. 2009; Streit et al. 2011).

In 2012, x-ray structures were reported for human K2P1
(Miller and Long 2012) and K2P4 (Brohawn et al. 2012) at
~3.8 A and appear to show the open state of the channels. As
predicted by the homology models, both crystal structures
revealed a fourfold symmetric ion conduction pore within a
bilaterally symmetric channel corpus. Unexpectedly, the first
external loop of each subunit was observed to extend ~35 A
beyond the outer leaflet of the plasma membrane to form a
cap-domain above the outer mouth of the pore, bifurcating the
entry to the K* conduction pathway. The cap-domain seen in
both K2P1 and K2P4 has not been described in other channels
and may explain failure of pore-blocking peptide neurotoxins to
act on K2P channels due to limited access.

The crystal structure of K2P1 predicts a C-helix that follows
directly from the final (M4) TMD and runs close to the
intracellular lipid interface in K2P1 (Miller and Long 2012). In
K2P4, an analogous helix is modeled as part of the second (M2)
TMD (Brohawn et al. 2012). A role for these segments in gating
was proposed based on their location below the conduction pore
in the structure and previous reports that mutation of residues in
the domains modified K2P channel activity.

In 2013, the structure of human K2P4 was obtained at higher
resolution by crystallization of the channel in complex with a Fab
antibody fragment (Figure 19.2). The new structure at 2.75 A

(b)

Figure 19.2 A 3D structure of K2P4 channels. (a) A ribbon representation
of the x-ray structure of human K2P4 resolved at 2.75 A. (Adapted from
Brohawn, S.G. et al., Proc. Natl. Acad. Sci. U.S.A., 110, 2129, 2013.) Fab
fragments used to stabilize the protein have been removed for clarity.
The channel is viewed from the membrane plane with one subunit in red
and the other in blue, K* ions are shown in green, and the boundary of
the membrane is in gray. Loops for which structure was not resolved are
suggested by dashed lines. (b) A view of the channel rotated by ~45°
demonstrating the unique domain swap wherein the outer pore helix
interacts with the inner helix from the other subunit rather than its own.
Note also the ~35 A cap-domain above the outer mouth of the pore that
bifurcates the entrance to the K* conduction pathway.

showed a novel arrangement not apparent at lower resolution:
in contrast to other K* channels of known structure, each of the
four outer pore helices of K2P4 was modeled to interact with
the inner helix from the other subunit, an unexpected means for
intersubunit communication (Brohawn et al. 2013). In addition,
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one of two lateral portals exposing the ion conduction pore to
the hydrophobic interior of the lipid bilayer in the low resolution
models of both K2P1 and K2P4 appeared in the Fab complex at
higher resolution to be occluded.

19.8 K2P CHANNEL FAMILIES IN
HUMANS: NORMAL OPERATION
AND PATHOPHYSIOLOGY

19.8.1 K2P1, K2P6, AND K2P7 CHANNELS: SUMO
REGULATION OF ION CHANNELS

Studies of K2P1 channels have been exciting, at times confusing,
and ultimately very informative. Encoded by the kcnkl gene,
and initially named TWIKI, for tandem of P-domains in a weak
inward rectifying K* channel (Lesage et al. 1996), other groups
were at first unable to observe any currents when the subunits
were expressed in a variety of cell types (Goldstein et al. 1998;
Pountney et al. 1999). Arguing that kcnkl was not a pseudogene
but encoded a functional protein product, transcripts were
demonstrated at first in the placenta, the lungs, the kidneys
(Lesage et al. 1996; Talley et al. 2001), the CNS (Talley et al.
2001), and the cardiac conduction pathway (Gaborit et al. 2007),
and later, K2P1 protein was shown in cerebellar granule neurons
(Talley et al. 2001; Gaborit et al. 2007; Plant et al. 2012).

The paradox was resolved when a novel mechanism for
regulating the electrical activity of ion channels was revealed—
K2P1 channels are silenced by the small ubiquitin-like modifier
protein (SUMO) pathway (Rajan et al. 2005). Mediated by
an enzyme cascade, SUMOylation is the reversible, covalent
modification of the e-amino group of specific lysine(s) in target
proteins by the 97 amino acid SUMO protein (Geiss-Friedlander
and Melchior 2007). The SUMO pathway, present in all
mammalian cells, was first identified to modulate the activity of
transcription factors and nuclear import/export (Mahajan et al.
1997). Electrical silencing of K2P1 channels by SUMO was
unexpected, because the pathway had not previously been found
to operate beyond the nucleus (Wilson and Rosas-Acosta 2005).

Stoichiometric analysis using total internal reflection
microscopy revealed that K2P1 channels in tissue culture cells
carry two SUMO monomers, one on the Lys* residue in each
subunit of the channel and that SUMOylation of only one sub-
unit was sufficient to suppress the function of channels in the
plasma membrane (Plant et al. 2010). Thus, K2P1 channels can be
activated when de-SUMOylated by SUMO-specific proteases or
by mutation of Lys*”* since only this residue can be SUMOylated.

As expected for a background K current, and like K2P@
channels, K2P1 channels activated by de-SUMOylation pass
openly rectifying, K* currents (Rajan et al. 2005). The channels
are inhibited by external acidification. Thus, when active K2P1
channels are studied in expression systems (Rajan et al. 2005;
Plant et al. 2010) or in neuronal cells (Plant et al. 2012), half-
block is observed at physiological levels of pH and is sensitive
to external K* concentration (~-pH 6.7 at 4 mM external K*).
Block is due to protonation of a histidine residue in the outer
portion of the first P-loop of each subunit, a mechanism
described for K2P3 and K2P9 channels (Lopes et al. 2000,
2001). Reciprocally, K2P1, K2P3, and K2P9 channels appear

to be less selective for K* when external pH is below normal
(Ma et al. 2012).

Since 2005, SUMOylation has been shown to modulate the
operation of a growing cadre of membrane proteins including
transporters (Gibb et al. 2007), G-protein-coupled receptors
(Tang et al. 2005), and other ion channels in the CNS (Martin
et al. 2007; Plant et al. 2011), the cardiovascular system (Benson
et al. 2007; Kruse et al. 2009), and the pancreas (Dai et al. 2009).
The mechanism by which SUMOylation silences K2P1 channels
remains unknown. The observation that silencing and activation
are reversed by enzymes applied to the inside of off-cell patches
argues the impact of SUMO, once covalently linked to the
channel, does not require other proteins and suggests that SUMO
may directly block the pore or interfere with channel gating. Both
mechanisms are consistent with the x-ray structure of human
K2P1, showing Lys?” to be exposed on the intracellular C-helix
(Miller and Long 2012), and demonstrate that K2P channels
appear to open and close at the K* selectivity filter (Zilberberg
et al. 2001). What regulates SUMOylation of K2P1 channels is
also as yet unknown.

K2P channels have been posited to pass /Kso, the standing
outward, background K* current that determines the V, of
cerebellar granule neurons and the response of these CNS cells to
changes in pH (Millar et al. 2000), pO, (Plant et al. 2002) and
volatile anesthetics. Recently, transcripts for K2P1 were observed
in individual cerebellar granule neurons, along with mRNAs that
encode for K2P3 and K2P9 (Plant et al. 2012). In vivo FRET
analysis showed that K2P1, K2P3, and K2P9, but not K2P2,
interacted with SUMO in cerebellar granule neurons, although
only K2P1 was subject to SUMOylation when the cloned
subunits were expressed in tissue culture cells. The findings were
reconciled by the demonstration that K2P1 subunits assembled
with K2P3 or K2P9 to form heterodimeric channels and that
the mixed subunit channels were silenced by a single SUMO
monomer on K2P1 Lys?”* and reactivated by de-SUMOylation
(Plant et al. 2012). This also explained why de-SUMOylation
augmented /Kso to decrease neuronal excitability. Because K2P1,
K2P3, and K2P9 are expressed together throughout the brain,
heart, and somatosensory systems, and the SUMO pathway
is ubiquitous, regulation of K2P1 heterodimeric channels is
expected to be commonplace.

SUMO regulation of K2P1 heterodimer channels was found
to be important in the response of cerebellar granule neurons
to volatile anesthetics, including halothane (Plant et al. 2012).
Halogenated anesthetics act to hyperpolarize neurons via effects
on multiple targets including the ligand-gated ion channel GABA
(Franks and Lieb 1994) and K* leak currents (Nicoll and Madison
1982; Sirois et al. 1998). Roles for K2P channels in the effects of
volatile anesthetics implicate K2P3, K2P9 (Sirois et al. 2000; Talley
and Bayliss 2002; Lazarenko et al. 2010b), K2P2, K2P10, (Patel
etal. 1999), and K2P18 channels (Liu et al. 2004). Halogenated-
volatile anesthetic agents such as halothane, isoflurane, and
sevoflurane increase the activity of all these K2P channels, thereby
decreasing neuronal excitability. In contrast, the activity of K2P13
(also known as THIK1 for two-P domain halothane-inhibited K*
channel) is suppressed by volatile anesthetics, including halothane.
While the effects of volatile anesthetics in humans are believed
to be the most pronounced on K2P18 channels, marked species
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differences have been reported (Keshavaprasad et al. 2005). Of
note, halothane has little impact on homomeric K2P1 channels and
increases K2P9 channel currents by just ~30%, but it augments

the current through heterodimeric channels formed of K2P1 and
K2P9 by ~300% (Plant et al. 2012).

Volatile anesthetics appear to interact with a domain on the
proximal C-terminus of K2P2, K2P3 (Patel et al. 1999), and
K2P9 channels (Talley and Bayliss 2002). The same portion
of these channels is implicated in binding of Gaq signaling
molecules, leading to inhibition of channel activity. These
observations suggest that volatile anesthetics augment the activity
of K2P channels by suppressing the constitutive activity of Gaq
proteins (Conway and Cotten 2011).

Recent studies have provided evidence that K2P1 channels
contribute to the resting Vy of cardiac myocytes and mediate
paradoxical depolarization, a pro-arrhythmic condition
observed when the serum concentration of K* falls below 3 mM
(hypokalemia) (Ma et al. 2011). Hypokalemic depolarization
is paradoxical because low levels of serum K* are expected to
hyperpolarize V (Table 19.1). The explanation appears to be that
hypokalemia leads K2P1 channels to loosen their specificity for K*
and to pass a sufficient amount of Na* to depolarize the cells. Still
to be explained, the phenomenon is observed in cardiac myocytes
but not in neurons even though both cell types express the channel.

Although the physiological role of K2P1 has been best
explored in cerebellar granule neurons (Plant et al. 2012)
and cardiac myocytes (Ma et al. 2011), the channel is also
expressed in many other tissues and with reduced mRNA
transcript levels in a variety of tumors, including melanoma,
glioblastomas, and ovarian cancers (Beitzinger et al. 2008).
Transcripts for kcnkl have also been detected throughout the
renal nephron, leading to the suggestion that K2P1 is involved
in K* recycling (Cluzeaud et al. 1998). Thus, knockout of the
kenkl gene in mice led to hyperpolarization of the principal cells
of the cortical collecting duct and altered phosphate handling
(Millar et al. 2006). This correlated with altered levels of the
sodium—phosphate cotransporter in the proximal tubule and
inappropriate internalization of aquaporin 2 in the collecting
duct (Nie et al. 2005).

K2P6 and K2P7 show sequence similarity to K2P1
(Figure 19.1) and because they generate small currents on
heterologous expression, clarity about their operation and roles
has been slow to develop (Chavez et al. 1999; Salinas et al.

1999; Bockenhauer et al. 2000). K2P6 (previously TWIK?2)
was cloned from mouse where it is expressed in the eye, lung,
and stomach (Salinas et al. 1999) and appears to play a role in
regulating arterial blood pressure by determining the V of
vascular smooth muscle cells (Lloyd et al. 2011). Transcript
analysis shows that human and rat K2P6 are highly expressed
in the aorta, esophagus, stomach, and spleen (Patel et al. 2000)
as well as in isolated articular chondrocytes (Clark et al. 2011).
Transcripts from aorta were posited to represent K2P6 channels
in vascular smooth muscle, because blood vessels were denuded of
endothelial cells (Patel et al. 2000).

Both human and rat K2P6 channels pass openly rectifying
currents when heterologously expressed in tissue culture cells,
although the rat isolate passes K*-selective currents that are
15 times larger human K2P6 channels and therefore better

characterized. Transcript analysis predicts that a splice variant
of K2P6 lacking the first TMD is present in both human and
rat with a similar expression pattern to the full-length channel
(Patel et al. 2000).

K2P7 is expressed in the eye, lung, and stomach (Salinas
et al. 1999; Bockenhauer et al. 2000) but does not appear to
pass currents on heterologous expression. Sequence analysis
predicts that K2P7 contains an EF-hand motif and four potential
SH3-binding motifs in the C-terminal domain of each subunit.
In common with K2P1, K2P3, K2P9, and K2P15, K2P7 has a
histidine residue in the first P-domain (Gly-Tyr-Gly-His), that has
been shown to mediate proton block of K2P1, K2P3, and K2P9
channels (Lopes et al. 2000; Rajan et al. 2000; Plant et al. 2010).
In contrast, K2P7 is notable for an unconventional sequence in
the second P-domain (Gly-Leu-Glu) not found in other human
K2P subunits that carry instead Gly-Tyr-Gly, Gly-Leu-Gly,
or Gly-Phe-Gly. The presence of a large, negatively charged
glutamate residue in the second P-domain, rather than a small

glycine, has led some to suggest that K2P7 may not function as a
K* channel (Enyedi and Czirjak 2010).

19.8.2 K2P2, K2P4, AND K2P10 CHANNELS:
POLYMODAL RHEOSTATS

K2P2 (or TREKI1 for TWIK-related K* channel 1) and K2P4

(or TRAAK for TWIK-related arachidonic acid activated K*
channel) are widely expressed throughout the CNS (Fink et al.
1996, 1998; Medhurst et al. 2001; Talley et al. 2001; Heurteaux
et al. 20006) including in striatal neurons (Lauritzen et al. 2005),
hippocampal neurons (Thomas et al. 2008) and cerebellar granule
neurons (Plant et al. 2012). Both K2P2 and K2P4 have also

been observed in the peripheral nervous system, trafficking along

somatosensory neurons (Bearzatto et al. 2000). However, there is
disagreement about the expression level of these channels in the
periphery. This highlights that linking native background K* currents
to the activity of specific K2P channels is challenging. In this case,
discrepancies may reflect the expression of variants of K2P2 (Thomas
et al. 2008) and K2P4 (Ozaita and Vega-Saenzde Miera 2002) that
have altered function, native channels with similar phenotypes, such
as K2P10 (Bang et al. 2000; Lesage et al. 2000; Gu et al. 2002;
Simkin et al. 2008), and/or differences between species, experimental
conditions and even among individual neurons.

In addition to wide expression in nervous tissue, transcript
for K2P2 has also been observed in both atrial and ventricular
myocytes isolated from rat heart (Terrenoire et al. 2001).
Expression appears to increase with age (Liu and Saint 2004) and
is stronger in subendocardium compared to subepicardium where
the protein appears to be arranged in longitudinal stripes across
cardiac myocytes (Tan et al. 2004).

The functional properties of neuronal K2P2 channels are
subject to a novel type of regulation that leads altered excitability
due to Na* permeation through the channels. Because the kcnk2
gene has a weak Kozak initiation sequence, translation can also
start at a second codon, to generate K2P2A, a channel variant
lacking the first 56 residues (Thomas et al. 2008). Thus, alternative
translation initiation (ATT) of kcnk2 mRNA transcripts is a
process that is regulated across brain regions over development.
Although K2P2A channels have a truncated intracellular
N-terminus, it is operation of the K* conduction pathway that is
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altered so that Na* ions pass under physiological conditions with
a relative permeability of 0.18 compared to K*, neatly an order of
magnitude greater than for full-length channels (0.02) (Thomas
et al. 2008). ATT has also been reported for rat kcnkl0 mRNA
transcripts studied in experimental cells (Simkin et al. 2008).

The activities of K2P2, K2P4, and K2P10 channels are
regulated by a diverse array of lipids including arachidonic acid,
neurotransmitter-activated G-protein-coupled receptor pathways,
anesthetics, and drugs (Honore 2007; Enyedi and Czirjak 2010).
Several studies have reported on modulation of this family of K2P
channels by changes in temperature (Maingret et al. 2000; Alloui
et al. 2006), and by membrane stretch (Maingret et al. 1999a,b;
Brohawn et al. 2012). Because a number of these stimuli often
occur simultaneously, K2P2 channels have been posited to act as
a polymodal signal integrators (Alloui et al. 2006; Honore 2007).

The temperature sensitivity of K2P2 and K2P4 channels has
been reported to contribute to thermal regulation of nociceptive
neurons. The activities of these channels increase as body
temperature rises above normal (37°C) but falls again when
temperature reaches the threshold for noxious heat (>~43°C)

(Noel et al. 2009). Thus, increased activity of this group of channels
is expected to dampen changes in the excitability of nociceptors up
to the threshold for the detection of noxious heat, beyond which
decreased background K* currents would facilitate excitability.

Background K* currents have similarly been implicated in
the detection of cold. Temperature decrease to below ~18°C was
observed to depolarize a subset of mouse trigeminal ganglion
neurons (Viana et al. 2002) and rat dorsal root ganglion
cells (Reid and Flonta 2001) by inhibiting a background K*
conductance. Consistent with this observation, knockout mice
engineered to lack the kcnk2 and kcnk4 genes are reported to have
altered responses to temperature change (Noel et al. 2009). These
findings suggest that K2P2 and K2P4 channels contribute as
thermal rheostats, tuning the responsiveness of neurons to changes
in temperatures. Consistent with this notion, K2P2 and K2P4
channels have been demonstrated to colocalize with various TRP
channels in temperature-sensitive neurons (Yamamoto et al. 2009).

The Q, for K2P2 and K2P4 channels increases by approximately
sixfold for a 10°C rise. In contrast, the vanilloid family of transient
receptor potential channels (TRPVs) has a Q, close to 20. TRPV1
opens in response to noxious heat, while TRPV3 and TRPV4
channels are activated by more moderate, warm temperatures,
>~30°C (Peier et al. 2002; Nilius et al. 2007). It remains unclear
if temperature modulation of K2P2 and K2P4 channels is a
direct effect or due to effects of temperature on second messenger
pathways, phosphorylation cascades, or free fatty acid concentrations
that act secondarily on the channels to modify their activity.

The operation of K2P2 channels is subject to regulation by
protein kinase A—dependent phosphorylation of Ser?#®. This
regulatory change is rapid and notable because it transforms
K2P2 channels from openly rectifying K* currents in
hippocampal cells to currents that manifest voltage dependence
(Bockenhauer et al. 2001). Furthermore, it appears that
increased intracellular concentrations of phosphatidylinositol-
4,5-bisphosphate (PIP2) shift the voltage dependence of K2P2
channels to hyperpolarized potentials, augmenting current
magnitude across the physiological voltage range (Chemin et al.
2005; Lopes et al. 2005).

19.8.3 THE ACID-SENSITIVE CHANNELS, K2P3 AND
K2P9: CONTROL OF SURFACE EXPRESSION

Originally called TASK1 and TASK3, for TWIK-related, acid-
sensitive K* channel 1 and 3, K2P3 (Duprat et al. 1997) and
K2P9 (Kim et al. 2000; Rajan et al. 2000) pass K*-selective
currents that are blocked by protonation of a histidine residue
in the outer mouth of the pore in the P1 loop (Gly-Tyr-Gly-His)
(Lopes et al. 2000, 2001), a mechanism of pH regulation shared
with K2P1 (Rajan et al. 2005; Plant et al. 2010). Acid-sensitive
background K* currents in tissues that express K2P1, K2P3, or
K2P9 currents appear to be those identified as /Kso in cerebellar
granule neurons (Millar et al. 2000; Plant et al. 2002, 2012).
K2P3 and K2P9 channels are expressed throughout the
central and peripheral nervous systems and have been proposed

to mediate currents that depolarize neurons during acidification
(Talley et al. 2000, 2001; Cooper et al. 2004; Rau et al. 2006;
Plant et al. 2012). K2P3 is also expressed in the kidney, in adrenal
glomerulosa cells, in the cardiac conduction pathway (Duprat

et al. 1997; Gaborit et al. 2007), and in the carotid body; K2P3
channels are posited to depolarize type 1 glomus cells of the
carotid body in response to acidosis and hypoxia (Peers 1990;
Buckler 1997; Buckler et al. 2000). While the TASKs are not
the only channels modulated by pH, changes in the magnitude
of background K currents correlate well with the slow kinetics
of depolarization in somatosensory neurons in response to
acidification. In contrast, other pH-modulated channels, such as
the acid-sensing ion channels (ASICs), typically pass transient
currents in response to acidification (Gold and Gebhart 2010).

K2P3 and K2P9 subunits are also notable because they form
heterodimeric TASK channels (Czirjak and Enyedi 2002) with
distinct sensitivities to acidification and pungent stimuli such
as hydroxy-a-sanshool, the active ingredient in Xanthoxylum
Szechuan peppercorns (Bautista et al. 2008). As noted earlier,
K2P3 and K2P9 also coassemble with K2P1 subunits to form
heterodimeric, SUMO-regulated channels in central neurons
(Plant et al. 2012).

Surfaces levels of K2P3 and K2P9 are tightly regulated by the
opposing action of signaling motifs that determine retention of
the channels in the endoplasmic reticulum (ER) (O’Kelly et al.
2002). Thus, forward trafficking of K2P3 to the cell membrane
requires the phosphorylation-dependent binding of the
ubiquitous, soluble adapter protein, 14-3-3f. Binding of 14-3-3
suppresses the interaction between K2P3 and BCOP, a vesicular
transport protein that promotes retention of the channel in the
ER (O’Kelly et al. 2002). BCOP binding is mediated by separate,
basic motifs on the N- and C-termini of K2P3 subunits and
disruption of either site promotes forward trafficking of the
channel to the cell membrane (O’Kelly and Goldstein 2008).

Competitive interaction between 14-3-3 and pCOP also
regulates the forward trafficking of other membrane proteins
including K2P9 (O’Kelly et al. 2002; Rajan et al. 2002; Zuzarte
et al. 2009) and nicotinic acetylcholine receptors (O’Kelly et al.
2002). Forward trafficking of K2P9 was shown to require a
di-acidic motif (EDE) located on the proximal C-terminus of the
channel (Zuzarte et al. 2007).

Forward trafficking of K2P3 channels is also regulated by the
annexin II subunit p11 (Girard et al. 2002; Renigunta et al. 2006;



O’Kelly and Goldstein 2008). The role of p11 in K2P3 channel
trafficking appears to be via interaction with 14-3-3 and is specific
to only some tissues, such as brain and lung where pl11 is expressed
prominently. In contrast, pl1 is poorly expressed in the heart
where expression of K2P3 is high (O’Kelly and Goldstein 2008).
K2P15 shows sequence similarity to K2P3 and K2P9, and
kenkl5 transcripts are identified in the pancreas, liver, lung, ovary,
testis, and heart; nonetheless, the operation of the channel and its
role in physiology remains unclear because it has thus far failed
to pass currents in heterologous expression systems (Ashmole
et al. 2001). Functional expression of K2P15 has been postulated
to require an as-yet unidentified subunit or regulator.

19.8.4 K2P5, K2P16, AND K2P17:
ALKALINE-ACTIVATED CHANNELS

K2P5 (previously TASK?2) was initially considered to be a
member of the TASK subfamily of K2P channels because
it passed background K* currents regulated by changes
in extracellular pH (Reyes et al. 1998). However, further
characterization demonstrated that the channel passed currents
only when the extracellular solution exceeded pH 7.5. K2P16
and K2P17 (also known as TALK1 and TALK2, respectively, for
TWIK-related alkaline-activated K* channel) are also activated
by extracellular alkalization above normal levels and, along with
K2P5 are expressed at high levels in the pancreas (Decher et al.
2001; Girard et al. 2001). All three channels have been implicated
in mediating the apical K* conductance that facilitates the
secretion of bicarbonate from the epithelial cells in the tubular
lumen of the exocrine pancreas (Fong et al. 2003).

K2P5 has been associated with bicarbonate handling in
proximal tubule cells and the papillary collecting ducts of
the kidney (Warth et al. 2004). Thus, K2P5 knockout mice
show impaired bicarbonate reabsorption, metabolic acidosis,
hyponatremia, and hypotension. Based on these findings, a role

was suggested for K2P5 in renal acidosis syndromes.

Gating of K2P5, K2P16, and K2P17 by alkaline extracellular
pH is proposed to be due to the neutralization of basic residues
(arginine in K2P5 and K2P16, lysine in K2P17) that reside near the
second P-loop and influence properties of the K* selectivity filter.

A recent study employing concatemers of cloned K2P5 subunits
demonstrated that both of these putative pH sensors must be
neutralized for dimeric channels to conduct (Niemeyer et al. 2007).

19.8.5 K2P12 AND K2P13 CHANNELS

K2P12 and K2P13 (called THIK2 and THIKI, respectively,
for TW1K-related halothane-inhibited K* channel 2 and 1) are
expressed in the heart, skeletal muscle, and pancreas (Girard et al.
2001; Rajan et al. 2001). In situ hybridization suggests that both
channels are expressed also in proximal tubules, thick ascending
limbs and cortical collecting ducts of human kidney (Theilig
etal. 2008), and in the CNS, including in the retrotrapezoid
nucleus (Lazarenko et al. 2010a).

In common with other K2P clones, K2P13 channels pass
K*-selective leak currents in experimental cells. The currents are

insensitive to physiological changes in pH, temperature, and free
fatty acids. In contrast to many K2P channels, K2P13 currents are
inhibited by the volatile halogenated anesthetics, such as halothane
with a K; of 2.8 mM (Rajan et al. 2001). Inhibition of a K2P13-like

19.9 Future of K2P channel research

conductance has been proposed to activate central respiratory
chemoreceptor neurons in the retrotrapezoid nucleus, and this
mechanism is posited to preserve adequate respiratory motor
activity and ventilation during anesthesia (Lazarenko et al. 2010a).
K2P12 clones do not pass currents in experimental systems
despite being trafficked to the plasma membrane (Rajan et al.
2001), nor does coexpression of K2P12 appear to impact the
magnitude of currents passed by K2P13, suggesting that these
channel subunits do not form heterodimers (Rajan et al. 2001).

19.8.6 K2P18 CHANNELS

The final K2P channel identified in the human genome, K2P18
(also called TRESK for TWIK-related, spinal cord K* channel),
has been found at the transcript level in human spinal cord (Sano
et al. 2003), mouse cerebellum (Czirjak et al. 2004) and mouse
testis (Kang et al. 2004). In common with other K2P channels,
K2P18 channels pass K*-selective currents and functions as an
open rectifier (Keshavaprasad et al. 2005; Kang and Kim 2006;
Dobler et al. 2007; Bautista et al. 2008).

Rodent clones of K2P18 are sensitive to external acidification
because like K2P1, K2P3, and K2P9 channels, they are inhibited
by protonation of a histidine in the first P-loop (pK, ~6.8)
(Dobler et al. 2007). In contrast to the rodent isoform, human
K2P18 channels are insensitive to acidification, because the
critical histidine residue is instead a tyrosine; the human channels
can be endowed with sensitivity by mutation of the tyrosine to
histidine (Dobler et al. 2007).

The activity of K2P18 channels is regulated by the intracellular
concentration of Ca?*. An increase in cytosolic Ca?* activates
the calmodulin-dependent protein phosphatase calcineurin and
this leads to dephosphorylation of an intracellular serine (Ser?%4)
precluding the binding of 14-3-3 proteins that are observed
to impact the activity of surface channels (Czirjak et al. 2004;
Czirjak and Enyedi 2006). Channel activity is inhibited by
the binding of the ) and y 14-3-3 but not by the §, {, &, g, or T
isoforms (Czirjak et al. 2008).

K2P18 is notable for its expression in the spinal cord,
trigeminal and dorsal root ganglia, where it has been suggested
to pass a significant portion of the background K* current that
determines the excitability of somatosensory nociceptive fibers.
K2P18 channels were further implicated in the normal operation
of somatosensory nervous system by the observation that surgical

denervation (axiotomy) of peripheral nociceptor neurons produced

a decrease of ~50% in kcnkl8 mRNA (Tulleuda et al. 2011).
Formal correlation of K2P18 channels and pain was

provided by linkage of a frame-shift mutation (F139WfsX24)

in the kcnkl8 gene associated with migraine with aura in a

large, multigenerational family (Lafreniere et al. 2010). The

F139W1fsX24 variant of K2P18 is truncated at 162 residues and

appears to act as a dominant-negative subunit to suppress the

function of wild type K2P18 channels.

19.9 FUTURE OF K2P
CHANNEL RESEARCH

Over the last two decades, identification and study of the channels
passing background K* currents has advanced our understanding

of their roles in physiology and disease. K2P channels are now
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appreciated to operate in all phases of excitability, establishing
resting V( in many types of cells and influencing the rise to
activation threshold, the shape of action potentials, the rate

of recovery from firing (Plant 2012), and even the slow after-
hyperpolarizations observed in developing starburst amacrine cells
(Ford et al. 2013). The channels are now recognized to respond to
anesthetics, changes in pH, temperature, membrane stretch, and
regulatory pathways that include SUMO, kinases and phosphatases,
GPCRs, lipids, and those that mediate trafficking (Plant et al.
2005; Honore 2007; Enyedi and Czirjak 2010). K2P channels are
now recognized to have roles in clinical disorders including cardiac
arthythmia associated with hypokalemia (K2P1) (Ma et al. 2011),
oncogenesis (K2P9) (Mu et al. 2003), and pain syndromes (K2P18)
(Lafreniere et al. 2010). It is clear that we are just beginning to
appreciate how and where K2P channels operate and how this
varies at different times in different tissues. In some cases, we

have yet to discover what the channels do even though they are
synthesized and expressed at the plasma membrane. We have much
to learn. Nonetheless, K2P channels are already understood to
calm, control, and shape electrical activity, and this offers them,
despite their recent addition to the family of K* channels, as
attractive, tissue-specific targets for pharmaceutical therapy.
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