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Abstract — Voltage-gated potassium channels form a large and diverse family
that is evolutionarily conserved. There are 40 human voltage-gated potassium
channel genes belonging to 12 subfamilies. These Kv channels display broad
distributions in the nervous system and other tissues. For excitable cells such as
neurons, cardiomyocytes, and muscles, Kv channels regulate the waveform and
firing pattern of action potentials. Kv channels may also regulate the cell volume,

proliferation, and migration of a wide range of cell types.



Voltage-gated potassium (Kv) channels belong to one of the largest and highly
evolutionarily conserved ion channel families!. Each Kv channel contains four
similar or identical pore-forming o subunits, and it may also contain auxiliary

B subunits that could affect the channel function and/or localization?3. Each pore-
forming subunit of Kv channels contains six transmembrane segments (S1-S6),
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 domain. In addition to the chromosome location of each Kv channel
gene in human, mouse and rat, the physiological and pharmacological properties
of the channel, and its tissue distribution and pathophysiology have been
provided by the lon Channel Database by the Subcommittee on Voltage-gated
potassium channels of the Nomenclature Committee of the International Union of
Pharmacology (NC-IUPHAR). This article presents an introduction to the diversity

and functions of voltage-gated potassium channels.

Evolutionary conservation of potassium channels

The K*-selectivity that arose in prokaryotes is conserved in a large number of
potassium channels with remarkable diversity*. As shown in Figure 1, an
evolutionary tree of the voltage-gated cation channel superfamily can be
proposed based on the comparison of channel genes in the human genome with
those in the genomes of other metazoans including mouse, chicken, puffer fish,
tunicate, fruit fly, mosquito, nematode and sea anemone“. This evolutionary tree

envisions a single origin of the K*-selectivity for inwardly rectifying potassium



(Kir) channels, voltage-gated potassium (Kv) channels, and the two-pore
potassium (Kzp) channels. It is important to note, however, that a distinct K*-
selectivity is likely associated with the evolutionarily conserved organelle K*

channel that resides in endosomes and lysosomes®.

Diversity of voltage-gated potassium channels

The human genome contains ~80 potassium channel genes of which 40 genes
encode voltage-gated potassium channel pore-forming subunits that fall into 12
subfamilies? (Fig. 2). Physiologically subdivided into A-type potassium channels
that display fast inactivation and delayed rectifier potassium channels without fast
inactivation, these Kv channels are molecularly and functionally diverse. Fast
inactivation, which may impact the action potential duration during repetitive firing,
is evident in Kv1 channels containing Kv1.4 or KvB1, Kv3 channels, and Kv4
channels?. The delayed rectifier potassium current originally characterized by
Hodgkin and Huxley for its role in action potential® likely corresponds to the squid
Kv1 channels’ that may rely on RNA editing to achieve the flexible functional
diversity as many small axons of the giant fiber lobe neurons fuse to form the

squid giant axon with greater action potential conduction rate®10.

Remarkable diversity of Kv channels may be achieved due to the mix and match
of Kv channel subunits. Within each of the Kv1, Kv2, Kv3, Kv4 and Kv7 families,
homomeric and heteromeric channels may form with a range of functional

properties?, Kv2 family members may also assemble with Kv5, Kv6, Kv8 or Kv9



family members with more restricted expression patterns in the nervous system

and smooth muscles??, as illustrated schematically in Fig. 3.

Functional differences in the voltage dependence and kinetics of Kv channels
underlie their differential contributions to action potential modulation!! (Fig. 4).
Whereas Kv1, Kv4 and Kv7 channels require low levels of membrane
depolarization for their activation, Kv2 and Kv3 channels are activated by greater
depolarization. The former, low voltage activated, Kv channels may affect the
threshold for action potential generation and the number of action potentials
generated during depolarization or excitatory synaptic potentials. In contrast, the
high voltage activated Kv channels may modulate action potential duration and
firing pattern!. The kinetics of Kv channels also influences the ways they
contribute to action potential generation. Whereas the low voltage activated Kv1
channels with fast activation may affect action potential threshold and waveform,
the high voltage activated Kv3 channels and Kv2 channels can be activated
sequentially during an action potential due to the difference in their activation
kinetics, and Kv2 channels may have more long-lasting effects because of their
slow inactivation kinetics. Moreover, Kv4 channels with fast inactivation could
contribute to the difference in the action potential waveform during repetitive

firing, due to suppression of the Kv4 channel activity by depolarization*?.

Potential therapeutic applications of potassium channel modulators



The ability of potassium channel modulators to alter action potential firing
patterns has raised the question whether they might be of therapeutic value!3. As
indicated in Fig. 5, various neurological and psychological disorders may involve
alterations in the action potential firing patterns, which could be modulated by Kv
channel activators and blockers'3. Voltage-gated potassium channels may also
play a role in cell proliferation and migration; Kv channel modulators have hence
been considered for potential treatments of cancer growth and metastasis#2°. In
Fig. 6, the Kv1.2 channel structure is used schematically to illustrate that Kv
channel modulators may inhibit channel activity either by occluding the channel
permeation pathway, as in the case of outer-pore-blocking toxins and inner pore
blockers, or via their interaction with the voltage sensor to stabilized the closed
state of the channel, as in the case of gating modifier toxins. Alternatively, some
small molecules act by binding to the gating machinery as gating modifiers, or by
interacting with the interface between the a- and -subunits to alter channel

activity!s.

Voltage-gated potassium channel structure

The remarkable selectivity of potassium channels, which allows K* ions to go
through the channel pore with orders of magnitude greater ease than the smaller
Na* ions and with near diffusion-limited rate?, is accounted for by the ability of the
backbone carbonyls of the selectivity filter to coordinate K* ions that are largely

stripped of their hydration shells???, so that more than one K* ion will move



through this narrowest segment of the pore in tandem?? (Fig. 7) — a long pore for

single file K* ion permeation as predicated?.

The voltage dependence of Kv channel activation®-® derives from their voltage
sensor domains?3-25, As shown in Fig. 8, Kv channels and related channels such
as voltage-gated sodium channels and TRPV1 channels in the same superfamily
have similar arrangements of their pore domains and voltage sensor domains.
The voltage sensor domain of one subunit interacts with the pore domain of a
neighboring subunit in a domain swap configuration, and within a voltage sensor
the positively charged arginine residues on S4 may interact with negatively

charged acidic residues in neighboring helices (Fig. 9).

Channelopathies linked to Voltage-gated potassium channels
Voltage-gated potassium channels are broadly expressed in a variety of tissues.
In neurons, they are targeted to various subcellular compartments®26 (Fig. 10),
and channels of different subunit compositions may be present in different
subpopulations of neurons?’. Mutations of Kv channel genes may cause
neurological diseases such as episodic ataxia and epilepsies, heart diseases,
and deafness?8-31, Evolutionary conservation of Kv channel function is evident,
for example, from the similar movement disorders caused by mutation of Kv1

orthologs in human, mouse, and the fruit fly1°.



Figure Legends

Figure 1. An evolutionary tree for the genesis of the voltage-gated cation
channel superfamily

Based on genome-wide analyses of ion channels from cnidarians and bilateral
metazoans?, this evolutionary tree depicts a common origin for the K*-selectivity
of potassium channels (with family names in red ovals), which are related to
tetrameric cyclic nucleotide-gated cation (CNG) channels, hyperpolarization-
gated cation (HCN) channels and TRP channels, the dimeric TPC channels, and
the monomeric Na*, Ca?*, and NALCN channels. The branch lengths do not
reflect time. The gene family names at the bottom mark individual branches.
lonotropic glutamate receptors are included based on the hypothesis that they
originated from an inversion of the potassium channel pore-forming domain with
two transmembrane segments (red). The voltage-sensor domain has four
transmembrane segments (green). A: ankryin repeats; CAM: calmodulin-binding
domain; CNG: cyclic nucleotide-binding domain; PAS: Per-ARNT-Sim domain;

RCK: regulator of conductance of K* domain; T1: tetramerization domain.

Figure 2. Phylogenetic tree for the Kv1-12 families
This phylogenetic tree is generated based on analyses of the hydrophobic

domain containing the six transmembrane segments (S1-S6)2. Both the IUPHAR



and the HGNC (in parenthesis) names are shown, along with other commonly

used names for these voltage-gated potassium channels.

Figure 3. Kv channel diversity via mix and match of pore-forming channel
subunits

(A) The tetrameric Kv channels with different properties and distribution
encompass homomeric Kv1, Kv2, Kv3, Kv4, and Kv7 channels, heteromeric
channels formed by different members within each of these Kv channel families,
and heteromeric channels formed by assembly of Kv2 family members with Kv5,
Kv6, Kv8, or Kv9 family members®?. Kv5, Kv6, Kv8 and Kv9 families give rise to
homomeric channels that are electrically silent likely due to their retention in the
endoplasmic reticulum?'?, hence they are referred as KvS. (B) Assembly of Kv2
and KvS family members involve their cytoplasmic N- and C-terminal domains.
(C, D) Assembly of Kv2 and KvS family members gives rise to heteromeric
channels with different voltage dependence (C) and gating mechanisms (D) as

compared to homomeric channels formed by Kv2 family members*2.

Figure 4. Functional differences of Kv channels and their contributions to
the action potential

(A) Different Kv channels have different voltage dependence for activation and
different kinetics!!. (B) The low voltage activated Kv1 channels with fast kinetics
open as the cell is depolarized towards the threshold for action potential

generation. While both Kv2 and Kv3 channels are high voltage activated, Kv3



channels open sooner than Kv2 channels during an action potential. Kv2

channels may also take longer to close following an action potential®!.

Figure 5. Potential applications of Kv channel modulators

Because abnormal action potential firing patterns have been associated with
diseases such as epilepsy and multiple sclerosis, Kv channel activators and
inhibitors have been considered for potential therapeutic treatments of diseases

that involve alteration of neuronal excitability*3.

Figure 6. Examples of modes of action of Kv channel modulators

There are several different ways for peptide toxins and small molecules to
modulate Kv channel activity. The Kv1.2 structure®? is shown with the pore
domains (S5-P-S6) in green, the voltage sensor domains (S1-S4) in grey, the T1
tetramerization domains in orange, and the KvB2 auxiliary subunits in magenta??.
Outer-pore-blocking toxins from scorpions, sea anemones, snakes, and cone
shails may bind to the outer vestibule and block ion permeation. Gating modifier
toxins from spiders such as hanatoxin may interact with the voltage sensor to
increase the stability of the closed state, causing rightward shift of the voltage
dependence curve for channel activation. There are also small molecule channel
modulators that bind to the inner pore (inner pore blockers), the gating hinges
(gating modifiers), or the interface between the a- and B-subunits

(disinactivators)?*s.



Figure 7. The pore domain of potassium channels

(a) Structure of KcsA in the conductive state (PDB: 1K4C)2%, with the outer
helices in magenta, inner helices in orange, pore helices in blue, and the
selectivity filter in yellow. K* ions are in purple while its surrounding water
molecules are in red. EC: extracellular; IC: intracellular. (b, c) The selectivity filter
in the boxed region of the KcsA structure is shown with K* ions occupying either
the S2 and S4 positions (b) or the S1 and S3 positions (c), to illustrate K* ion

permeation in single file?3.

Figure 8. The voltage sensor domain of voltage-gated potassium channels
(a) Aligning the pore domain (S5-P-S6) of different ion channels reveals that their
voltage sensor domains (S1-S4) can take on a variety of orientations (viewed
from the extracellular side)?3. (b) Superimposition of the voltage sensor domain of
Kv1.2 (PDB: 3LUT, light magenta)3? with the voltage sensor domains of MlotiK1
(PDB: 3BEH, light brown)3*, NavAb (PDB: 3RVY, light green)3®, NavRh (PDB:
4DXW, light orange)®¢ and TRPV1 (PDB: 3J5P, light blue)®” (viewed from the

membrane)?.

Figure 9. Contacts between the pore domain and the voltage sensor
domain of Kv channels

(@) The Kv1.2-Kv2.1 chimera (PDB: 2R9R)%*® with the voltage sensor domain of
one subunit (light blue) contacting the pore domain of a neighboring subunit

(pink). The contacts on the intracellular side involve the interaction of the S4-S5



linker with S6, and the contacts on the extracellular side involve the interaction
between S1 and the pore helix?3. Lipids (yellow) surrounding the channel and in
between the pore domain and the voltage sensor domain are detectable in the
crystal structure. (b) Basic residues of S4 and acidic residues in their proximity in

the voltage sensor domain?3.

Figure 10. Subcellular distribution of voltage-gated potassium channels

The schematic on the top left depicts a Kv4 channel with two different auxiliary
subunits. Subcellular localization of various Kv channels in mammalian central
neurons is indicated in the middle box3.
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Potassium Channels

(legends for the following ten figures are included in the posted
introduction to nomenclature and structure-function relationships
of voltage-gated potassium channels)

Paper Discussion (Structure-Function)
Voltage Gating

lon selectivity
K channels: P/Py, > 1000 (K* > Na* in ion size)
Na channels: Na* plus H,O can fit in the pore

Ca channels: permeation of Ca?* that is of the same size as Na*
but is orders of magnitude lower in abundance
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Figure 1. An evolutionary tree for the genesis of the voltage-gated cation channel superfamily
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Figure 7. The pore domain of potassium channels
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Figure 8. The voltage sensor domain of voltage-gated potassium channels
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Figure 9. Contacts between the pore domain and the voltage sensor domain of Kv channels
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[(unknown brain localization)j
Principal Subunits Channel Gene

Channel Gene Subcellular Localization Ky1.5 KCNA5

K,1.1 KCNA? axon, some dendritic Ky1.8 KCNAT10
Ky1.2 KCNA2 axon Ky5.1 KCNF1

K,1.3 KCNA3 axon Ky6.1 KCNG1
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Figure 10. Subcellular distribution of voltage-gated potassium channels
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Structure of NavAb and the Activated VSD
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Structure of the NavAb Selectivity Filter
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Membrane Access to the Central Cavity in NavAb

J Payandeh et al. Nature (2011) doi:10.1038/nature10238 nawre
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How do Ca channels select for Ca?* over Na*?

Ca channels permeate Na* at very low [Ca?*]
Ca channels permeate neither at intermediate [Ca?*]
Ca channels have binding sites that prefer Ca%*

Na* ions occupy these sites at very low [Ca?*]
Ca?* ions occupy these sites at physiological [Ca?*]

Ca?* ion occupies one site and blocks Na* passage
at intermediate [Ca?*]



Structure and Function of the Ca,/Ab Channel.
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Ca?*-binding Sites In and Near the Selectivity Filter of
Na, Ab, CaVAb and Thelr Derivatives
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Catalytic Cycle for Ca%* Conductance by Ca, /Ab
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Questions for Paper Discussion

What indicates that the voltage sensor of NavAb is in the activated state?
What might be the relevance of the aqueous cleft and the focused
membrane electric field?

How might S4 be stabilized in the membrane? What type of S4 motion is
likely for channel gating?

What is a gating pore? What can go through the gating core (and what
cannot)?

Is the pore open or closed in the NavAb structure? How might this pore
conformation be reconciled with the voltage sensor placement?

What may be the hydration state of Na* ion as it goes from the selectivity
filter to the central cavity, then through the activation gate?

What might be the role for the lateral fenestration of a sodium channel?

How could the sequential gating motion and pore opening of a channel
like NavAb be determined (or inferred)?

What is different between the selectivity filter of NavAb and that of
CavAb? How does it account for their different ion selectivity?

What is different between the selectivity filter of NavAb or CavAb and that
of a potassium channel? How does it account for their different ion
selectivity?

What is your general impression of these papers?



