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1. INTRODUCTION

1.1 ION CHANNELS: CLASSIFICATION,
FUNCTIONAL PROPERTIES AND ROLE IN
NEURONS

All living cells are surrounded by a thin, approximately 40 angstrom thick, lipid
bilayer called the cell membrane. Although plasma membrane is a basic
prerequisite for life (Deamer et. al., 2002), it generates a major problem: it creates
a barrier for many solutes, including ions. Cell membrane interior is an oily
substance and ions are more stable in water than in oil, but ions are essential for
many physiological processes, from maintaining proper intracellular osmolarity to
generating electrical signals.
lon channels evolved, hand-in-hand with membranes, to overcome this problem:
these are, indeed, pore-forming proteins that allow the flow of ions across
membranes. lon channels are present both in plasma membranes and in
membranes of intracellular organelles (Hille, 2001).
Currently, ion channels constitute an abundant and complex category of proteins:
in the human genome, more than 300 genes code for ion channels.
Most ion channels are selective to one or more types of ions; moreover, one of
the main roles of ion channels is to control the selective flow of ions in response
to a stimulus. It is possible to classify ion channels on the basis of their selectivity
into ion channels for chloride, potassium, sodium, calcium, protons or multiple
cations. lon channels may be also classified by the nature of their gating or the
species of ions passing through those gates. The main gating modes of ion
channels include gating due to protein binding to a neurotransmitter (Ligand-
gated ion channels) or to changes in the membrane potential (Voltage-gated
potassium channels). Other modes of gating involve interaction with second
messengers on the intracellular side.
Generally, the various ion channels are classified into macro groups on the basis
of their selectivity, and then subclassify on the basis of the gating mechanism, as
follows:

- Chloride channels This superfamily consists of 13 members. Most of that

are voltage-dependent, but CFTR is ATP-dependent.

- Potassium channels, that can be classified in:



e \oltage-gated potassium channels
e Calcium-activated potassium channels
e |nward-rectifier potassium channels
e Two-pore-domain potassium channels
- Sodium channels (NaVs), consisting in 10 members, most of that are
voltage-dependent;
- Calcium channels (CaVs), including 10 voltage-dependent members and
4 ligand-gated channels;
- Proton channels
- Non-selective cation channels.
Since the first direct recording of single ion channel current (Neher and Sakmann
1976), which earned the Nobel Prize for the two German physiologists Sakmann
and Neher in Physiology or Medicine in 1991, the individual functional properties
of numerous ion channels have been described (Gatecka et. al., 2021). Each ion
channel has its own conductance, a measure that indicates how much charge
moves across the membrane, and a certain probability that the pore is in open
conformation. Single-channel behavior can be described by the following
equation:
i=yPo
where j is the single-channel current, y is the single-channel conductance, P, is
the probability of finding the pore open. For a voltage gated ion channel, P, is a
function of the membrane potential [Po(Vm)] (see below).
Considering these parameters, the macroscopic current of a cell can be
described as:
I=NyPo
Where N is the number of ion channels in the membrane.
Membrane potential, on the other hand, can be defined as a product of the
separation of charges across the membrane generates an electrochemical
potential and electrical potential across membranes. Electrochemical potential of
a ion differentially distributed across a non-permeable membrane is described by
the Nernst equation:
_RT [x]o

~2F Mk

where R is the gas constant, T is temperature, z is the valence of the ion, Fis the

Ey

faraday constant and [x] is the concentration of the ion on a specific side of the
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membrane. lon channels regulate membrane potential by changing the
permeability of the membrane for a specific ion species.

In fact, the membrane potential depends on the difference in the electrochemical
potential of an ion and on the permeability of the membrane for that ion, as
described by the Goldman equation:

v RT PK[K+]0 + PNa[Na+]o + PCl[Cl_]O
m=—7—In
F " Pg[K*]; + Pyg[Na*]; + PglCl7];

Generally the resting potential of a cell membrane is -80 mV.

The permeability (P,) of a membrane can be defined as the passive diffusion rate
of permeable molecules across the membrane.

An action potential occurs when the membrane potential rapidly rises and falls
(Fig. 1.1) (Hodgkin and Huxley, 1952).

In neurons, action potentials play a central role in cell-to-cell communication by
allowing the propagation of signals along the neuron's axon toward synaptic
buttons. Then, these signals can be transferred to other neuron, to muscle cells
or glands.

In other types of cells, their main function is to activate intracellular processes. In
muscle cells, for example, an action potential is the first step in the chain of events

leading to contraction.
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Hodgkin and Huxley demonstrated that ion’s membrane permeability is voltage-
dependent; Ina is fast-activating, but Ik is more slow-activating current (Fig. 11.1,
Hille, 2001) During the action potential, the depolarization soon increases the Na*
permeability, inducing a Na* inward current, with sequential depolarization of the
membrane from -70 mV to +30 mV (Ena); this change in membrane potentials
increase the K* permeability too, activating the K* outward current that determine
the hyperpolarization of the membrane until resting values potentials and
inactivating Na* currents. lon channels are essential, for rapid changes in
membrane permeability, to generate action potentials, a fundamental mechanism

in intercellular communication.
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1.2 POTASSIUM CHANNEL: PORE STRUCTURE
AND ION SELECTIVITY

K* channels are a heterogeneous and ubiquitous group of membrane proteins
that selectively conduct K* ions, in or out the cell membrane, depending on the
electrochemical gradient. At physiological conditions, the concentration of K*
ions is 25-fold higher in the intracellular solutions than in the extracellular
compartment, so the opening of K* channels permits the inward flux rate
between 108 and 108 ions per second (Hille, 2001).

All K* channels are characterized by 1) a pore that permits ion flux, 2) selectivity
filter that allows the flux of K* ions but no other species and 3) a gating
mechanism that is necessary to switch between closed and open conformations.
In that chapter we are focusing on the structure of the pore of potassium channels

and on ions conduction mechanism.

1.2.1 PORE STRUCTURE

The general structure of the pore in cation channels is pretty well-conserved
among species and evolution (MacKinnon, 1995).

The first cation pore structure that was elucidated with X-ray crystallography

technique was the structure of the KcsA bacterial potassium channel (Doyle et.
| POREREGION |

N—] OUTERHELIX Pons INNERHELX  —C

61 70 80 90 100 110

kcsa 3Y . . PVTLWGRLVAVVVMVAGITSFGLVTAALATWFVGRE
kch SLMTAFYFSIETMS . .PVSESARLFTISVIISGITVFATSMTSIFGPLIRGG
clost SLGNALWWSFVTIT . .PSTPFGRVIASILMLIGIGFLSMLTGTISTFFISKK
Shaker SIPDAFWWAVVTMTTV . .PVGFWGKIVGSLCVIAGVLTIALPVPVIVSNFNYFY
hKvl.l SIPDAFWWAVVSMTTV( . .PVTIGGKIVGSLCAIAGVLTIALPVPVIVSNFNYFY
hDRK SIPASFWWATITMTEVGYGDIY. .PKTLLGKIVGGLCCIAGVLVIALPIPIIVNNFSEFY
Parame QYLHSLYWSIITMTEIGYGDIT..PONLRERVFAVGMALSAVGVFGYSIGNINSIYAEWS
Celegans SIPLGLWWAICTMTTVGYGDMT..PHTSFGRLVGSLCAVMGVLTIALPVPVIVSNFAMFY
mSlo TYWECVYLLMVTMSEVGYGDVY . .AKTTLGRLFMVFFILGGLAMFASYVPEIIELIGNRK
cal_act NFLGAMWLISITFLSIGYGDMV..PHTYCGKGVCLLTGIMGAGCTALVVAVVARKLELTK
AKT1 RYVTSMYWSITTLTEVGYGDLH..PVNTKEMIFDIFYMLFNLGLTAYLIGNMTNLVVHGT
herg KYVTALYFTFSSLTSVC . .PNTNSEKIFSICVMLIGSLMYASIFGNVSAIIQRLY
romk GMTSAFLFSLETQ BFRFVTEQCATAIFLLIFQSILGVIINSFMCGAILAKISRPK
hgirk GFVSAFLFSIETETTIGYGYRVITDKCPEGIILLLIQSVLGSIVNAFMVGCMFVKISQPK

Figure 12.1: Sequence alignment of selected K+ channels. In magenta is
reported conserved selectivity filter sequence (Adapted from Fig.1, Doyle et. al.,

1998)
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al., 1998) by MacKinnon’s group. This discovery led to Roderick MacKinnon
being awarded the Nobel Prize in Chemistry in 2003.

KcsA (K channel of streptomyces A) is a prokaryotic potassium channel, found in
the Streptomyces lividans bacteria, that is activated by intracellular changes in
pH.

KcsA represents the simplest topology for a K* channel. The pore and the
selectivity filter structures are very similar to other K* channels, including
eukaryotic K* channels (Fig. 12.1, Doyle, 1998). For this reason, KcsA crystal
structure was used as a template to study the structure of several K* channels

for many years (Roux B., 2005). This structure consists of four identical pore-

Figure 12.2 KcsA channel structure top view (left) and lateral view (right). Each
of the four subunit are indicated with a different color. Potassium ion into the
filter is rapresnted in purple (left)(Doyle et. al., 1998).

forming subunits and a selectivity filter tuned to select the potassium ions. Each
subunit has two transmembrane a-helices connected by the roughly 30 amino
acid pore region, which consists of the turret, pore helix, and selectivity filter. A
subunit is inserted into the tetramer, in a way that one transmembrane helix (inner
helix) faces the central pore while the other (outer helix) faces the lipid
membrane. The inner helices are inclined, relative to the membrane, about 25°
and are slightly bent so that the subunits open like the petals of a flower facing
outward from the cell. The open petals include the structure formed by the pore

region near the extracellular surface of the membrane (Fig. 12.2). This region

12



contains the K* channel signature sequence, which forms the selectivity filter (Fig.
12.1).

The essential features of subunit packing can be appreciated by observing the
relationship between the four internal helices and the four pore helices. The four
internal helices pack against each other as a bundle near the intracellular side of
the membrane. The pore helices are sandwiched between the poles of the teepee
and are directed, in an amino-carboxylic direction, towards a point near the center
of the channel. This helical pore arrangement provides many of the inter-subunit
contacts that hold the tetramer together and are critical for the functioning of the

ion-conduction pore.

Figure 12.3 KcsA channel pore. The internal cavity of
the pore is shown in red (Doyle et. al., 1998).

The total length of the resulting conduction pore, in its closed state, is 45
angstroms. When viewed longitudinally, the pore can be divided into three
regions: the selectivity filter, the water cavity and the inner pore (fig. 12.3). The
diameter of the selectivity filter is approximately 3 angstroms. The rest of the pore
diameter varies from 8 to 18 angstroms. The outer helices of the pore expose a
negative charge on the channel surface, due to the presence of negatively
charged side chains (such as Y82 and T85). These negative charges, placed on
the channel surface, attract cations to induce and facilitate their flow through the

pore. Furthermore, since an ion, moving through a narrow pore, faces the
13



maximal energy barrier at the center of the membrane (Parsegian, 1975), the
central cavity overcomes this problem: the aqueous cavity is located
longitudinally in the center of the pore, and its presence appears to lower the
electrostatic barrier, facilitating the flow of ions through the pore (Fig 12.3, Doyle
et. al., in 1998), thus demonstrated how the structure of KcsA is optimized to
overcome the main thermodynamic barriers that would prevent the flow of
potassium ions. These observations can be also extended to the pore of other

potassium-selective ion channels.

1.2.2 SELECTIVITY MECHANISM AND CONDUCTION OF POTASSIUM IONS
Considering that the radius of sodium is smaller than the potassium, even in
hydrated form, how is it possible to have an ion channel that is selectively 1000
times permeable for potassium than for sodium (Thomas et. al., 2008)? This issue
was clarified when the first potassium channel structure was solved using X-ray
crystallography approach (Zhou et. al., 2001).

The answer is in the peculiar selectivity filter. The selectivity filter consists in 5
residues located between the outer helix and the pore helix (Fig 12.1), forming the
highly-conserved Threonine-Valine-Glycine-Tyrosine-Glycine (or TVGYG) motif.
The threonine is more internal of the pore, whereas the last glycine faces the
extracellular side of the membrane. The carbonyl groups of these amino acids of

all four subunits face the central cavity of the pore and are the ones that form the

Potassium Channel Chappel Pore

-
\
—

A

Water Shell

Potassium

Figure 12.4 Hydrated and dehydrated potassium ions occupation into the
selectivity filter of KcsA (https://pdb101.rcsb.org/motm/38).
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core of the selectivity filter. Assuming that the ions are flowing from inside to
outside, the potassium ion is hydrated into the central cavity and is surrounded

by 8 symmetrical water molecules (Zhou et. al., 2001). The four carbonyl groups
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Figure 12.5 Non-conductive and conductive potassium filter configurations in
KcsA (Doyle et. al., 1998).

of T75 are far enough to dehydrate a hydrated potassium ion coming from the
aqueous cavity. Subsequently, the potassium ion will pass through the selectivity
filter by interacting with the carbonyl groups of V76, G77, Y78, G79, occupying
four different positions, sometimes referred to as S1-S4 and also called “cation
binding sites”, until it is released into the extracellular side and rehydrated again
(Fig 12.4). A single K* ion would interact strongly with the carbonyl oxygens and
remain tightly bound to the selectivity filter. On the other side, when potassium
ions are coming from the extracellular side, G79 (or SO) is responsible for
dehydration of the potassium ions (Zhou et. al., 2001). This way, every cation
binding site consist in a “coordination cage” that is specific for dehydrated
potassium ions (Fig. 12.4).

Moreover, the T75 or G79 carbonyls are far enough to allow dehydration of a
potassium hydrated ion, but not for a sodium hydrated ion, since the radius of the
sodium hydrated ion is too high (Table I1). A similar hypothesis was already
postulated in the early 1970s (Bezanilla and Armstrong, 1972), but was confirmed
only after the resolution of KcsA structures. Structural studies of KcsA and NaK
(a channel that conducts both K* and Na™*) crystallized in the presence of Na*
(and Li*) suggest that instead of binding in the center of the eight-oxygen cage,
Na* binds in a plane formed by four oxygens, in between two K* binding sites
(Alam and Jiang 2009b;). Therefore, K* channels preferentially pass K* over Na*

because either binding is energetically unfavorable and because it encounters a

15



very high-energy barrier to permeate through the pore (Noskov et al. 2004; Zhou
and MacKinnon 2004; Lockless et al. 2007; Alam and Jiang 2009b).

lon lonic radius Hydrated radius
(Angstrom) {Angstrom)
Na* 1.02 2.76
T 1.40 2.30
Kt 1.38 2.32
Rb* 1.48 2.28
Cs* 1.67 2.26

Table I1 lonic and Hydrated radius, in Angstrom, of some of the selectivity filter
permeable and non-permeable ions

Potassium Thallium

Figure 12.6 Disposition in the conductive selectivity filter of potassium, thallium,
rubidium and cesium ions (Zhou and MacKinnon, 2003).

This mechanism relies on a strikingly delicate energy balance. Potassium
conduction for KcsA is 107 to 108 ions per second, and can be considered pretty
hight. To allow rapid ion conduction, the strong attraction between the ions and
the channel must be exquisitely counterbalanced by the electrostatic repulsive
forces between the ions. Probably, one ion from one side of the selectivity filter is
coupled to the simultaneous exit of another ion on the opposite side (Roux, 2005).

16



If the concentration of K* ions bathing the crystals is lowered sufficiently (below
normal intracellular levels), then a reduction in the number of ions from four to
two occurs (occupyng S1-S3 or S2-S4 sites), and is associated with a structural
change to a “collapsed” filter conformation, which is pinched closed in the middle
and is not conductive. It seems that the occupancy of all the four cation binding
site in the filter is crucial for the stabilization of a conductive conformation of the
selectivity filter (Fig. 12.5; Zhou et. al., 2001).

The conformational shift induced by potassium ions carries thermodynamic
implications for the binding strength of four potassium ions within the "conductive"
filter. This suggests that a portion of the binding energy of the third ion must be
utilized as mechanical work to induce the “conductive” conformational alteration
in the filter. To grasp this concept intuitively, it's crucial to acknowledge that, in
order for ions to be present in the filter, they must counteract its inclination to
collapse and expel one of them. In essence, the "conductive" conformation with
four ions is subjected to tension, leading to a reduced affinity for potassium ions.
This reduced affinity is a favorable attribute for an ion channel since weaker
binding promotes heightened conduction rates. (MacKinnon, 2004). This principle
aligns with the "induced fit" hypothesis, which enzymologists had proposed many
years earlier to elucidate high specificity coupled with low substrate affinity in
enzyme catalysis (Jencks, 1987).
KcsA and, in general, potassium channels, are also permeable to other cations,
such as Tallium, Rubidium and Cesium (Hille, 1972; Clay and Shlesinger, 1983).
Zhou and MacKinnon compared, with K*, the ion distribution and occupancy of
TI*, Rb™ and Cs* in the selectivity filter of KcsA. They concluded that TI* and K*
bind at essentially identical positions, and both are distributed nearly evenly over
four positions, sites S1-4. The filter conformation and distribution of K* and TI*
corresponds to the high-concentration K* structure. The near identity of the
structures in TI* and K* and the same ion distribution profiles indicate that TI* is
a good K" analog for estimating ion occupancy in the selectivity filter. On the other
hand, even if the protein structures in high-concentration Rb* or Cs* are very
similar to the high-K* or the high-TI* structures, there are only three major
occupied ion positions (only S1, S3 and S4) in the selectivity filter, instead of four,
occupied by these two ions. They conclude that their larger ionic radius clearly

affects their distribution and their structural periodicity disposition inside the filter,

17



even though the filter structure is very similar to the hight-K* conductive
configuration. (Fig 12.6, Zhou and MacKinnon, 2003).

1.2.3 STRUCTURAL REARRANGEMENTS OF POTASSIUM CHANNEL
PORES DURING GATING

The X-ray structure of KcsA revealed that the pore domain is in a close
configuration; indeed the terminal cross of the inner helices occlude ion flow. The
X-ray structure of the open channel state was determined by MacKinnon and
collaborators in MthK, a bacterial channel with high homology to KcsA. The open
conformation of KcsA was obtained by comparison of KcsA sequence to MthK
structure in the open conformation (homology sequencing). KcsA can open if
exposed to low pH levels on the cytosolic side, but have also a low voltage
dependence.

During the transition between the closed and open state, the inner helices, which
in the closed state are crossed, undergo a displacement towards the outside,
forming a hole of 20 angstroms width, which allows the passage of ions. (Jiang
et al., 2002) In MthK this shift uses a flexible glycine (G83) residue as a pivot.
This glycine is highly conserved among potassium channels (Rosenhouse-
Dantsker and Logothetis, 2006). Pore opening generally induces profound
structural changes in the most C-terminal region of the inner helix of the pore in
other potassium channels as well. Many details, however, regarding this

mechanism cannot be generalized to potassium channels.
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Figure 12.7 Opening conformational changes in bacterial potassium channels
(Guo et al., 2014).
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1.3 POTASSIUM CHANNELS
1.3.1 PHYLOGENY AND CLASSIFICATION

Potassium channels form the largest and the most diverse ion channel family
(Jan and Jan 1997). Molecular identification of the first potassium channel was
achieved by positional cloning, based on the phenotype of the Drosophila mutant
Shaker (Papazian et. al., 1987). Since then, more than 200 genes encoding
various potassium channels have been cloned. For many, but not all potassium
channels, post-transcriptional alternative splicing of their transcripts further
increases the diversity of potassium channels in vivo. (Yang and Jan, 2013). The
K* channel-forming subunits of metazoans show similarities to the KcsA channel,
but are encoded by a large family of genes. The evolution of K* channels has
been traced back to the prokaryotic world, where K* channel proteins are
common in eubacteria and archaea (Jan and Jan, 1992; Derst and Karschin,
1998; Anderson and Greenberg, 2001; Martinac et al., 2008). Phylogenetic
studies and structure/function properties of channel proteins have led to the
hypothesis that the complex K* channels in animals and plants evolved from a
simple bacterial precursor channel (Anderson and Greenberg, 2001). It is
postulated that the precursor channel protein, that should be highly related to
KscA, resembling the pore module of modern K* channels (Thiel et. al., 2013).
The human genome contains ~80 potassium channel genes. Those gene can be
divided, structurally, into three categories (Fig 13.1). The first structural category
consists in inward-rectifying channels that, like the KcsA channel, have a simple

subunit structure in which two membrane-spanning domains flank a pore-forming

2TM 2"2TM 6TM 6+2TN
(Kir) (TWIK) (Kv) (TOK)

nnn Alllllglllllljl

'\

SF
™1 \I\ I/ ™2
Figure 13.1 Potassium channels families and structural differentiation (Thiel et
al., 2013).

19



domain. A second structural category has six transmembrane segments for each
subunit. This class can further be subclassified into two families based on the
gating mechanism. The class of six transmembrane (6TM) K* channels includes
the voltage-gated Kv and the Ca?*-activated K* channels. In voltage-gated
channels, the fourth membrane domain contains an abundance of basic residues
that appear to congregate on one side of the membrane helix. This helix acts as

a voltage sensor, regulating the opening of the pore in response to membrane
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Figure 13.2 Potassium channels members and phylogenetic tree (Chou et al.,
2014).

voltage changes. The last two segments resemble those in the KcsA channel and
surround a pore-forming domain. A third structural class of K* channel subunits
possesses four membrane domains and two pore-forming domains, which
resemble two interconnected KcsA subunits (Moulton et. al., 2003) (Fig 13.1; Fig

13.2). In this chapter we describe inward rectifiers, calcium-activated and two-
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pore potassium channels, while the next will be dedicated to the description of

voltage-gated potassium channels.

1.3.2 INWARD RECTIFIERS (Kir) POTASSIUM CHANNELS

The subunits of inwardly rectifying K* channels consist of two transmembrane
segments known as M1 and M2, which can be likened to the outer and inner helix
of KcsA, respectively. These channels are categorized into seven subfamilies
(Kir1-7), with Kir2 and Kir3 having 6 and 4 members, Kir4 and Kir6 each having
two members, and the rest having only one member (Tab 12.1). The N-terminal
and C-terminal ends of Kir channels are positioned on the cytoplasmic side of
the membrane and are interconnected. Each -N terminus contains a single-strand
(BA) that forms a pB-sheet with two B-strands (BL and M) in a -C terminus. This
cytoplasmic three-p-strand subunit shapes a cylinder on the cytoplasmic side of

the pore, also known as the "cytoplasmic pore" (Fig. 13.3).

Cytoplasmic
region

Figure 13.3 Structure of Kir2.2 subunit and functional channel in open state
(PDB 6M86).
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These channels conduct potassium predominantly in the inward direction (inward
rectification). This property is attributable to blockade of outward current by
intracellular cations, such as Mg?*, or polyamine (Taglialatela et. al., 1995).
Different inwardly rectifying potassium channels exhibit different degrees of
inward rectification. Kir2 families show strong inward rectification, while Kir1, Kir3,
and Kir6 families show weak inward rectification (Hibino et. al., 2010). The C-
terminus of the Kir3 subfamily can interact with the Gg, protein, which determine

channel opening.

Gene Protein Aliases

KCNJ1 Kirl.1 ROMK1

KCNJ2 Kir2.1 IRK1
KCNJ12 Kir2.2 IRK2
KCNJ4 Kir2.3 IRK3
KCNJ14 Kir2.4 IRK4
KCNJ17 Kir2.5 IRK5
KCNJ18 Kir2.6 IRK6
GIRK1,

KCNJ3 Kir3.1
KGA

KCNJ6 Kir3.2 GIRK2
KCNJ9 Kir3.3 GIRK3
KCNJ5 Kir3.4 GIRK4
KCNJ10 Kird.1 Kirl.2
KCNJ15 Kird.2 Kir.3
KCNJ16 Kir5.1 BIR 9
KCNJ8 Kir6.1 KATP
KCNJ11 Kir6.2 KATP
KCNJ13 Kir7.1 Kirl.4
Table 13.1 Kir channel classification
Kir6 is modulated by the intracellular ATP concentration. ATP-sensitive potassium

channels are formed by four subunits of Kir6 and four subunit of ATP-binding

cassette family proteins (ABC), that can form an octameric complex. ABC
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proteins confer ADP sensibility to Kir6é channels that modulate positively the open

probability.

1.3.3 CALCIUM-ACTIVATED K* CHANNELS (Kca)

Kca channels counts among its members the large conductance BKca (also
known as Kcal.1), the small conductance SKca (including Kca2.1-2.3; 4.1, 4.2,
5.1), and intermediate conductance IKca (also identified as Kca3.1)(Tab 13.2). The
activation of calcium-activated K* channels occurs in response to an increase in
cytoplasmic concentration of Ca?*. Additionally, Kca channels exhibit voltage-
dependent characteristics. These channels play diverse physiological roles, such

as regulating neuronal firing, blood flow, and proliferation.

Gene | Channel Aliases

BK, Slo1,
KCNMA1 | KCa1.1
Maxi-K
KCNN1 | KCa2.1 SK1
KCNN2 | KCa2.2 SK2
KCNN3 | KCa2.3 SK3

KCNN4 | KCa3.1 IKCa, SK4

KCNT1 | KCa4.1 | Slack, Slo2.2

KCNT2 | KCa4.2 | Slick, Slo2.1

KCNU1 | KCab5.1 Slo3

Table 13.2 Kca channel classification

| i:ig. 13.4 Kca 1.1 subunit representation into the channel complex, with Ca2*
binding sites and calcium bowls. Tetrameric structure is on the right (PDB:
8GH9).
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The subunit of BKca channels, also known as Kca1.1, Slo1 or KCNMA1, shares a
structural resemblance to voltage-gated potassium channels, featuring six
transmembrane domains and a pore domain positioned between the S5 and S6
segments. However, BK subunits have an additional N-terminal transmembrane
domain (S0). Within the channel, this subunit exposes the N-terminus of BK
channels on the extracellular side, while the C-terminus is situated on the
intracellular side. On the intracellular side, Kca1.1 contains a pair of “regulators of

K* conductance” (RCK) domains, which assemble in an octameric ring structure
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Fig. 13.5 Kca 2.1 subunit structure (Faber et. al., 2009).

in the functional channel and binds Ca?*. In RCK1 there are calcium binding site,
and in RCK2 there are the so called "calcium bowls" (Fig. 13.4). These RCK
domains house primary binding sites for Ca2* and are crucial for the regulation of
BKca by calcium. The principal subunits can combine with accessory beta
subunits, and four beta subunits have been identified, each exhibiting a distinct
tissue expression pattern. These beta subunits modulate the biophysical
properties of the mature channel, including Ca?* sensitivity, voltage-dependency;,
and pharmacological characteristics. Kca1.1 is implicated in various physiological
processes such as muscle contractions, neuroendocrine release,
neurotransmitter release, and synaptic plasticity. Research on knockout animal
models has revealed significant roles of Kca1.1 in motor control and cerebellar
ataxia (Sausbier et al., 2004). SKca channels also closely resemble the structure
of voltage-gated potassium channels, as they are composed of subunits featuring
six transmembrane domains (Fig. 13.5). The SKca subfamily (KCNN1-3)
comprises three types of pore-forming subunits (Kca2.1-3). Each subunit is

distinguished by a cytoplasmic tail at the C-terminus, which includes a 91-amino
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acid region that constitutively binds Calmodulin in the absence of calcium (Fig
1.3.6).

The activation of SKca channels occurs when the Calmodulin associated with the

Chemo-mechanical
gating model
Cai’ +

Open

Fig. 13.6 Conformational changes during Kca2.1 gating (Schumacher et. al.,
2001) Bottom figure is reporting the intracellular region of Kca 2.1(green) when
it'’s binding Ca?*-Calmodulin complex (PDB: 4QNH).
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Fig. 13.7 Chicken Slo2.2 subunit structure in the open conformation (PDB
5U70).

channel binds Ca?*, causing a conformational change in the channel that prompts

a transition to the open state (Fig. 13.6, Schumacher et al., 2001). SKca2.1-3
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subunits exhibit widespread expression in the brain, particularly in the cortex and
hippocampus (Stocker and Pedarzani, 2000). Pharmacological inhibition of SKca
increases the excitability of hippocampal neurons and facilitates the induction of
synaptic plasticity (Schumacher et al., 2001). Alterations in Kca2.3 have been
linked to conditions such as schizophrenia, anorexia nervosa, and ataxia (Lam
et. al., 2013). Kca4.1 and Kca4.2, encoded by the KCNT1 and KCNT2 genes,
respectively, are highly sensitive to intracellular sodium concentrations, so much
so that we refer to the channels as  sodium-activated
potassium channels. Under conditions of symmetric K* concentrations, Kca4.1
channels have an ECso of 41 mM for activation by intracellular Na™.

This channel resembles the Kca2.1 channel by containing very large carboxy
termini in addition to the transmembrane domains. The large carboxy termini
contain RCK domains (Bhattacharjee and Kaczmarek, 2005 ; Salkoff et al., 2006).
These RCK domains are thought to be essential for sodium binding and
concomitant gating for this class of potassium channel (Jiang et al., 2002; Hite et.
al., 2015, Fig. 13.7).

1.3.4 TWO-PORE K* CHANNEL
Functional K2P channels are formed by two subunits, each featuring four

transmembrane domains (M1-M4) and two pores (P1 between M1 and M2, and

Gene |Channel| Family Aliases
KCNK1 | K2p1.1 TWIK TWIK-1
KCNK2 | K2p2.1 TREK TREK-1
KCNK3 | K2p3.1 TASK TASK-1
KCNK4 | K2p4.1 TREK TRAAK
KCNK5 | K2p5.1 TASK TASK-2
KCNK6 | K2p6.1 TWIK TWIK-2

KCNK7 | K2p7.1 TWIK

KCNK9 | K2p9.1 TASK TASK-3
KCNK10 | K2p10.1| TREK TREK-2
KCNK12 | K2p12.1 THIK THIK-2
KCNK13 | K2p13.1 THIK THIK-1
KCNK15 | K2p15.1| TASK TASK-5
KCNK16 | K2p16.1| TALK TALK-1

KCNK17 | K2p17.1| TALK | TALK-2, TASK-4
KCNK18 | K2p18.1| TRESK TRIK, TRESK

Table 13.3 K2p channel classification
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P2 between M3 and M4). The extracellular loop between M1 and M2 contains the
self-interacting domain (SID), crucial for homodimer formation. This family
comprises 15 members, classified in 7 families, with widespread tissue
distribution, particularly in the brain, placenta, lung, and liver (Lesage et al.,
2000). Two-pore K* channels (K2P) are weak inward rectifiers, rapidly activating
and non-inactivating, open at all membrane potentials, leading to their

designation as "leak channels".
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1.4 VOLTAGE GATED K* CHANNELS AND
STRUCTURAL/FUNCTIONAL RELATIONSHIP

The electrical proprieties of excitable cells are determined in large part by the

voltage gated K* channels (VGKCs, Triggle, Gopalakrishnan, Rampe, Zheng,

2006).

The first voltage-gated potassium channel was identified and cloned in

Drosophila, since a mutation in this gene caused aberrant movements in the fruit

fly, including shaking of the leg under anesthesia (Jan and Jan, 1988). For this

reason, this channel was called “Shaker’, and was then identified as the

homologous to human Kv1.1.
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Figure 14.1 Voltage-gated potassium channels families and

nomenclature (Gonzalez et. al., 2012).
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In Human, there are 38 genes encoding for voltage-gated potassium channel
subunits, that are classified in 12 subfamilies (Kv1-Kv12, Fig. 14.1). The first
family is called Shaker-related, referring (like other families) to the orthologous
gene in Drosophila. That family accounts for 8 members (Kv1.1-8). Then, we
have the Shab-related family, that includes just two members, Kv2.1 and Kv2.2.
Morover, the Shaw related family is composed of 4 members (Kv3.1-4) and the
Shal-related family by only three members (Kv4.1-3). Modifiers families (Kv5,
Kv6, Kv8 and Kv9) are instead responsible to co-assemble with Shab related
family members, conferring those heteromeric channel an incredible functional
and structural heterogeneity.

Kv7 family is compose of five members (Kv7.1-5) and will be discussed in the
next chapter. Finally, three other families Kv10, Kv11 and Kv12 (or eag, erg and
elk) are composed of two members (such as the Kv10 family) or three (such as
Kv11 and Kv12).

In addition to alpha pore forming subunits, auxiliary subunits, called Kv-Beta
(KvB) subunits, have been identified. These B-subunits assemble with main
subunits with a 1:2 or 1:1 stoichiometry (Li et. al., 2006). The B subunits of the
potassium channels are rather heterogeneous from a structural point of view. This

assembling can alter current density and kinetics of channels.

1.4.1 VOLTAGE SENSOR ACTIVATION AND CHANNEL GATING

In general, Kv channels are tetrameric proteins that can be formed by one or
more types of subunits.

Each Kv channel subunit consists of six transmembrane segments, called S1-S6,
and both N- and C- terminus of these proteins are located on the intracellular
side.

S1-S4 segments forms the voltage sensor domain (VSD). The S4 domain
contains a highly conserved motif consisting of a series of four positively charged
amino acids that act as a voltage sensor, separated by two non-charged amino
acids. Generally, these amino acids are called R1-R4. The number of arginines
or lysines may vary along the S4 segment among different members. Some Kv
possess up to 6 positive charges (R1, R2, R3, R4, K5, R6) (Fig. 14.2).

The S5 and S6 segments, on the other hand, form the pore domain (PD). Those

segments structurally closely resemble the KcsA subunit. (Fig. 14.2).
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VSD

PD

Kv10.1 FADQIPPPLEGRESQGISSLESSLKVVRLIR[L R-—KLOH---———————————— YI 372
Kv10.2 - GISSLFSSLKVVRLILRIL ~KLOH----——————————- YL 342
Kvll.d e TTLIGLLKTARLIRIL OR-—-——=—=———— === YS 545
Kvll.l =  ——eeeeemeeeceee—ee— LIGLLKTARLIR[L 1 OR-—-———————————- YS 543
Kv1ll.2 ~ TTLIGLLKTARLIRL OR-—————————————— YS 394
Kvl2.2 ~ - YFGAHLLKTVRLIRL. ARLOR-—————————————— YS 353
Kvl2.1 -VSLVHLLKTVRLIRIL ~KLOR---———————————— YS 349
Kvl2.3 e TSLVHLLKTVR[LIR[L AKLER---——==—— ==~ YS 355
Kv7.1 -——-QVFATSAIRGIREF [|HVOHDEGTWRLLGSVVFIHRQ 260
Kv7.3 —-——NVLATS-LRSLRF IRMORRGGTWKLLGSAICAHSK 259
Kv7.2 -—-NVFATSALRSIRF ORRGGTWKLLGSVVYAHSK 230
Kv7.4 -—--NIFATSALRSMREF ORRGGTWKLLGSVVYAHSK 236
Kv7.5 -——————————-G-—- NIFATSALRSIRF ORRGGTWKLLGSVVYAHSK 264
Kv6.3 = ———--——--- --GENSQLQRAGVTLRNVIR] (L E|W| AHHFIGLOQTLGLTLKRCYR 321
Kvé6.1l —-PGAGNSYLDKVGLVILRVIR] Y| ARHSLGLOTLGLTARRCTR 375
Kvé6.2 -GPGGTKLLERAGLVLRILLR] Y| HSLGLRSLGLTMRRCAR 320
Kv5.1 —-GARMMELTNVQQAVQAIIR IRIT ARHSSGLQTLTYALKRSFK 322
Kv8.1 GSQTTQELENVGRIVQVIR RM GQRHSTGLRSLGMTITQCYE 344
Kv2.1 NKSVLQFQNVRRVVOQILF[R] RITK HSTGLQSLGFTLRRSYN 329
Kv2.2 QI ER] RIL ARHSTGLOSLGFTLRRSYN 333
KvS.1 QVER] RV HSTGLRSLGATLKHSYR 374
Kv9.2 OVIR aRI HSTGLRSLGATLKYSYK 327
Kv3.3 EEESEDIENMGKVVQIL LRI RIL HSVGLRSLGATLRHSYH 322
Kv3.2 AAKDVLGFLRVVYREF RIFKLYAHFVGLRVLGHTLRASTN 380
Kv3.4 RVVRF RIT TRHFVGLRVLGHTLRASTN 379
Kv3.1 RVVRE RIL THHFVGLRVLGHTLRASTN 343
Kv3.3 RVVREF RIL TRHFVGLRVLGHTLRASTN 446
Kv4.1l VT LRVERNVERIL SRHSQGLRILGYTLKSCAS 324
Kvd.2 VI[LRVERVERI JHHSQGLRILGYTLKSCAS 322
Kvd.3 VI LRVERNVER[ RHSQGLRILGYTLKSCAS 319
Kvl.8 S PSAQONMSLAILRI IRLVYRVERI JRHSKGLQILGQTLKASMR 373
Kvl.7 RGVGQPAMSLAILRNVIRLYRNVERI JHHSKGLQILGQTLRASMR 343
Kvl.6 GGGONGQQAMSLAILRVIRLVRVERI g KGLQILGKTLQASMR 374
Kvl.5 GGGONGQQAMSLAILRNV IRLVRVERI JHHSKGLQILGKTLQASMR 432
Kvl.4 NGQQQOQAMSFAIILRI IRLVRVERIL JHHSKGLQILGHTLRASMR 476
Kvl.3 GNGQQAMSLAILRVIRLRVERIL SHHSKGLQILGQTLKASMR 396
Kvl.1l -NQKGEQATSLAILRVIRLVRVERI HSKGLQILGQTLKASMR 324
Kvl.2 AQQOGQQAMSLAILRVIRLVRVERI |RASKGLRILGQTLKASMR 326
* . . .
R1 R2R3R4K5R6

Figure 14.2 Mammalian Kv1.2 subunit that resemble general resting

closed structure of Kv channels (PDB: 3LUT). (A) In green is reported
VSD and in blue pore domain, with potassium ion position into the filter in
purple. Gray color is reporting linkers. (B) Positive amino acid disposition
in S4 segment. Sequence report positive charge conservation among Kv

in S4 segment. Labeled refer to Kv1.1.
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These two segments are connected to each other by a short a-helix, called H5,
and by a loop, called P-loop, which contains the GYG motif that characterizes the
selectivity filter. In their tetrameric form, the four VSD are located outside the pore
domain, while segments S5 and S6 of the four subunits are organized centrally
to form the pore (Fig. 14.3). This disposition led to the hypothesis that the voltage

sensors are semi-independent modules (Long et al., 2005).

~IR "j
2

Figure 14.3 Lateral (upper) and top (bottom) view of subunit
localization and tetrameric structure of resting closed Kv1.2/2.1 paddle
chimera channel structure (PDB 6EBM). Green indicates voltage

sensors and blue pore domains.

The presence of net charges within voltage sensors had already been
hypothesized by Hodkin and Huxley in 1952 (Hodgkin and Huxley, 1952). The
VSD domains are sensitive to the electric field of the membrane, and alterations
of the latter determine its movement inside the membrane (Seoh et. al., 1996),
generating new electrostatic interactions with negatively charged amino acids,
present in the S1-S3 domains and stabilizing the open channel conformation
(Bezanilla et. al., 2000).
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The movement of these charges inside the membrane can be measured as a
"gating current", transients electric currents distinct from ion conduction
(Armstrong and Bezanilla, 1973)

Several mutagenesis studies have shown how the neutralization of positive
charges located into the S4 determines alterations in the functionality of the
channel under examination (Miceli et. al., 2017) and the disappearance of gating
currents (Aggarwal and MacKinnon, 1996).

These amino acids therefore confer sensitivity to channels to voltage variations
across the membrane.

In the resting condition, the pore domain is closed, as the C-terminal tails of the

S6 segments form a narrow passage, which crosses the intracellular side,

(A) CLOSED CHANNEL

Outside

Internal crevice Inside

External crevice
(B) OPEN CHANNEL

Qutside

Gate
open

Inside

Figure 14.4 Schematic representation of conformational change of S4

during gating and pore opening (Hille, 2001).
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preventing ion flow through the channel (Liu et. al, 1997). At the same time, the

voltage sensor is in the resting configuration, lying downward (Figure 14.6).

Describing in general the activation mechanism of the voltage sensor, we could

say that membrane depolarization induces an upward rotation of the S4 segment

(Fig. 14.4) similarly to the movement of a screw being unscrewed inside the hole

in which it lodges. That structural reorganization is transmitted to the S6

segments via the S4-S5 linker. The movement of the S6 segment causes the

“relaxation” of its C-terminal ends which kept the channel closed, thus permitting
the flow of K* ions (Kim et al., 2016).

It is also thought that the opening of the pore domain is allowed by a particularly

mobile region, called PVP region (in Kv1, Kv3 and Kv4 families), which produces

a curvature in the S6 and makes it particularly sensitive to conformational

changes on its C-terminal end (Fig. 14.7).
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Figure 14.6 Conformational change of the pore, from the closed to the
open state (Tao et. al., 2010, Wawrzkiewicz-Jatowiecka et. al., 2017).
The specific sequence of amino acids interactions that allows activation of a
voltage-dependent potassium channel is relative to the family or specific member
under consideration. This will be discussed in detail for the Kv7 family in the next
chapter. The process of opening the pore is called "opening". The opening
process involves the activation gate (AG). "Deactivation" is the opposite process:
the activation gate closes, usually in response to the membrane repolarization
(Ahern, 2016). "Inactivation" is when ion flow is blocked by a mechanism that
differs from channel deactivation (Béhring and Covarrubias, 2011). Whilst the
mechanism of activation of VGKCs is similar among different classes of the Kv
superfamily, the mechanism of inactivation does not concern all the voltage-
dependent potassium channels and differs among the various members of this
family.
1.4.2 INACTIVATION MECHANISMS IN VGKCS
The voltage-dependent potassium channels can inactivate in two ways: C-type

inactivation or selectivity filter gating or for N-type inactivation (Fig. 14.8)
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C-type inactivation is believed to be the result of a conformational change in filter
selectivity (Kim et al., 2016). C-Type inactivation was predicted by structural
studies in KcsA when this is exposed to low potassium concentration (Zhou et al.,
2001). It is believed that several VGKCs inactivate in a C-type way, like Shaker-
related family (Hoshi et. al, 1991). Functional studies on KcsA have identified that

mutation E71A disrupt C-type inactivation (Cordero-Morales et al., 2006) and

B C-type inactivation and selectivity filter gating

L
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° A

C N-type inactivation

o e
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o °
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Figure 14.8 Inactivation mechanisms in Kv channels (Kim et al., 2016).

mutagenesis studies on Shaker and Kv1.2 in the corresponding position suggest
that these residues can play a similar role in voltage gated potassium channels
(Cordero-Morales et al., 2011). In KcsA, two C-type inactivated conformations of
KcsA have been described, 11 and 12. When the selectivity filter is in the I1
conformation, the inner gate is partially opened and when the selectivity filter is,
instead, in the 12 conformation, the inner gate is fully opened. That suggests us
that selectivity filter conformation is coupled with activation gate (Cuello et al.,
2010). That’s also true for Shaker channel and other Shaker-related channels
(Ong et. al., 2022).

Recently, the structure of the Shaker channel with C-type inactivated filter was
revealed by the high-resolution cryo—electron microscopy and computer
simulations (Fig. 14.9; Tan et. al., 2022).

They used the W434F mutant of Shaker, that accelerates and stabilizes the C-

type inactivation of the channel (Perozo et. al., 1993, Pless et. al., 2013).
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They report that, in that mutant, the external pore quickly leads to rearrangement
of the P-loop. This dilation of the ion selectivity filter results into a C-type
inactivated conformation (Fig. 14.9).

C-type inactivation is defined as slow inactivation (Kiss and Korn, 1998).

On the other side, N-type inactivation is called fast inactivation and also occurs
in Shaker-related family (Zagotta et. al., 1990). This mechanism involves a N-
terminus peptide that can physically obstruct the intracellular side of the pore of
the channel. The N-terminus peptide have an high affinity for the pore in the open
conformation (Yao et. al., 2000) and removing the amino-terminal peptide abolish
this type of inactivation (Hoshi et al., 1990), that can be rescued by the addition
of the same sequence peptide in solution (Zagotta et al., 1990).

Mutational analysis provided evidence that N-terminus peptide binds the

intracellular side of the pore (Gonzales et. al., 2011).

Figure 14.10 Structural organization of the peptide during N-type

inactivation of Shaker channel (Long et. al., 2005).
Inactivation peptide snakes into the inner pore interacting with a negative surface
on the bottom of the pore (Fig. 14.10) (Long et al., 2005).
Thus, Kv1 channels are inactivated by both a slow C-type and a fast N-type
mechanism (Hoshi et. al., 1990). The potassium channels Kv2, Kv3 and Kv4 also
exhibit inactivation, but the mechanism is not as clear. Recent studies suggest

that in Kv2.1 and possibly in Kv4, inactivation involves altered coupling between
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the voltage sensors and the pore, leading to closure of the internal pore

(Fernandez-Marifio et. al., 2023).

1.4.3 BIOPHYSICAL PROPERTIES OF VGKCS

Voltage-gated ion channels can be also classified by their biophysical properties.
The majority of them can be divided into two groups: Delayed Rectifiers (or D-
type) and A-type potassium channels.

Delayed Rectifier Voltage gated K* channels include two categories: slowly
inactivating, such as Kv1.1, Kv1.2, Kv1.3, Kv1.5, Kv1.6, Kv1.7, Kv1.8 and Kv2
subfamily, that shows a little time-dependent inactivation, or non-inactivating,
such as Kv3.1, Kv3.2, and Kv10.1.
Opening of these channels typically start membrane potential is close to -40 mV.
A-type potassium channels are rapidly inactivating voltage gated potassium
channels and this group includes Kv1.4, Kv3.3, Kv3.4, Kv4.1, Kv4.2, Kv4.3
(Gonzalez et. al., 2012).

This type of channel shows a strong time and voltage-dependent inactivation (Fig.
14.11).

Kv5-6 and Kv8-9 subfamilies can be classified as modifier/silencer; these
subunits can assemble with Kv2 subfamily members but are unable to form

functional channels alone (Bocksteins et al., 2016).

Shaker-IR D E Shaker-IR W434F
WA434F

0 2 4 6 8
Radius (A)

Figure 14.9 on the left, selectivity filter rearrangement and collapse during C-
type inactivation of Shaker channel (Tan et. al., 2022). In the middle, pore radius
of active and C-type inactivated Shaker’s selectivity filter and on the right, the
corresponding representation of pore areas.
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Kv11 represents the only voltage dependent inwardly-rectifying channels
subfamily and this property arises following a rapid voltage dependent
inactivation of channels (Trudeau et al., 1995).

Kv12 subfamily and Kv10.2 are voltage gated potassium channels that are
classified as “slowly activating” (Zhang et al., 2009).

In mammalian neurons, the main potassium currents are voltage-dependent
currents (Fig 14.12). These potassium currents can in turn be divided into four
components: Ip, la, Ik and Im (Storm, 1988) and pharmacology is used to
distinguish various components of the overall potassium current (Mitterdorfer et
al., 2002).

Io are fast activating currents, slowly inactivating and are sensitive to 4-
aminopyridine at 30 micromolar. |a current is fast activating and fast inactivating,
and is sensitive to 4-aminopyridine at 3 mM. Ik and Im currents are slowly

activating, not inactivating and sensitive to TEA at 3-25 mM (Fig. 14.12).

Kv1.1 Kv1.4 Kv2.1

\

100 ms

Kvi.2 Kvi.5 Kv3.1b

/

Kv4.2

Figure 14.11 Current responses of different Kv members to a +40 mV

membrane depolarization (from -80 mV; Gonzales et. al., 2012).
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During action potential, potassium current is made by Ipb and Ia components.

Im current is involved in the regulation of excitability but it is also involved in the
action potential repolarization (Gu et. al., 2005; Tsingounis et. al., 2010).

Im current is a typical subthreshold activated potassium current and plays a critical
role in the regulation of the neuronal excitability, maintaining resting potentials at
low stable values. In the next chapter we will investigate Kv7 channels that, in

neurons, underlie the M-current.
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Figure 14.12 K+ currents components in mammalian neuronal model

(lon channels of excitable membranes, Hille).
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1.5 Kv7 CHANNELS: STRUCTURE AND

REGULATION
1.5.1 STRUCTURE OF Kv7 CHANNELS

The arrangement of subunits within the Kv7 subfamily closely resembles
the general structure of voltage-gated potassium channels (as discussed in
Chapter 4). These subunits exhibit a typical six-transmembrane
configuration with N- and C-termini located on the intracellular side. The S4
segment features positive charges, interspersed with two uncharged
residues, forming the voltage sensor core. This motif for Kv7.2-5 is
-RXXRXXQXXRXXRXXR-. In Kv7.1, the fifth positive charge is represented
by an histidine instead of an arginine (Fig 13.1). The selectivity filter includes
the canonical -TVGYG- sequence. In contrast to other VGKCs, such as
Kv1.1, there is no evidence that the selectivity filter may be in a
nonconductive state, and, in general, with the exception of Kv7.1, they do
not undergo inactivation. Members of the Kv7 subfamily, also known as
KCNQ, include Kv7.1-5 (KCNQ1-5), are capable of forming homotetramers
or heterotetramers with other Kv7 family members. Notably, Kv7 subunits
possess a conserved long intracellular C-terminal region that binds
accessory proteins and regulate subunit assembly, channel trafficking and
activity (Soldovieri et al., 2011).

The N-terminal region is pretty short but contains a phosphorylation site for
Src kinase. Src recognizes two tyrosine residues, one in the N-terminus
(Y67 in Kv7.3) and one in C-terminal region (Y349 in Kv7.3).
Phosphorylation in these sites suppress the Kv7.3-mediated current. (Li et
al., 2004).
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Figure 15.1 KCNQ C-terminal interacting-sites (Soldovieri et al., 2011).
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The secondary structure of the C-terminal region of a Kv7 subunit presents
four a-helices called A, B, C and D (Fig. 15.1). A and B regions contain
Calmodulin binding sequences. Some studies have demonstrated that
Calmodulin is essential for Kv7 folding and trafficking (Etxeberria et al.,
2008) and confers [Ca?*]i sensitivity to Kv7 channels. (Hernandez et al.,
2008). C and D helices are involved in assembly and subunit-specific
tetramerization (Schwake et al., 2003). PKC can be recruited on the C-
terminal domain by AKAP79. The removal of two putative phosphorylation
sites in helix B can prevent the PKC-induced inhibition of channel activity
(Hoshi et al., 2003). Moreover, Ankyrin G binding site is crucial for
localization in the axon initial segment for Kv7.2 and Kv7.3 (Pan et. al.,
2006). Interestingly, that motif is not present in the neuronal Kv7.5, that
localizes into the dendrites and soma (Fidzinski et. al., 2015). Syntaxin-1A
also binds selectively to the Kv7.2 A helix. When co-expressed, Syntaxin-
1A seems to modulate directly the activity of Kv7.2 channels, lowering the
activation kinetics (Regev et. al., 2009). The interactions between Syntaxin-
1A and Kv7.2 are probably mediated by the Syntaxin-binding protein 1,
encoded by STXBP1 gene (Devaoux et.al., 2017).

1.5.2 TRANSCRIPTIONAL CONTROL, ASSEMBLING,
HETEROMERIZATION AND TRAFFICKING OF Kv7 CHANNELS

The expression of KCNQ genes is controlled by several transcription
factors. Expression is facilitated by Sp1 (Mucha et al., 2010) and NFAT
(Zhang and Shapiro, 2012), while negative regulation is exerted by the
repressor element 1-silencing transcription factor (REST, NRSF) (lannotti et
al., 2013; Mucha et al., 2010). During and after transcription, the Heat Shock
Proteins HSP40 and HSP70 may play an important role in promoting the
biosynthesis and folding of Kv7.4 at the endoplasmic reticulum membrane
(Gao et. al., 2013). The heteromerization process could then be mediated
by J-domain-containing chaperone proteins, recruited from the same
system as HSP70 (J-proteins) (Li et. al., 2017). It has also been suggested
that Calmodulin may play a role in the folding process of the C-terminal
region as well as in the heteromerization of Kv7 channels and in the
trafficking process (Liu and Devaux, 2014). Helix D could also promote the

assembly process through self-assembling ability (Howard et. al., 2007).
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Kv7 channels can form functional heterotetramers in different combinations.
It is known that the main configuration that can be found in adult neurons is
the Kv7.2/Kv7.3 heterotetramer (Wang et. al., 1998). Heterotetramers
formed by Kv7.3/Kv7.5 (Shroeder et. al., 2000) but also Kv7.2/Kv7.5 and
Kv7.2/Kv7.3/Kv7.5 are also present at the neuronal level (Soh et. al., 2022).
Combinations of Kv7.4/Kv7.5, predominantly expressed at the vascular
level, have also been reported (Bal et. al., 2008). There is also evidence
that the process of heteromer formation is random (Stewart et. al., 2012).
The trafficking process is highly member- and cell-specific. The specific
mechanism of exocytosis of Kv7 channels is still unknown. It is known that,
in neurons, the membrane localization of the axon initial segment of Kv7.2
and Kv7.3 is mediated by the protein Ankirin-G (Pan et. al., 2006) and
assisted by Neurofascin186 (Nfasc186, Ghosh et. al., 2020).

1.5.3 THE ACTIVATION OF THE VOLTAGE SENSOR IN Kv7s
As anticipated, the activating movement of the voltage sensor from a resting
state consists of a screwing up movement of the S4 segment within the

membrane. This is due to depolarizing changes in the membrane potential

RESTING EARLY ACTIVATED LATE ACTIVATED ACTIVATED
states El E2 D1
RESTING R1 | R2 [
EALY ACTIVATED R2 R4
LATE ACTIVATED Q3
ACTIVATED R4 R6 KS

Figure 15.2 Aminoacid interactions during the process of activation of
Kv7.1 voltage sensor domain. Labeled position are the ones that are
responsible for electrostatic interaction during the specific phase. Model
was adapted from Kuenze et. al., 2019; Table was adapted from
Soldovieri et. al., 2019.
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that induce a rearrangement of arginine organization within the membrane,
which rearrange their covalent bonds with negatively charged residues in
S2 and S3 segments, as shown in Figure 15.2 (Soldovieri et. al., 2019,
Kuenze et. al., 2019).

1.5.4. Kv7 PIP2- AND CALMODULIN-MEDIATED MODULATION
Phosphatidyl-inositol-4,5-bisphosphate (PI(4,5)P2 or PIP2) has been shown
to play a crucial role in the functional regulation of ion channels, including
Kv7 channels (Fig. 15.3) (Kruse et. al., 2012; Winks et. al., 2005).
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Figure 15.3 PIP, chemical structure.
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Figure 15.4 PIP; degradation pathway upon M1 activation (Delmas and
Brown, 20095).
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Kv7 subunit | PI Pz-i nteracting Residue

Kv7.1 R116; K183; R181; R195; K186; Sun and MacKinnon,
R249 2020

Kv7.2 R87; R89; R214; K230; K327 Ma et. al., 2023

Kv7.4 P1: R93; R159; K172; R219; R220; Zheng et. Al., 2022
K225

P2: R93; R95; R220; K236; K333

Table 15.1 PIP: binding amino acid in Kv7.1, Kv7.2 and Kv7.4.

Kv7.1

Kv7.4 Sséu v’,7K327

Figure 15.5 PIP2 binding sites in Kv7.1, Kv7.2 and Kv7.4, with P1 and P2
binding sites (from Sun and MacKinnon, 2020; Ma et. al., 2023; Zheng et.
al., 2022).

These conclusions were reached following the observation that muscarinic
receptors, upon their activation, e.g., upon binding to the Oxotremorine
(Oxo-M), can modulate Kv7 activity. Indeed, activation of Gg/11 subunit, and
phospholipase-CB (PLCP) selectively catalyzes the hydrolysis of the PIP2
on the glycerol side of the phosphodiester bond. There is the formation of a

weakly enzyme-bound intermediate, inositol 1,2-cyclic phosphodiester, and
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release of diacylglycerol (DAG). The intermediate is then hydrolyzed to
inositol 1,4,5-trisphosphate (IP3) (Kadamur and Ross, 2013). It has been

observed that depletion of PIP2, but not increase of IP3 or DAG (or others

B PIP,-bound, VSD up

S54-55
linker

C PIP,-bound, VSD intermediate PIP,-bound, VSD intermediate

P—, /
& B

S4-S5
linker

54-85
linker

Figure 15.6 Occupation of PIP: of PIP»-binding site at different VSD
conformation. Of note, the binding site in resting conformation of VSD
is not accessible by PIP», (Mandala et. al., 2023).

downstream events) is responsible for the decrease in M-current levels
(Delmas and Brown, 2005). Single-channel investigations have shown that
modulation by PIP2 is essential to stabilize or increase the probability of Kv7
opening. Moreover, this effect is subtype specific, as they have an intrinsic
affinity for intracellular PIP2. (Li et. al., 2005). The intrinsic opening
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probability of each member of the Kv7 family has been shown to depend
closely on its affinity for PIP2 (Hernandez et. al., 2008; Soldovieri et. al.,
2011). It is known that PIP2 is a positive regulator of the function of Kv7
channels in that it is thought to couple the movement of the voltage sensor
with the opening of the pore (Zaydman et. al., 2013). Numerous
mutagenesis studies have been aimed at identifying the PIP2 binding site
and mutations in several positively charged amino acids, on the intracellular
side of the channel induced a loss of sensitivity to modulation of PIP2 levels
(Eckey et. al., 2014; Soldovieri et. al., 2016; Choveau et. al., 2018), such
that it has been proposed that PIP2 may have multiple binding sites (Chen
et. al., 2015; Pant et. al., 2021). These sites include the S2-S3 linker, S4-S5
linker, S6 and pre-Helix-A, (Zaydman and Cui, 2014). Recent cryo-EM
studies of Kv7.1 (Sun and MacKinnon, 2017; Sun and MacKinnon, 2020;
Mandala and MacKinnon, 2023), Kv7.2 (Ma et. al., 2023) and Kv7.4 (Zheng
et. al., 2021; Li et. al., 2021) in the presence of PIP2, have defined the PIP2
binding site within Kv7 channels. For Kv7.4, one study indicates two
different PIP2 binding sites (Zheng et. al., 2021) (Table 15.1; Fig. 15.).

The Cryo-EM structure of Kv7.1, resolved at different membrane potentials,
revealed that PIP2 binds the binding pocket only when the voltage sensor is
in an active state. At hyperpolarized membrane voltages, the voltage sensor
is in the down conformation, which prevents PIP2 from binding because the
site is occluded. Depolarization pushes the S4 helix upward, which is
accompanied by the formation of the PIP2 binding site. The pocket structure
is maintained when the channel pore is open or closed, as long as the
voltage sensor is in the up conformation. In other words, when the voltage
sensor is in the up conformation, PIP2 can bind to this pocket and promote
channel opening (Fig 15.6; Mandala and MacKinnon, 2023). Thus, the
binding of PIP2 is preceded by the activation of the voltage sensor, and is
followed by the opening of the pore. PIP2 is also thought to be crucial in
mediating the effects of some activating drugs (Kim et. al., 2017).
Calmodulin also plays a crucial role in the gating and pore-opening process
of Kv7 channels (Wen and Levitan, 2002). Calmodulin is a multifunctional
calcium-binding protein that plays a crucial role in the regulation of various
cellular processes in eukaryotic cells. It is a small protein that is highly

conserved across species. Calmodulin is known for its ability to bind calcium
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ions and undergo conformational changes that allow it to interact with a wide
range of target proteins and modulate their activity. CaM has a two-lobed
structural architecture, with the N-terminal domain (N-lobe) and the C-
terminal domain (C-lobe), and each lobe harbors two Ca?* binding sites
(Babu et. al., 1988). These sites are also called EF-hand calcium binding
motifs. Each EF-hand motif can bind a calcium ion, and calcium binding
induces conformational changes in Calmodulin (Gifford et. al., 2007).

Calmodulin, as mentioned above, binds helixes A and B in the C-terminal
region of Kv7 channels (Fig. 15.7). In particular, this binds the domain in helix
A characterized by the IQ CaM interaction motif (IQXXXRXXXXR). The
other site in helix B is different for different members of the Kv7 family: in
Kv7.1 and Kv7.5, CaM binds the motif and MXXXVXXXXF while in Kv7.2-4
it binds the LXXXIXXXXV motif (Yus-Najera et al, 2002) and three serine
residues (Ser511, Ser523, Ser530) that can be phosphorylated by protein
kinase C (PKC) (Yus-Najera et al, 2002). CaM regulation of Kv7 channels
is still debated, some studies suggested that CaM confers Ca2*-dependent
inhibition of Kv7.2, Kv7.3 and Kv7.4 currents but Ca?'-dependent

enhancement of Kv7.1 currents (Chang et. al., 2018).

Figure 15.7 CaM interacting with Kv7.1 single subunit (left) and tetrameric
channel (right) (PDB: 5VMS).
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In general, upon depolarization, HA, HB, and their surrounding CaM
undergo an almost 180° rotation around the so-called “RQHK” motif (Fig.
15.8) and after this rotation the HA and S6 helices form a joint continuous
helix. All together these structural rearrangements induce an enlargement
of the activation gate with the opening of the PD (Huang et. al., 2023). It is
also thought that PIP2 may cooperate with Calmodulin during the activation
process of Kv7 channels (Fig. 15.7)(Tobelaim et. al., 2017; Lipinsky et. al.,
2020; Kang et. al., 2020). Huang et. al. hypothesize that PIP2 molecules
disrupt VSD-CaM interactions, causing CaM release from the VSD. The
release of CaM from the VSD likely triggers the rotation of HA, HB, HC and
CaM, the folding of S6 and HA into a single continuous helix and the opening
of the activation gate. The differences between Kv7.1 and the other
members of the Kv7 family could be explained by the fact that the

configuration of Calmodulin without calcium (also called ApoCaM) promotes

N\

motif

CaM released
$6, HA-HC, and CaM
re-arranged

closed gate closed gate open gate

Figure 15.8 Role of PIP>-CaM interactions in pore opening (Sun and
MacKinnon, 2020; Huang et. al., 2023).
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the opening of Kv7.2-Kv7.5 channels but opposes the activation of Kv7.1.
(Chang et. al., 2018).

1.5.5 GATING PROCESS AND STRUCTURAL REARRANGEMENTS
DURING PORE OPENING
Electromechanical coupling is the process by which changes in the
membrane potential are translated into structural rearrangements of the
voltage sensor. These movements are, then, transmitted along the protein
to induce the opening of the pore and, finally, the flow of the ion (or ions)
which the channel is selective to. After the S4 movement, in Kv7, these
structural rearrangements involve S4-S5 linker, that is responsible to “drag”
the bottom part of the S6 region, leading to the pore opening.

In particular, the occurring Van der Waals interactions between W248 and
1268 and between L251 and F339 (in Kv7.1) are responsible for the
stabilization of the open configuration of the pore (Fig. 15.9, Hou et. al.,
2020). There are three main motifs that are crucially mediating that process:
PAG, GSG and activation gate region (Fig. 15.10).

PAG motif is considered the motif around which the most C-terminal region
of the S6 segment makes its movement, from closed to open, with an

outward shift (Seebohm et. al., 2006). In contrast, the GSG motif represents

Figure 15.9 Van-der-Waals intrasubunits interaction between S4-S5 linker

aminoacids and distal S6 segment (Hou et. al., 2020).
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the narrowest point of the pore in closed conformation (Sun and MacKinnon,
2017). The activation gate, on the other hand, is the region of the pore that
undergoes the greatest expansion in diameter as a result of pore opening
(Figure 15.10, Ma et. al., 2022).

The pore opening process, interestingly, does not affect the structure of the
selectivity filter, but involves a strong rearrangement that causes a large
dilation in the pore diameter, especially on the intracellular side of the pore,
allowing the flow of hydrated potassium ions. The narrowest region of the
pore, that corresponds to the “GSG” motif (to the serine, in particular),
dilates from around 1 angstrom diameter to 4 angstrom diameter, becoming
large enough to allow the hydrated potassium ions flow, that have a

diameter of 2,5 angstroms.
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Kv7.1 WVGKTIASCEFSVEFAISFFALPAGILGSGIALKVQQ -357
Kv7.2 WNGRLLAATFTLIGVSFFALPAGILGSGFALKVQER -322
Kv7.3 WEGRLIAATFSLIGVSFFALPAGILGSGLALKVQE -361
Kv7.4 WLGRVLAAGFALLGISFFALPAGILGSGFALKVQE -328
Kv7.5 WLGRLLSAGFALLGISFFALPAGILGSGFALKVQE -356

Figure 15.10 Structural rearrangements of distal S6 segment underlying
pore opening. On the right, pore radius representation and measurement
in closed and open conformation are shown (Sun and MacKinnon, 2020).
In the bottom part of the figure, Kv7 alignment of the distal region of S6 is

reported. In yellow and light blue highlighted, respectively, “PAG” and
“GSG” motifs in Kv7; “AG” indicates the region of the activation gate.
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1.6 NEURONAL Kv7 CHANNELS

Neuronal Kv7 channels (Kv7.2-3, 5) underlie M-current in neurons (Kwm, see
1.4 chapter). The M-current was discovered, upon observation that
activation of muscarinic receptor (and for this reason, also called “M
current”) using voltage-clamped frog sympathetic neurons, cause the
selective suppression of a distinct component from delayed rectifier
potassium current (Brown and Adams, 1980). That current was then found
in the brain, in particular in the hippocampus (Halliwell and Adams, 1982).

M-current is a slowly activating, non-inactivating, voltage-dependent
potassium (K*) current that activates in the range of the resting membrane
potential. This current in neurons is involved in the regulation of resting
membrane potential (Wladyka et al., 2006), into shaping the slow after
hyperpolarization (sAHP, Tzsingounis et. al., 2010) and in spike frequency
adaptation (Otto et. al, 2006).

Modulation of Kv7 channels in neurons crucially alters neuronal excitability
and spiking frequency (Fig. 16.1). Moreover, Kv7 channels have also a
compensatory role in hyperexcitability: NFAT transcription factor, in fact,
following increased intracellular calcium concentrations, promotes the
expression of Kv7 channels in an activity-dependent manner (Zhang and
Shapiro, 2012), a mechanism that protects neurons from overexcitability

and restores spiking rate within physiological limits.

20mv|__ 20mV|__

100 pA
— B
Figure 16.1 Effect of M-current modulation on neuronal excitability by an
activator (retigabine) and an inhibitor (XE991).

1.6.1 SPATIO-TEMPORAL EXPRESSION PATTERN OF NEURONAL Kv7
CHANNELS

The M-current is thought to be predominantly mediated by Kv7.2/3
heteromers at the neuronal level. Kv7.2 is expressed throughout the entire
encephalon, and is particularly expressed at the level of the cortex and

hippocampus, and Kv7.3 follows the same pathway (Tinel et. al., 1998).
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Kv7.2/Kv7.3 channels form heterotetramers in vitro, in heterologous
expression patterns (Wang et. al., 1998). It has been observed that these
two proteins also co-localize in vivo, indicating that Kv7.2/Kv7.3
heterotetramers are present in cortical and hippocampal neurons (Cooper
et. al.,, 2000). Both Kv7.2 and Kv7.3 are ubiquitously expressed at the
neuronal level, with no distinction between excitatory or inhibitory neuronal
populations (Cooper et. al., 2001). These heterotetramers localize
predominantly at the axon initial segment (AIS) level of Ranvier's nodes
(Devaux et. al., 2004), although patch clamp recordings report M-current
also in the soma of hippocampal neurons (Hu et. al., 2007). Kv7.5 can also
form heterotetrameric functional channels with Kv7.3 and it is believed that
Kv7.3/5 contributes to molecular heterogeneity of M-current during fetal
period and after birth in medial prefrontal cortex and hippocampal formation
(Schroeder et. al.,, 2000). Moreover, recently, Tzingounis' group
demonstrated that Kv7.5 can form heteromers with Kv7.2 alone or assemble
in Kv7.2/Kv.7.3/Kv7.5 complexes (Soh et. al., 2022). In contrast to Kv7.2 or
Kv7.3, Kv7.5 would appear to be predominantly expressed at the dendritic
level, in both cortical and hippocampal somatostatin neurons (Fidzinsky et.
al., 2015). Kv7.5 is also abundantly expressed at the pre-synaptic level, in
the calyx of Held, probably in homomeric form. Here it regulates the release
frequency of glutamate-containing vesicles (Huang and Trussell, 2011).
Temporally, in mice, Kv7.2 subunits exhibit significant expression from birth,
with relatively stable or increasing levels postnatally, as documented by
Tinel et al. (1998) and Safiulina et al. (2008). In contrast, the expression of
Kv7.3 subunits is initially minimal at birth but gradually rises, eventually
surpassing that of Kv7.2 subunits, according to studies by Tinel et al. (1998)
and Zhang et al. (2016). Consequently, the more “efficient" channels
composed of Kv7.2/3 heteromers increase as development proceeds,
replacing those composed of the Kv7.2 subunit alone (Kanaumi et. al.,
2008; Dirkx et. al., 2020). Those data are confirmed in human, by
transcriptional analysis performed on human samples during and after fetal
development. The graph in Fig. 16.2 shows the expression levels of neuronal
Kv7 channels from the eighth week after conception to the first year of life.
(https://www.brainspan.org/). These data seem to indicate that neuronal

Kv7 expression is relevant during embryogenesis and confirm that the
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expression of Kv7.2 is high at birth, while Kv7.3 and Kv7.5 are expressed

more late during early infancy.
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Figure 16.2 Spatio-temporal expression pattern of KCNQZ2 (blue), KCNQ3
(orange) and KCNQ5 (grey) in Human medial prefrontal cortex and
hippocampus between 8 post-conception week and the first year of life.
The dotted line represents the moment of birth (36 post-conception week).

Data derived from https://brainspan.org/.

1.6.2 KCNQ-RELATED DISORDERS

Epilepsy is a disorder of the brain characterized by an enduring
predisposition to generate epileptic seizures (Fisher et al., 2014). An
epileptic seizure is a transient behavioral change caused by an abnormal,
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excessive, synchronous neuronal activity in the brain, occurring either with
objective signs or subjective symptoms (Devinsky, et al., 2018).

Epilepsy is the third leading contributor to the global burden of disease for
neurological disorders (Ngugi et al., 2010). Seizures can be the result of
almost any insult that perturbs brain function. Causes of seizures can be
acquired such as infectious diseases, or congenital, such as genetic
mutations. To date, >500 genes associated with epilepsy have been
identified (Devinsky et al., 2018). Of these, 27 percent encode for ion
channels (Oyrer et. al., 2018). Diseases associated with genetic alterations
of ion channels are termed "channelopathies". Although epilepsy is often a
polygenic disorder, some forms of epilepsy are monogenic, with a single
gene mutation responsible for the phenotypic features (Rastin et. al., 2023).
In particular, mutations in the KCNQ2, KCNQ3, and KCNQ5 genes are
associated with a wide spectrum of human neuronal channelopathies in
which epilepsy is often (but not always) present. In the following paragraphs,
we will briefly summarize the phenotypic features of the genetically

determined channelopathies associated to these genes.

1.6.3 GENOTYPE-PHENOTYPE CORRELATION FOR KCNQ2 GENE

Mutations in KCNQZ2 are responsible for mostly neonatal onset epileptic
disease with a phenotypic spectrum ranging from self-limited neonatal
epilepsy (SLFNE) to developmental and epileptic encephalopathy (DEE).
SLFNE is characterized by seizures starting between two and eight days of
life and are typically multifocal seizures, lasting a few minutes, with normal
interictal EEG (Miceli et. al., 2010; Nappi et. al.,, 2020). Then, seizures
spontaneously disappear between the first month of life between the first
and the sixth to 12" month of life in otherwise healthy infants, in a context
of normal neuropsychological development and EEG features (Miceli et al.,
2010), although 10-15% of patients report seizures later in life (Plouin et.
al., 1994). In addition, pathogenic variants in KCNQZ2 gene has been
identified in patients with self-limited familial neonatal infantile seizures
(SLFNIS) or self-limited familial infantile seizures (SLFIS) (Zara et. al., 2013;
Zhou et. al., 2006); both of these conditions differ from SLFNE in the age of
onset of seizures, which can arise, respectively, between birth and the sixth

54



month of life or after the sixth month of life and then, in both cases,
disappear spontaneously (Berkovich et. al., 2004).

The effect of pathogenic mutations in KCNQ genes has been a subject of
interest in our group for many years. Functional investigations of numerous
mutations in KCNQ channels have allowed the establishment of a genotype-
phenotype correlation model (Fig 16.3). According to this model, the
pathological range of conditions associated with mutations in KCNQZ2 with
LoF varies from neonatal onset-DEE (NO-DEE) to the most benign and
familial forms of SLFNE. Mutations in KCNQ2 with a gain-of-function can,
in turn, induce a spectrum of phenotypes ranging from the least severe,
characterized by infantile spasms and intellectual disability, to the most
severe, also characterized by neonatal-onset DEE intellectual disability and
high risk of early mortality.

Mutations in KCNQ2 are responsible for mostly neonatal onset epileptic
diseases with significant phenotype heterogeneity, ranging from benign
forms, such as self-limited familial neonatal epilepsy (SLFNE), to severe
forms of neonatal onset developmental and epileptic encephalopathy (NO-
DEE). KCNQ2 is the most commonly mutated gene in patients with SLFNE.
At the most severe end of the spectrum, KCNQ2-DEE characterized by
multiple daily pharmaco-resistant seizures that begin in the first week of life
and cease between 9 months and 4 years of age, developmental delay,
neuroradiological abnormalities, and behavioral comorbidities including
intellectual disability and autism cognitive decline (Fig. 16.3). (Weckhuysen
et. al., 2012). In addition, mutations in KCNQZ2 gene were also reported in
Ohtahara syndrome patients (Saitsu et. al., 2012) and associated with
sudden unexpected death in epilepsy (SUDEP) (Wechkhuyen et. al. 2013).
Mutations associated with more severe phenotypes, such as NO-DEE, are
all missense mutations. Mutations causing SLFNE are distributed among all
sequence of the channel and include missense, frameshift and premature
stop codon variants, whereas variants causing DEE are all missense are
localized within 4 hot spot regions: the S4 voltage-sensor, the pore, the
proximal C-terminal domain that binds PIP2 and Calmodulin (CaM A), and
the more distal domain which binds Calmodulin (CaM B).
The most benign phenotypes, such as SLFNE, are associated with variants

that induce LoF of a single allele (or haploinsufficiency). These kinds of
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mutations include frameshift mutations, deletions, insertion and splicing
variants (which together account for 36% of the mutations in KCNQ2
associated with SLFNE) (Nappi et. al., 2020), but also missense mutations.
It has been suggested that, because of the excitatory effects of GABAergic
neurotransmission during this developmental stage, the neonatal brain may
be more vulnerable to mutations decreasing the inhibitory contribution of lkm
to neuronal excitability (Okada et. al., 2003).

Functional studies of missense variants in KCNQ?Z2 identified in patients with
SLFNE revealed a slight reduction (by 25%-50%, Jentsch, 2000) of channel
function (loss of function, LoF), suggesting haploinsufficiency as the primary
pathogenic mechanism for KCNQ2-SLFNE. On the other hand, missense
mutations causing DEE exert more severe functional defects on K+ current
function, with a reduction of current more than 50% (LoF), suggesting that
a dominant-negative effect could be responsible for the severe epileptic
phenotype (Miceli et al 2013, Orhan et al 2014).

In addition to LoF, few de novo missense gain of function (GoF) variants in
KCNQZ2 have been described. These variants induce an increase of channel
activity by increasing maximal current density and/or a marked
hyperpolarizing shift in the voltage dependence of activation. Several
hypotheses have been put forward to explain the paradoxical increase in
neuronal excitability associated with an enhanced Kv7.2/Ikm function in vitro,
and possibly in vivo. These include: (1) preferential suppression of inhibitory
interneuron function (the "interneuronopathy" hypothesis) (Catterall 2018);
(2) activation of a recurrent neuron-astrocyte-neuron excitatory loop; (3)
faster action potential repolarization and sodium channel repriming; and (4)
overactivation of the hyperpolarization-activated nonselective cation current
resulting in secondary depolarizations (Niday & Tzingounis 2018).

The molecular mechanism underlying the functional alterations associated
with them have been elucidated in several variants. These mechanisms
appear heterogeneous, and include: (1) reduced K* ion permeation mainly
for the variants located within the pore domain; (2) decreased voltage
sensitivity to opening for variants affecting critical gating residues in the
voltage-sensing domain; (3) altered functional regulation of cytoplasmic
regulators such as syntaxin-1A, Calmodulin, or PIP2, and others; (4) mRNA

instability and precocious subunit degradation by nonsense-mediated RNA
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decay when the variant affects transcript splicing sites; and (5) altered
subcellular distribution when the interaction with axon-targeting signals or
partners is disrupted (Nappi et al 2020).

One of the variants with well-described functional alteration was found in a
patient (Sadewa et. al., 2008) with a mutation in Kv7.2 into the voltage
sensor (R213W), was reported and a SLFNE phenotype. This mutation was
characterized by Miceli et. al., 2013 and classified as a mild loss-of-function.
This mutation affects the sixth arginine of the voltage sensor, and replaces
that arginine with a tryptophan, neutralizing the positive charge of the
arginine. During the voltage sensor activation, the interaction between R213
(R6) and E140 (E2) is crucial for the stabilization of the voltage sensor in
the active conformation. It was postulated that this mutation, with the
consequent neutralization of the positive charge, is responsible for the loss-
of-function effect, due to the destabilization of the active state of the voltage
sensor. However, the effect of this mutation on the function of the channel
is less severe than the substitution, in the same position, with a glutamine
(R6Q). Miceli et. al., explain that this feature is due to the property of W
residue to provide a certain degree of VSD stabilization by creating a -1
interaction with F168 residue (in S3) (Miceli et. al., 2013). Similarly,
mutations in the voltage sensor can induce gain-of-function effects. Arginine
in the R201 (or R2) voltage sensor is essential to the stabilization of the
voltage sensor in resting conformation and partial neutralization of the
positive charge (R2H) or the replacement with a negative charge (R2C)
induces a strong gain of function of the ion channel (Miceli et. al., 2015).
Mutations at the level of the P-loop or selectivity filter are among the
mutations with the most dramatic functional effects found in Kv7.2. These
mutations, such as the recurrent T274M (Orhan et. al., 2013) and G279S
(Castaldo et. al., 2002) are LoF variants with dominant negative effect.
Evidently, alterations at the level of the selectivity filter affecting even one of
the four subunits can induce the formation of a nonfunctional channel.
Indeed, these mutations are generally associated with severe clinical
pictures characterized by neonatal DEE (Milh et. al., 2013). Indeed, these
mutations have been inserted into mouse animal models to generate knock-
in models in which the function of the Kv7.2 channel was abolished and to

obtain models of KCNQ2-DEE (Peters et. al., 2005; Biba-Maazou et. al.,
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2022). Moreover, mutations affecting the PIP2 binding site can also affect
channel functioning. As previously described, PIP2 is crucial to couple VDS
activation to pore opening (Zaydman et. al., 2013; Mandala et. al., 2023). It
is known that PIP2 binds positive charges distributed on the surface of the
intracellular side; the neutralization of these charges results in an
unfunctional channel and into insensitivity to PIP2 increase levels (Pant et.
al., 2021). R325G mutation, found in a patient with KCNQ2-DEE, leads to
total loss of the current and PIP2 insensitivity (Soldovieri et. al., 2016).
Finally, several missense mutations affecting the channel function should
also fall into the A and B helix and are associated both with SLFNE and DEE
and disrupt CaM-Kv7.2 interaction and reduce the surface expression of the
channel (Cavaretta et. al., 2014; Kim et. al., 2018; Zhang et. al., 2020).
Mechanisms through which missense mutations can alter channel function
and induce, consequently a pathophysiological phenotype are varied and
heterogeneous. Understanding the biophysical mechanism underlying such
alterations is useful for predictive purposes, as knowing how channel
functions makes it possible to predict the effect of a mutation even without
conducting further functional studies. The attempt to create an algorithm
that can predict, based on existing functional data, of the effect of a mutation
without performing functional studies has already been tried, but with

refinable outcomes (Bolielmann et. al., 2022).

1.6.4 GENOTYPE-PHENOTYPE CORRELATION FOR KCNQ3 GENE
Mutations in KCNQ3 are also mainly associated with SLFNE e SLFIE. About
20 families (72 individuals) with SLFNE with a heterozygous KCNQ3
pathogenic variant have been reported to date (Charlier et. al. 1998; Hirose
et. al. 2000; Singh et. al. 2003; Li et. al. 2006; Li et. al. 2008; Neubauer et.
al. 2008; Fister et. al. 2013; Allen et. al. 2014; Soldovieri et. al. 2014; Grinton
et. al. 2015; Miceli et. al. 2015b; Maljevic et. al. 2016; Sands et. al. 2016;
Piro et. al. 2019; Symonds et. al. 2019; Maghera et. al. 2020; Miceli et. al.
2020; Pijpers et. al. 2023). The percentage of families with SLFNE who have
pathogenic variants in KCNQ3 is likely less than 5% (Miceli et. al., 2010).
Despite this, the relative phenotype is indistinguishable from those reported
for KCNQ2-SLFNS (Nappi et. al., 2020). Moreover, biallelic variants have

been identified in three families with developmental and epileptic
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encephalopathy with neonatal-onset seizures and global developmental
delay (Ambrosino et. al. 2018; Kothur et. al. 2018; Lauritano et. al. 2019)
demonstrating that, on the contrary to KCNQ2, homozygous variants in
KCNQ3 are compatible with life. De novo pathogenic variants also occurred
in few children with DEE (Epi4K Consortium & Epilepsy Phenome/Genome
Project, 2013) isolated ID (Rauch et.al., 2012) and autism spectrum disorder
(Sands et. al., 2019). Variants in KCNQ3 are rare and seem, overall, better
tolerated than the corresponding variants in Kv7.2. For example, a
frameshift variant in heterozygosity in Kv7.3 associated with a pathological
phenotype has never been reported. Loss in homozygosity, however, of the
Kv7.3 channel is associated with a rather severe picture of epilepsy and
neurocognitive impairment (Ambrosino et al 2018) while, on the other hand,
as already anticipated, variants inducing haploinsufficiency in Kv7.3 are
virtually indistinguishable from the KCNQZ2-SLFNE phenotype. Variants with
gain of function in KCNQ3, on the other hand, appear to be predominantly
associated with autism spectrum disorders and epileptic activity during
sleep (Fig. 16.3)(Sands et. al., 2019, Nappi et. al., 2020).

a KCNQ2
R213Q, T274M, M208V, D212G,
GENOTYPE G279S,A294V  R214Q, Y284C, A306T R144Q, R198Q R201C, R201H
LoF NORMAL GoF
PATHOMECHANISM  DOMINANT-NEGATIVE HAPLOINSUFFICIENCY MILD
CLINICAL Neonatal-onset Self-limiting Infantile spasms, Neonatal-onset
PHENOTYPE DEE BFNS global ID without DEE, global ID,
neonatal seizures high mortality
b KCNQ3
R330L,
GENOTYPE V359L/D542N R330C, G310V R227Q R230C/HIS
LoF NORMAL GoF
PATHOMECHANISM SEVERE HAPLOINSUFFICIENCY MILD :
CLINICAL Epilepsy and Self-limiting ASD and ASD ,and multifocal
PHENOTYPE neurocognitive BFNS sleep-activated spikes  status epilepticus during
deficits sleep

Figure 16.3 Genotype-phenotype correlation for KCNQ2 and KCNQ3

genes.

1.6.5 GENOTYPE-PHENOTYPE CORRELATION FOR KCNQ5 GENE

Regarding KCNQJ, only 16 variants have been reported to date. Among
them, there are 11 missense variants (S4481, V145G, L341l, P369R,
K289N, R443Q, P369T, H576R, R359C, L692V, Q735R), 2 nonsense
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variants (R178X, R443X), one intragenic duplication, one splice variant
(E265_T306del) and a frameshift mutations (A301Gfs*64). (Lehman et. al.,
2017; Rosti et. al., 2019; Kruger et. al., 2022; Wei et. al., 2022). The
phenotype of patients with mutations in KCNQ5 is very heterogeneous, from
mild to severe neurodevelopmental disorders, absence epilepsies, drug-
resistant tonic epilepsies or infantile spasms, with onset between 5 months
and 5 years, but also no seizures. Hypotonia has also been reported.
R359C, Q735R and E265_T306del are variants that have been identified in
3 different patient families, and have been associated with absence
epilepsies, intellectual disability, myoclonic seizures and/or generalized
tonic-clonic seizures. These families also report healthy carriers, suggesting
that phenotypes might be influenced by other individually differing factors,
such as compensatory effects, genetic background or environmental
determinants. (Kruger et. al., 2022). Genotype-Phenotype correlation for

KCNQ5 will be discussed later in this work (see discussion).
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2. AIMS

Mutations in neuronal Kv7 channels cause both loss-of-function and gain-of-
function effects on channel function. Despite the progress made in the past years
in the establishment of genotype-phenotype correlations for Kv7-related
disorders, there is still a gap in the understanding of how some pathogenic
variants in these genes affect channels function and, ultimately, clinical
phenotypes. For instance, whilst the reduction of repolarizing K* current
consequent to LoF in Kv7.2, Kv7.3 and Kv7.5 might explain the neuronal
hyperexcitability leading to epilepsy and/or developmental delay, the
mechanisms by which increased M-current activity cause such phenotype are still
elusive. Therefore, elucidating the changes in the biophysical properties
prompted by GoF variants is crucial to get insight in the pathogenesis of the
disease and possible therapeutic approaches.

In the present work we used mutagenesis, electrophysiology, biochemical, and
molecular dynamic techniques to investigate the functional and structural
consequences of six pathogenic variants, found in six unrelated patients,
occurring in the PD of Kv7.2, Kv7.3 and Kv7.5 channels (Table A1).
All of these variants are missense de novo variants that occur heterozygously in
the patients. Three of these variants are novel whereas three others were already
reported in the literature without  functional characterization.
Patient variants characterization could define new subcategories of patients,
representing the rationale for planning, improving and guiding personalized drug
therapies for DEE. This work also moved by the identification and
characterization of potential new pharmacological approaches, aimed to restore
the in vitro altered phenotype.

PATIENT cDNA AMINOACID ZYGOSITY INHERITANCE PHENOTYPE REFERENCE
NUMBER VARIANT ALTERATION PATTERN

Novel reported patient

KCNQ5 1040G>A G347S Heterozygosity De novo DEE; severe ID Reported us by
Dr. Gaetan Lesca

KCNQ5

1041G>C G347A Heterozygosity De novo Moderate to severe ID Reported us by
Dr. Gaetan Lesca

3 KCNQ2 949G>A A317T Heterozygosity De novo ASD Reported us by

Dr. Ingrid Sheffer

Patient and variants reported in literature
KCNQ2 937G>A G313R Heterozygosity De novo EOEE.BS Olson et. al.. 2017
KCNQ2 952C>G L318V Heterozygosity De novo IS; ESES Gong et. al.. 2021
KCNQ3 1066C>T A356T Heterozygosity De novo Severe ID DDD study. 2017

Table A1: Patient description for the present work.
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3. MATERIALS AND METHODS

3.1 PATIENT RECRUITMENT AND GENETIC ANALYSIS

The firsts two patients were recruited in the Pediatric Neurology and Genetics
Departments of the University Hospitals of Lyon and Lille, respectively. The
parents gave informed consent for the genetic study and the publication,
according to the French Bioethics law. The study was approved by the Ethics and
Scientific Committees of the Lyon and Lille University Hospitals (no. 542, Gene
Panel for Monogenic Epilepsies). Genetic diagnosis was performed using next-
generation sequencing (exome sequencing for patient 1 and gene panel for
patient 2), as described (Rudolf et. al., 2020). The patient 3 carrying the KCNQ2
A317T mutation, was recruited by Dr. Ingrid Sheffer at Epilepsy Research Centre,

Department of Medicine, University of Melbourne, Australia.

3.2 SITE-DIRECTED MUTAGENESIS OF Kv7 cDNAs

Each mutation was engineered in a pcDNA3.1-Kv7.5, pcDNA3.1-Kv7.2 and
pcDNA3.1-Kv7.3 plasmids encoding for the human transcript variant 2 of Kv7.5
(accession number: NM_001160130.2, CCDS55037.1), for human transcript
variant 3 of Kv7.2 (accession number: NM_004518.6, CCDS13518.1) and for
human transcript variant 1 of Kv7.3 (accession number: NM_004519.4,
CCDS34943.1), for wild-type. For mutants, incorporation of the mutation
G347S, G347A, G347R, G347E for Kv7.5, of G313S, G313R, G313E, A317T
and L318V mutations for Kv7.2, and A356T mutation for Kv7.3 was performed
using Quick-change SiteDirected Mutagenesis (Agilent Technologies). The
mutations were engineered in each plasmid by Polymerase Chain Reaction
(PCR), using a pair of primers (forward and reverse), as reported in the
following table, to incorporate the desired nucleotide mutation.

PRIMERS
MUTATION Forward Reverse
Q5 G347S 5-CCTGCCGGCATTCTTAGCTCAGGTTTTGC-3 5-GCAAAACCTGAGCTAAGAATGCCGGCAGG-3’
Q5 G347A 5-CCTGCCGGCATTCTTGCCTCAGGTTTTGC-3’ 5-GCAAAACCTGAGGCAAGAATGCCGGCAGG-3
Q5 G347R 5'- GCATTCTTCGCTCAGGTTTTGC-3' 5'- GCAAAACCTGAGCGAAGAATGC-3'
Q5 G347E 5-CGGCATTCTTGAGTCAGGTTTTGC-3' 5'-GCAAAACCTGACTCAAGAATGCCG-3'
Q2 G313R 5'- CTGCAGGCATCTTGAGGTCTGGGTTTGCC -3' 5'- GGCAAACCCAGACCTCAAGATGCCTGCAG -3'
Q2 G313S 5-GCATCTTGAGCTCTGGGTTTGC-3' 5'-GCAAACCCAGAGCTCAAGATGC-3'
Q2 G313E 5'- GGCATCTTGGAGTCTGGG-3' 5'- CCCAGACTCCAAGATGCC-3'
Q2 A317T 5'- GGGGTCTGGGTTTACCCTGAAGGTTCAGG-3' 5'- CCTGAACCTTCAGGGTAAACCCAGACCCC-3'
Q2 L318V 5- GTCTGGGTTTGCCGTGAAGGTTCAGGAG-3' 5'- CTCCTGAACCTTCACGGCAAACCCAGAC-3'
Q3 A356T 5'- GGTCCGGGCTGACCCTCAAGGTGC-3' 5'- GCACCTTGAGGGTCAGCCCGGACC-3'
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The following ingredients were used in the final 50 uL volume of the
amplification reaction: 50 nanograms of Kv7.3-WT plasmid, 125 nanograms of
primer forward and reverse, 5% DMSO, 2.5 nanograms of Pfu DNA
Polymerase, 1X Pfu buffer, and 1 microliter of ANTP mix. In order to denaturize
the DNA double helix (95°C for 1'), the anneal the primers to the single strand of
DNA (55°C for 1'), and extend the primers (68°C for 10'), the PCR was
conducted in 12 cycles, each of which included three temperature steps (Fig.
11). Following the amplification process, the reaction volume comprised both
methylated (parental) and unmethylated (neosynthesized) DNA; hence,
enzymatic digestion was carried out using 1 ul Dpnl to eliminate the parental
DNA.

3.3 BACTERIAL TRANSFORMATION AND PLASMIDIC DNA PREPARATION
After enzymatic digestion with Dpnl, competent E. coli DH5a cells were
transformed with the PCR product by chemical transformation procedure (30" at
4°C, heat shock at 42°C for 45" followed by 3' at 4°C). To help the bacterial cells
recover from the heat shock, the cells were incubated with 200 pl of SOC
medium (2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM
MgCI2, 10 mM MgSO4, 20 mM glucose), for 45" at 37°C. Finally, the cells were
seeded on LB+agar plates (containing 10 g/L of tryptone, 5 g/L of yeast extract,
5 g/L of NaCl, 15 g/L of agar) with the specific antibiotic, to which the plasmids
are resistant, such as ampicillin (100 pg/uL), to allow growth only of E.coli cells
transformed with pcDNA3.1 plasmids (in which Kv7.3 cDNA is present).

The plates were then incubated inverted at 37°C for about 16 hours to allow
bacterial growth. Each colony grown on LB medium was inoculated into 5 mL of
fresh LB medium with antibiotic selection (Amp/Kan), in accordance with the
antibiotic resistance conferred by plasmids on E. coli cells, at 37°C/220 rpm
overnight. Subsequently, plasmid DNA was extracted using a commercially
available kit (QlAprep Spin Miniprep, QIAGEN). Successful insertion of the
desired mutation was verified by direct sequencing (Eurofins, Milan, Italy). To
obtain a large amount of DNA, one of the positive clones was amplified on a
large scale (500 mL), and plasmid DNA was extracted using a commercially
available kit (Plasmid Plus Maxi, QIAGEN). The cDNA was sequenced again in

order to confirm the presence of the mutation of interest and exclude any
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additional mutations in the entire coding sequence. The concentration of the
cDNA suspension is then defined by Nanodrop measurement (Nanodrop One,

ThermoFisher).

3.4 CELL CULTURES

Chinese Hamster Ovary (CHO) cells or Human Embryonic Kidney 293 cells
(HEK 293 cells) were grown in plastic Petri dishes (100 mm, 60 mm or 40 mm,
according to the different experimental needs) in DMEM (Dulbecco’s Minimum
Eagle Medium) supplemented with 10% Fetal Bovine Serum (FBS;
decomplemented at 56°C for 30’), 1% L-glutamine (2 mM in 0.85% NaCl), 1%
penicillin (50 U/mL) and 1% streptomycin (50 pg/mL) in a humidified
atmosphere at 37°C with 5% CO2. Every time cells became confluent within the
dishes (about every 2 days), they were split by using 1% trypsin solution and

collected in novel dishes with a 1:3 dilution.

3.5 CHO CELLS PREPARATION AND WHOLE-CELL
ELECTROPHYSIOLOGY

For electrophysiological experiments, CHO cells were seeded on glass
coverslips. After 24h, CHO cells were transfected using Lipofectamine 2000,
according to the manufacturer protocol (LifeTechnologies, Milan, Italy). In each
transfection mixture, a plasmid encoding for an Enhanced Green Fluorescent
Protein (pEGFP; Clontech, Palo Alto, CA) was used as transfection marker (3
Mg of plasmids encoding for Kv7 cDNA + 1 ug di pEGFP).

In experiments aimed at assessing the sensitivity to PIP2 of a given channel, co-
transfection of the plasmid encoding the Kv7 channel of interest the plasmid
encoding the PIP5K 1y or Dr-VSP cDNA enzymes, in addition to the
transfection marker (0.75 ug of plasmids encoding for Kv7 cDNA + 2.25 plasmid
encoding for the enzyme + 1 ug of pEGFP) was performed.

Macroscopic currents were recorded, after 1 day, using patch-clamp technique
in the whole-cell configuration with glass micropipettes of 3—5 MQ resistance.
No compensation was performed for pipette resistance and cell capacitance.
During patch clamp recordings, cells were perfused with an extracellular
solution containing (in mM): 138 NaCl, 5.4 KClI, 2 CaCl2, 1 MgCl2, 10 glucose,
10 HEPES, pH 7.4 (adjusted with NaOH). The pipettes used for recordings

were filled with an intracellular solution containing (in mM): 140 KCI, 2 MgClI2,
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10 EGTA, 10 HEPES, 5 Mg-ATP, pH 7.4 (adjusted with KOH). The data were
acquired and analyzed using a commercially available amplifier (Axopatch
200A, Axon Instruments, Foster City, CA, USA) and pCLAMP10 software (Axon
Instruments). To evaluate PIP2 sensitivity of Kv7.2 A317T mutant, 100
micromolar dic8- PIP2 was added to the intracellular solution.

To generate current/voltage curves, cells were held at -80 mV, then depolarized
for 1.5 s from -120 mV or from -80 mV to +20 or to +40 mV in 10 mV
increments, followed by an isopotential pulse at 0 mV (Fig ...). Current values
recorded at the beginning of the 0 mV pulse were measured, normalized, and
expressed as a function of the preceding voltage. The data obtained were then

fit to a Boltzmann distribution of the following form (equation 1):

y = max/[1+exp (Vi = V)/k] [1]
where V is the test potential, Vv the half-activation potential, and k the slope
factor.

For noise analysis, 100 pulses of 500-ms duration were applied to a test voltage
of 20 mV from the holding potential of =80 mV at 1 Hz frequency. Currents were
low-pass filtered at 10 kHz and sampled at 100 kHz. Nonstationary noise analysis
was performed according to the method of Heinemann and Conti. Variance was
obtained by averaging the squared difference of consecutive records after
appropriate scaling. Baseline variance was subtracted, and the variance-mean

plot was fitted by the equation (equation 2):

. [ >2
o2=i<]>-2

[2]
where 0?2 is the variance and < |/ > is the mean current and with the free
parameters i (single-channel current) and N (number of channels), without
weighting points by their standard errors. The maximal open probability was
calculated as Py = < >pea/(N1).

The GePulse program and the Ana program
(http://users.ge.ibf.cnr.it/pusch/programs-mik.htm) were used, respectively, for
data acquisition and analysis.

A stock solution (10 mM) of amitriptyline (Sigma-Aldrich, Germany) was prepared
in dimethyl sulfoxide (DMSO); extracellular solution was used for subsequent
drug dilutions.

Statistical significance was assessed using two-tailed unpaired Student’s t test,

and the threshold was set at p < 0.05. Errors are reported as standard errors.
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3.6 MODELLING AND SIMULATIONS OF THE Kv7.2 CHANNEL WITH A
STARTING CLOSED ACTIVATION GATE

To model the Kv7.2 pore with a closed activation gate (AG), we used the cryo-
EM structure of the human Kv7.2 channel (PDB ID: 7CRO, apo-state) (Li et. al.,
2021), characterized by a short diagonal atom-to-atom distance of ~ 4-6 A at the
IG. The segment of each subunit defining the transmembrane pore domain
(residues G215 to E330) was retained for MD simulations, while the VSDs were
removed to reduce the size of the system. The CHARMM-GUI Membrane Builder
server was used to prepare all necessary files for the simulations. Each of the
three Kv7.2 structures was inserted in a homogeneous lipid patch of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane environment and
solvated with explicit water molecules. The total charge was neutralized with a
150 mM KCI solution, obtaining around 155, 000 atoms in total. In these MD
simulations we used the NAMD software (Philips et. al., 2005) and the
CHARMM36 (Best et. al., 2012; Huang et. al., 2013; Klauda et. al., 2010) force
field for proteins and lipids, along with the CHARMM-modified TIP3P model for
water molecules (Jorgensen et. al., 1983). CHARMM-compatible ionic
parameters with NBFIX corrections were employed (Noskov and Roux, 2008; Luo
and Roux, 2010; Venable et. al., 2013) Tetragonal periodic boundary conditions
(PBCs) were applied to the simulation box to remove surface effects, and the
Particle Mesh Ewald (PME) method was used to calculate long range
electrostatic interactions (Steinbach et. al., 1994). Short-range electrostatic and
van der Waals interactions were calculated with a 12 A cutoff of and by applying
a smooth decaying function starting to take effect at 10 A. The CHARMM force-
based switching function was employed for van der Waals interactions via the
vdwForceSwitching command (Steinbach et. al., 1994). The SHAKE algorithm
(Ryckaert et. al., 1977) was used to constrain covalent bonds involving hydrogen
atoms (except for water molecules, where SETTLE was used) (Miyamoto et. al.,
1992), allowing for an integration time step At=2 fs. To ensure maximum accuracy,
electrostatic and van der Waals interactions were computed at each simulation
step. Before production, as already done in previous works (Alberini et. al., 2021;
Alberini et. al., 2023), all systems were relaxed with a ~30 ns equilibration
extending the CHARMM-GUI equilibration protocol, allowing proper hydration of
solvent exposed regions of the pore cavity. Then, five statistically independent

replicates of each system were simulated for 500 ns each in the NPT ensemble.
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Electrostatic and van der Waals interactions were calculated with a cutoff of 12 A
and the application of a smoothing decay starting to take effect at 10 A (Balusek
et. al., 2019).

3.7 MODELING AND SIMULATIONS OF THE Kv7.2 CHANNEL WITH A
STARTING OPEN ACTIVATION GATE

In the absence of an experimental structure of Kv7.2 with an open AG, we relied
on homology modeling using the open human Kv7.1 (hKv7.1, PDB ID: 6V01) as
a template. Our model comprises only the pore transmembrane (TM) domain
(residues G215 to E330), and was constructed in two steps following a procedure
similar to (Alberini et. al., 2021; Alberini et. al., 2023; Nay et. al., 2018). First, we
modeled each of the four TM segments separately, using the structure prediction
method included in the SWISS MODEL server (Waterhouse et. al., 2018). Then,
the Kv7.2 pore domain was assembled by structurally aligning the four subunits
to the template in a clockwise order viewed from extracellular side, using UCSF
Chimera (Pettersen et. al., 2004). Before MD simulations, all the systems were
oriented within the membrane using the OPM-PPM server (Lomize et. al., 2012).
After the standard CHARMM-GUI equilibration, an additional 30 ns-long
equilibration was performed with positional restraints on the protein and on the
membrane atoms. At this point, to avoid the sudden occlusion of the I1G, a specific
equilibration procedure was designed: three independent replicates of the system
were further simulated for 500 ns each by applying a set of harmonic restraints
on the atomic distances between pairs of Ca atoms of residues G313 and A317
from diagonally opposed subunits, and then for 100 ns completely unrestrained.
At the end of these simulations, the gate was stably open, and the final
conformations were used as starting structures for five 500 ns-long MD
simulations of each of the WT, G313S or A317T channel.

The pore radius of each structure was calculated using the HOLE program
(Smart, 1996; Smart et. al., 1997). For replicated trajectories, average and
standard deviations values were obtained from aggregating the five 500 ns-long
runs and taking a snapshot every 50 ns. The structures were aligned to the
starting conformation using the backbone atoms and excluding the terminal
residues from 325 to 330 in each chain. The first 150 ns of each closed system

were removed from the analysis to allow time for a stable hydration of the pore.
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For all the HOLE calculations, AMBER van der Waals radii were adopted with a
cutoff of 6 A.

The hydration state of the different Kv7.2 pores was determined by calculating
the number of water molecules along the pore axis during MD simulations. The
pore axis, aligned along the z-axis, was divided into 20 intervals of 2.5 A to map
an interval of 50 A comprising the whole cavity. In each interval, the average
number of water molecules and standard deviations were calculated using VMD
and Tcl scripting (Humphrey et. al., 1996). As for the pore radii calculations, the
first 150 ns of each closed AG system were discarded. For replicated trajectories,
the mean and standard deviation were extracted from the concatenated runs.

To monitor the conformational changes of the channel cavity during MD
simulations, we calculated cross-distances between Ca atoms of pairs of
diagonally opposed monomers across the pore. We used the G279 Ca atoms for
the distance d1 in the SF, and the G313S and A317T Ca atoms for distances d2
and d3.

The hydrogen bond (HB) analysis in the A317T mutant was performed using
VMD. HBs were defined with a cut-off distance between the heavy atoms
covalently bound to a hydrogen atom of 3.3 A, and an angle defined by the heavy
atoms and the central hydrogen atom comprised between 130° and 230°.
Molecular graphics and further analysis were performed with UCSF ChimeraX
(Goddard et. al., 2018; Pettersen et. al., 2021; Meng et. al., 2023), developed by
the Resource for Biocomputing, Visualization, and Informatics at the University

of California, San Francisco.
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4. RESULTS

4.1 CLINICAL FEATURES OF THE PATIENTS
Following is the detailed clinical description of the six patients reported in this
work:

Patient 1.This 10-y-old boy is the first child of unrelated parents of French origin.
He was born at 37 weeks of pregnancy+5 d, with normal neonatal measures. He
had plagiocephaly. Since the first months of life, he had global hypotonia. Sitting
position was acquired at 1 y. At 15th month of life, he experienced several clusters
of focal seizures with hypertonia of the left upper arm or of the four limbs, left
deviation of the head, staring, and short loss of consciousness. Seizures were
not induced by fever. Neurological examination was normal except for the global,
previously known, hypotonia but with no psychomotor regression. Interictal EEG
recording showed background slowing with diffuse spike waves and diphasic
spikes. During drowsiness, high-amplitude spikes became multifocal. He was
treated with valproate and clobazam. Brain MRI showed white matter thinning
and a voluminous left temporal arachnoid cyst. Video-EEG recording showed
sparse left centrotemporal spikes. A seizure was recorded, consisting of bilateral
arm extension with predominance on the right side, associated with fast rhythm
in the left central parietal region and with postictal slowing in the same region.
The patient was operated by kysto-peritoneal derivation. Seizure frequency
remained variable, up to several episodes in the same day and with periods of 2
weeks without seizures. Valproate was sequentially associated with other drugs
(levetiracetam, carbamazepine, rufinamide, topiramate, vigabatrin, lamotrigine,
and zonisamide) and corticosteroids. The best control was obtained with
association of valproate with rufinamide and clonazepam, with multiyear seizure
control. At the age of 6, lymphoblastic leukemia was diagnosed and treated with
methotrexate and mercaptopurine. Currently, the child is still not walking and
shows stereotypical movements, no autonomy in everyday life, and very limited
language because of a severe ID. Karyotype, array comparative genomic
hybridization (Array-CGH), fragile-X expansion study, and metabolic screening
including very long-chain fatty acid, thyroid hormones, blood amino acid, urine
organic acid, blood lactate and pyruvate, ammonemia, and Western blotting of
the transferrin isoforms were normal. Trio-based exome sequencing (including

DNA from the patient and unaffected parents) showed a de novo heterozygous
69



transition of KCNQ5: Chr6(GrCh37):9.7382 or
1040G>A,NM_001160133.1:c.1039G>A, predicted to replace a glycine (G) with
a serine (S), p.G347S. In silico predictions (sorting intolerant from tolerant or
SIFT, Polyphen-2, MutationTaster) were in favor of a deleterious effect. The
combined annotation dependent depletion (CADD) score was 32. The variant
was absent from the Genome Aggregation Database (gnomAD) of control
individuals.

Patient 2. The patient is a 15-y-old girl, born to healthy non-related parents. She
was born at term with normal growth. She walked at 18 mo and had speech delay.
At the last referral at 13 years old, she had moderate to severe ID. She had mild
behavioral issues with autistic features. Height was on2SD,weighton1SD,and
occipitofrontal circumference (OFC) on+0.5 SD. Upon examination, she had a
low hanging columella, enlarged naris, and hypertrichosis on the backside and
on the arms. She also presented a pyramidal and an extrapyramidal syndrome.
Initial head MRI and EEG studies around age 8 y were normal. A panel of 482
genes for neurodevelopmental disorders was performed in trio and showed a de
novo heterozygous alteration in KCNQS Chr6(GrCh37):9.7382 or 1041G>C
NM_001160133.1:¢c.1040G>C, leading to the substitution of the amino acid
glycine with an alanine (A), p.G347A. In silico predictions (SIFT, Polyphen-2,
MutationTaster) were in favor of a deleterious effect. The CADD score was 26.7.
The variant was absent from the gnomAD data-base of control individuals.
Patient 3. This is a male 3 years 4 months old with autism spectrum disorder,
global developmental delay and no seizures. A gene-panel for monogenic
epilepsies revealed a de novo heterozygous mutation in KCNQZ2 (c.949G>A,;
p.Ala317Thr). In silico predictions (SIFT, Polyphen-2, MutationTaster) were in
favour of a deleterious effect. The variant was absent from the gnomAD database
of control individuals.

Patient 4 The mutation ¢.937G>A (G313R) was found in KCNQ2 gene in a
patient with early-onset epileptic encephalopathy and bust suppression, reported
in Olson et. al., 2017 (Patient 9). Seizures occurred at the second day after birth
and the patient died at the third month of life.

Patient 5 The mutation KCNQ2 L318V (c.952C>G) was reported in Gong et. al.,
2021 (Case 6). That patient is a male patient of 4,3 years old. He reported spasms
with onset at the 5" month and epileptiform discharges. He was seizure-free

since the 10" month, when the seizures were controlled by adrenocorticotrophic
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hormone. The EEG normalized between 12 and 22 months of life. Epileptiform
discharges in the Rolandic region occurred at the age of 22 months and evolved
into epileptic encephalopathy with electrical status epilepticus during sleep
(ESES) at 27 months without seizures. That patient also showed hypsarrhythmia,
psychomotor and developmental regression, language delay and impairment of
fine motor skills. He also reported agenesis of the corpus callosum and pathologic
jaundice.

Patient 6 The third variant is in KCNQ3 gene and is leading the A356T
substitution (c.1066C>T), corresponding to A317T in Kv7.2, that was identified in
a large cohort of patient with ID; the patient described is a female with severe ID,
abnormal repetitive mannerisms, absent speech, autistic behavior and no
seizures (Deciphering Developmental Disorders Study, 2017; Satterstrom et. al.,
2020).
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Figure R1: Topological representation of mutations found in patients. Figure is
showing the location of (A) G347S, G347A variants in Kv7.5 found respectively
in patient 1 and 2, (B) A317T, G313R and L318V found respectively in patient 3,
4 and 5 and (C) A356T variant topological location, found in patient 6. (D)
Alignment of the bottom part of S6 in Kv7 and others Kv channels; The amino
acids highlighted in yellow are the mutated ones, and the inscriptions show the
amino acid substitution.

71



4.2 CHARACTERIZATION OF Kv7.5 G347S VARIANT IN HOMOMERIC AND
HETEROMERIC CONFIGURATION AND OF THE CORRESPONDING
MUTATIONS IN Kv7.2 (G313S)

The patients 1 and patient 2 carried two KCNQ5 variants affecting the first glycine
(G347) within the -GSG- motif localized at the distal end of the S6 transmembrane
segment of Kv7.5 subunits. In this context, G347 is denoted as G1, with the
corresponding variants designated as G1S and G1A (refer to Fig. R1A, B).This
region is highly conserved among Kv7 channels and represents the narrow part
of the pore domain (Sun and MacKinnon 2017).

Kv7.5 channels expressed in cells exhibited small voltage-dependent K*-
selective currents, activating around -60/-50 mV with a relatively slow time course
of activation (Fig. R1C). At a holding voltage of -80 mV, Kv7.5 channels remained
closed. Replacement of the G1 residue with serine (Kv7.5 G1S) or alanine (Kv7.5
G1A) led to a more than 10-fold increase in the currents carried by Kv7.5
channels (observe Fig. R1C, D). Boltzmann analysis demonstrated a
hyperpolarization of 13 and 9 mV in the Vv, of the voltage-dependent component
in Kv7.5 G1S and Kv7.5 G1A channels, respectively (Fig. R1E). Notably, in both
Kv7.5 G1S and Kv7.5 G1A channels, a significant proportion remained open even
at highly hyperpolarized membrane potential values (-120 mV) (Fig. R1E, Table
R1). Therefore, to quantify the instantaneous tonic current, we measured the ratio
between the currents measured at the beginning of the depolarization step (time
indicated by Ain Fig. R1F) and those at the end of the 0 mV depolarization (time
indicated by B in Fig. R1F). In particular, A and B represent time points at which
instantaneous and steady-state currents were measured (Figure RA1F),
respectively; (B — A)/B x 100 represents the fraction of voltage- and time-
dependent current (lvoep); whereas the fraction of voltage-independent,
instantaneous current (linst) was calculated as (A/B) x 100 (or 1 — Ivoep).

In the Kv7.2 wild type channels, the linst was close to zero, whereas it represents
almost 50% of the total current in both mutants. (Table R1).

These findings collectively suggest that G1S and G1A variants in Kv7.5 channels
enhance maximal current density, hyperpolarize activation gating, and prevent
the closure of a substantial fraction of channels, indicating a gain-of-function
(GoF) in vitro phenotype.

The reversal potential (Vrev) estimated from tail current measurements after
depolarization to +20 mV for Kv7.5, Kv7.5 G1S, or Kv7.5 G1A channels was
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-76.2 £+ 0.7, -76.6 = 0.7, or -76.7 £ 0.8 mV (p>0.05 for both mutants when

compared to wild-type Kv7.5 channels).
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Figure R1: Functional characterization of homomeric Kv7.5 G1S and G1A
variants. (A) Topological representation of G1 amino acid into Kv7 subunit; (B)
Alignment of Kv7 and other Kv channels (https.//www.ebi.ac.uk/Tools/psa/),
showing -GSG- motif into the shaded region and G1 conservation, indicated by
the arrow and the box, among Kv7 channels. (C) Current responses to the
reported membrane depolarization protocol of Kv7.5 (Black), Kv7.5 G1S (Dark
blue) and Kv7.5 G1A (Light blue) homomeric channels. (D) Normalized current
densities. Statistical significance (see methods) are indicated by the asterisk. (E)
Conductance to voltage curves from Kv7.5, Kv7.5 G1S and Kv7.5 G1A.
Continuous lines are Boltzmann fits of the experimental data. (F) Instantaneous
current at 0 mV are indicated as “Iinst”, and voltage dependent current are
indicated as “lvpep”.

To determine if the instantaneous current corresponds to a potassium current,

experiments were conducted using rapid voltage ramps at hyperpolarized
voltages, following a methodology previously described for Kv7.1 channels
exhibiting similar functional characteristics (Boulet et. al., 2007). The findings

indicated a shift in the reversal potential (Vrev) from -80.7 + 1.0 to -58.6 + 1.3 mV
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Figure R2: Functional characterization of Kv7.5 G1S instantaneous current
component. (A) Ramp currents from Kv7.5 and Kv7.5 G1S channels using the
voltage protocol shown at the bottom in 5 and 15 mM extracellular K+ ions.
(B) Effect of extracellular 100 mM TEA (Upper) or 1 to 10 mM Ba2+e (Lower) on
Kv7.5 G1S currents recorded with the voltage protocol shown at the bottom.
Instantaneous currents are measured as described before, with A2 and B2
referring to the treated condition (C) Reversal potential for Kv7.5-mediated
currents in corresponding potassium extracellular concentration. (D, E)
Comparison of percentage of block for instantaneous and voltage-dependent
component by 100 mM extracellular TEA and 1 mM Barium.

upon transitioning from an extracellular solution containing 5 mM K+ to one with
15 mM K+ (Fig. R2A, C). These values closely resembles the expected shift in
the Nernst potential for a K*-selective current.
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Additionally, both linst and Ivoer exhibited comparable sensitivity to block by
extracellularly applied tetraethylammonium (TEAe; 100 mM) or barium (Ba?*e; 1
to 10 mM) ions at depolarizing potentials. Remarkably, consistent blocking
percentages were observed at -120 mV, a membrane potential where currents

are primarily carried by linst, with 100 mM TEAe, 1 mM Ba?*e, and 10 mM Ba?*e
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Figure R3: Functional characterization of Kv7.3/Kv7.5 G1S and Kv7.3/Kv7.5 G1A
heteromeric channel properties. (A) Macroscopic currents recorded in CHO cells
transfected with reported Kv7.3/Kv7.5 cDNA constructs ratio. (B) Quantification
of current densities recorded from cells transfected with the indicated cDNA
constructs. Asterisks indicate values significantly different (*p < 0.05) from their
respective control (Kv7.3 + Kv7.5). (C) Conductance/voltage curves for the
currents recorded from cells transfected with the indicated cDNA constructs.
Continuous lines are Boltzmann fits of the experimental data.
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showing blockages of 51.1 £ 3.0, 59.8 + 3.2, and 86.4 + 4.5%, respectively (p >
0.05). All these findings provide strong support that both linst and Ivpbep currents
were carried through the same pore domain. Kv7.5 can form heteromeric
channels with Kv7.3 subunits (Lerche et. al., 2000; Schroeder et. al., 200);
therefore, in the next experiments the cDNA encoding for Kv7.5 G1S or Kv7.5
G1A subunits were cotransfected with Kv7.3 or a combination of Kv7.3 and Kv7.5
cDNAs. CHO cells transfected with Kv7.3+Kv7.5 G1S or Kv7.3+Kv7.5 G1A
plasmids (cDNA ratio 1:1), displayed a remarkable three-fold increase in
maximum current density compared to those transfected with Kv7.3+Kv7.5 (Fig.
R3A, B, Table R1) and with the presence of a voltage-independent current
component, constituting approximately 20% at -80 mV. The depolarization-
activated component in cells expressing G1S or G1A mutant subunits exhibited
a small but statistically significant hyperpolarizing shift of Vi, (Table R1).
To mimic the genetic balance of a heterozygous individual with a mutant KCNQ5
allele, CHO cells were co-transfected with Kv7.3+Kv7.5+Kv7.5 G1S or
Kv7.3+Kv7.5+Kv7.5 G1A at a 1:0.5:0.5 cDNA ratio. Under these conditions, cells
expressing Kv7.3+Kv7.5+Kv7.5 G1S or Kv7.3+Kv7.5+ Kv7.5 G1A exhibited a
two-fold increase in current density compared to those expressing Kv7.3/Kv7.5
(Fig. R3B). However, in Kv7.3 + Kv7.5 + Kv7.5 G1S- or Kv7.3+Kv7.5+Kv7.5 G1A-
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Figure R4: Functional characterization of Kv7.2 G1R variant (A) Macroscopic
currents recorded with reported cDNA constructs ratio in CHO transfected cells.
(B) Quantification of current densities recorded from cells transfected with the
indicated cDNA constructs. Single asterisks indicate values significantly different
(*p < 0.05) from Kv7.2 wild-type and double asterisks (**) report significant values
when compared with Kv7.2 + pcDNA (1:1).
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transfected cells no discernible difference in the fraction of linst or Vy could be
detected when compared with Kv7.3+Kv7.5 (Table R1).

Interestingly mutation at a paralogous position (G313, or G1) in Kv7.2 (patient 4
in Table A1) was reported by Olson et al. in 2017 in a patient with DEE (G313R
or G1R). When expressed in CHO cells, homomeric Kv7.2 G1R mutant channels
were no functional (Fig. R4A, B).

Furthermore, when the Kv7.2 G1R subunit was co-expressed with the wild-type
subunit in a 1:1 ratio, it exhibited less than half the current compared to cells
transfected with Kv7.2 and an empty vector in the same ratio. This observation
indicates that the variant exerts a dominant-negative effect on the function of the
wild-type channel, as shown in Fig. R4A, B. These results strongly indicate that
the G1R variant, like most other Kv7.2 variants associated with the classical
KCNQZ2-DEE phenotype, caused significant dominant-negative loss-of-function
(LoF) effects in vivo. To investigate whether the contrasting in vitro phenotypes
were attributed to specific amino acid substitutions within the G1 region or the
Kv7 subunit context (Kv7.2 vs. Kv7.5), we introduced the G1R variant into Kv7.5
and the G1S substitution into Kv7.2. The examination of natural variants between
these two channels revealed that the substitution of G1S in Kv7.2 led to a more
than 10-fold increase in current density. This substitution also triggered the
emergence of a voltage-independent component, constituting approximately 20%
of the total current, along with a leftward shift of the V; of the voltage-dependent
component by 40 mV (refer to Fig. R5A, C, D). In contrast, the Kv7.5 G1R
substitution completely abolished channel function, as evident in Fig. R5B.
Likewise, the G1E substitution rendered both Kv7.5 and Kv7.2 channels non-
functional (see Fig. R5A, B, C). This observation implies that the unique GoF
effect resulting from the replacement of G by S residue cannot be replicated by
introducing large, positively or negatively charged side chains such as those

provided by residues R or E, respectively.
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These findings indicate that the replacement of the first G residue within the GSG

motif with S residues (GoF) or R or E residues (Loss-of-Function, LoF) introduces

qualitatively similar functional consequences into both Kv7.2 and Kv7.5 subunits,
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Figure RS5: Functional characterization of non-natural variants in Kv7.2 and
Kv7.5, that have not been identified in patients (A) Macroscopic currents recorded
from Kv7.2, Kv7.2 G1S and Kv7.2 G1E. (B) Macroscopic currents recorded from
Kv7.5, Kv7.5 G1R and Kv7.5 G1E. (C) Quantification of current densities
recorded from cells transfected with the indicated cDNA constructs. Single
asterisks indicate values significantly different (*p < 0.05) from Kv7.2 wild-type
and double asterisks (**) report significant values when compared with Kv7.5. (D)
Conductance/voltage curves for the currents recorded from cells transfected with
Kv7.2 and Kv7.2 G1S constructs. Continuous lines are Boltzmann fits of the
experimental data.
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suggesting that the length of the amino acid side chain can have a determinant

impact in the functional phenotype of both Kv7.2 and Kv7.5.

Construct(s)

Untransfected
Kv7.5
Kv7.5 G1S
Kv7.5 G1A

Kv7.5 G1R
Kv7.5 G1E
Kv7.3
Kv7.3 +Kv7.5
Kv7.3 +Kv7.5 G15
Kv7.3 + Kv7.5 G1A

Kv7.3 +Kv7.5 + Kv7.5 G15
Kv7.3 + Kv7.5 + Kv7.5 G1A
Kv7.2
Kv7.2 G15
Kv7.2 G1E

Kv7.2 G1R
Kv7.2 +Kv7.2 G1R

Amount cDNA (ug)

Wow W W w

3
1.5+15

15+15
1.5+1.5
1.5+0.75+0.75

1.5+0.75+0.75

25
14
14

18
12
12

14
14

10

18

V1/2 [mV)

-42.0+£2.1
-54.8+2.5*
-51.4+2.0*%

-37.7+11
-35.0£0.9

-42.8+14.0t
-39.1+2.1%
-32.3x2.0
-38.0£1.7
-25.6+2.1
-59.9+4.5¢

-28.0£1.9

K (mV/e-fold)

10.4+0.9
13.5+0.5*
18.7+2.3*%

7.0+£0.3
10.2+1.0

11.5x1.4
15.4+2.4
16.7 +1.9%
10.2+0.7
12.4+0.8
11.7x0.4

10.6+0.8

linst at 0 mV (%)

3+1
45+ 4%
50+2*

4x2
8+1

194t
24+31
11+3
12+3
4+1
27 4%

Current
density at0
mV (pA/pF)

0.5£0.2
11.6%2.0

176.5+24.5*
137.6+27.6%

0.3+0.1*
0.2+0.04*

20.2+2.2
18.8+2.04

57.3+12.7%
85.5+21.8t
45.6+9.6t
41.9+7.9%
31.9+4.0
215.1+28.7%
12+03%

1.2+0.8%
87+1.3%

Table R1: Biophysical properties of Kv7.5 and Kv7.2 variants in homomeric
and heteromeric configurations. Symbols report statistical signfiicance as
following: * p < 0.05 versus Kv7.5. 1 p < 0.05 versus Kv7.3 + Kv7.5; £ p < 0.05

versus Kv7.2.
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4.3 CHARACTERIZATION OF Kv7.2 A317T AND L318V VARIANTS IN
HOMOMERIC AND HETEROMERIC CONFIGURATION
The variant A317 is located at the distal end of the S6 segment of Kv7.2 channels

(Fig. R6A). This mutation fall into the activation gate of the channel, a highly-
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Figure RG6: Functional characterization of Kv7.2 variants in homomeric
configuration. (A) The topological location of A317T and L318V variants in the
Kv7.2 subunit is illustrated. (B) Sequence alignment of the bottom part of the S6
segments of the indicated Kv subunits (https.//www.ebi.ac.uk/Tools/psa/). The
yellow region highlights the AG region in Kv7 members, with the A317T and
L318V residues, and its paralogous counterparts in Kv channels indicated by the
boxes. (C) Macroscopic currents from Kv7.2, Kv7.2 A317T, and Kv7.2 L318V
homomeric channels are shown in response to the indicated voltage protocol. (D)
Quantification of current densities recorded from cells transfected with the
indicated cDNA constructs. Asterisks indicate values significantly different
(*p<0.05) from Kv7.2. (E) Superimposed normalized current traces from Kv7.2
(black), Kv7.2 A317T (red), and Kv7.2 L318V (orange) homomeric channels are
displayed. It is worth remarking on the time course of activation and the evident
presence of tonic current at the beginning of the pulse. (F) Conductance/voltage
curves for the indicated homomeric channels are provided, with continuous lines
representing Boltzmann fits of the experimental data.
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conserved region across Kv7 channels recognized as the region that faces the
most dramatic reorganizations during the opening of the pore (Fig. R6A,B). Within
the same Kv7.2 AG, the variant L318V was identified in a patient with infantile
spasms with hypsarrhythmia and without neonatal seizures (Patient 5 in Table
A1, case 6 in Gong et. al., 2020). To evaluate the effect of the newly identified
mutation (A317T) and the already described variant (L318V) on the channel
function, homomeric Kv7.2, Kv7.2 A317T or Kv7.2 L318V were expressed on
Chinese Hamster ovary (CHO) cells. Cells were stimulated by depolarizing
potentials from -140/-120 mV to +20 mV in 10 mV incremental depolarizing
pulses, and macroscopic current were recorded with the whole-cell configuration
of the patch-clamp technique.

As shown in Figure R6C, cells expressing Kv7.2 channels generate a voltage-
dependent K*-selective current with current density, calculated at 0 mV, of 31.4 +
4.5 pA/pF (Figure R6D, Table 1). These currents activate at around -50/-40 mV
with a rather slow time course of activation and deactivation. V+; and the slope of
the I/V relationship (k) were -20.13£1.09 mV and 12.03 + 0.49 mV/e-fold,
respectively (Figure R6C, Table R2). At the holding voltage of -80 mV, the Kv7.2
channels were closed and the ratio between the currents calculated at the
beginning of the depolarization step and those at the end of the 0 mV
depolarization was close to 0 (Figure R6E, Table R2).

Both homomeric Kv7.2 A317T and Kv7.2 L318V mutant channels showed a
significant increase of the maximal current by 3-4-fold, compared with Kv7.2
channels (Figure R6C, D, Table R2). Moreover, in both homomeric Kv7.2 A317T
and Kv7.2 L318V channels, as already observed in Kv7.5 G1S/A variants, the
activation process include two clearly-distinct components: an instantaneous
voltage-independent one, followed by a slower voltage- and time-dependent
component (Figure R6E and Table R2). The instantaneous voltage-independent
components account for about 80% and 30% of the total current, for Kv7.2 A317T
and Kv7.2 L318V respectively. Fitting I/V curves with Boltzmann equation (see
Methods) showed that the Vv, of the voltage-dependent component in Kv7.2
A317T and Kv7.2 L318V channels was hyperpolarized by 70 mV and 40 mV (Fig.
R6F), respectively. Despite such dramatic changes in voltage-dependent gating,
both mutants channels retained their selectivity for K* ions; indeed, the reversal
potential of the currents from Kv7.2, Kv7.2 A317T and Kv7.2 L318V channels was

close to that of a K*-selective pore (-75 mV in our experimental conditions).
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Since the M-current in neurons are mainly formed by Kv7.2/Kv7.3 heteromeric
channel, and to replicate in vitro the genetic combination occurring in the affected
family members who are heterozygous for the pathogenic allele, functional
studies were also carried out wupon transfection of cDNAs of
Kv7.2+Kv7.2A317T+Kv7.3 and Kv7.2+Kv7.2L318V+Kv7.3 at a cDNA ratio of
0.5:0.5:1 (Fig. R7A). In these conditions, there was a significant increase in 50%
of current density (Fig. R7B) and a shift in voltage dependency in hyperpolarizing
direction by 20 mV for both groups, when compared to Kv7.2+Kv7.3 heteromeric
channels (Figure R7C). Overall, these results suggested that both A317T and
L318V mutations enhanced maximal current density, both in homomeric and
heteromeric configurations, increased current density, hyperpolarized activation
gating and prevented closing of a significant fraction of channels, all effects being
more dramatic in Kv7.2 A317T variant and consistent with a gain-of-function

(GoF) in vitro phenotype.

A KV7.2 + Kv7.3 (1:1)
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Figure R7: Functional characterization of Kv7.2 variants in heteromeric
configuration (A) Macroscopic currents recorded from CHO cells transfected with
indicated cDNA ratios in response to the indicated voltage protocol are shown.
(B) Quantification of current densities recorded from cells transfected with the
indicated cDNA constructs. Asterisks indicate values significantly different
(*p<0.05) from Kv7.2+Kv7.3. (C) Conductance/voltage curves for the indicated
heteromeric channels are provided, with continuous lines representing
Boltzmann fits of the experimental data.
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4.4 CHARACTERIZATION OF Kv7.3 A356T VARIANT IN HOMOMERIC AND
HETEROMERIC CONFIGURATION

The A317 residue in Kv7.2 corresponds to the A356 residue in highly homologous
Kv7.3 (Fig. R6B); the Kv7.3 A356T variant has been described in a patient with
severe ID, delayed language and no seizures (Patient 6 in table A1) (patient
DDD4K.02558). However, no functional data is available for Kv7.3 channels
carrying this variant. To understand the role of this residue in the biophysical
properties of Kv7.3 channels, the functional properties of Kv7.3 A356T subunit

channels were investigated. Heterologous expression of wild-type Kv7.3 subunits

led to the appearance of small voltage-dependent K*-selective currents with a
density at 0 mV of 25.1+£5.9 pA/pF. By contrast, homomeric Kv7.3 A356T mutant

channels were not functional and the current density values were not statistically
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Figure R8: Functional characterization of Kv7.3 variants in both homomeric and
heteromeric assemble. (A) Current traces from Kv7.3, Kv7.3 A356T and Kv7.3
co-expressed with A356T cDNA at 1:1 ratio. (B) Current traces of heteromeric
configurations containing Kv7.3 A356T mutation at different ratios. (C, D)
Quantification of current densities recorded from cells transfected with the
indicated cDNA constructs. Asterisks indicate values significantly different (* p <
0.05) from their respective control. (E) Conductance/voltage curves for the
indicated homomeric and heteromeric channels are shown, with continuous lines
representing Boltzmann fits of the experimental data.
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different from untransfected CHO cells (Figure R8A, B; Table R2). When Kv7.3
A356T mutant subunit was co-transfected with Kv7.3 in 1:1 ratio, a small current
was recorded and the current density was significantly lower when compared with
cells transfected with half amount of Kv7.3 cDNA (cells transfected with Kv7.3
plus empty vector at the same ratio 1:1), suggesting a possible dominant-
negative effect (Figure R8A, C). Surprisingly, a completely opposite effect was
observed when cells were co-transfected with Kv7.2+Kv7.3 A356T (1:1 ratio) or
Kv7.2+Kv7.3+Kv7.3 A356T (0.5:0.5:1 ratio); indeed, a marked increase in current
density by 3/4-times (Figure R8B, D) and a shift in voltage dependency in
hyperpolarizing direction in 10 mV, when compared to Kv7.2+Kv7.3 was
observed (Figure R8E). In contrast with the variant A317T in Kv7.2, the variant
A356T in Kv7.3 displayed a more complex mechanism, showing a LoF effect in

homomeric configuration and a GoF effect in heteromeric configuration.

5 = - 0,50+ 0,20
3 - -20.13+ 12034049 31445457 0.03+0.01 55,43+7,64
1.09 T T (0,3mM, n=3)
92,93+ 0.81% 56,23+3.38
3 15 13.60+1.92 138.73+20.30*
3.60% 0.04* (0,3 mM n=7)
-58.29+ 11,94+ 0.33%
3 8 105.26 + 16.64*
1.28*% 11.12 0.03#
1,5+1,5 20 27382 11,38+0.61 109.08+11.94 0.01+ SLITSE
+ T . - o c
o 1.23 ! 0.003 (3 mM n=9)
-36.74+ 0.12+ 54,72+2.24
0.75+0.75+1,5 12 13.09+2.09 177.99+25.04%
2.09% 0.03% (3mM n=3)
-37.51+ 0.04+0.01 50,25+5.83
0.75+0.75+1,5 12 11.98+0.78 200.42 +46.69%
1.40% (3 mM n=3)
-31,08+
3 8 9.46+1.17  25.08+5.94
1,98
3 8 = - 0.42+0.12%
-34.37+
1,5+1,5 6 6.75+0.66  24.68+7.84
2.34
-34.61+
1,5+1,5 8 6.54+0.67  7.88+2.68%
1.23
-41.64+ 0.08+ 51.87+4.10
1,5+1,5 9 11.98+0.66 371.91+64.95%
3.26 0.03% (3 mM n=5)
0.75+0.75+1,5 9 -A4.02% 11.77+1.23 261.60+50.25% 0.05% 49,25+3.06
’ : ! 1.21 T U 0.01% (3 mM n=7)

Table R2: Biophysical properties of Kv7.2 and Kv7.3 variants in homomeric and
heteromeric configurations. Symbols report statistical signfiicance as following:
*p <0.05 versus Kv7.5. 1 p <0.05 versus Kv7.3 + Kv7.5;  p < 0.05 versus
Kv7.2.
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4.5 CHARACTERIZATION OF SINGLE CHANNEL PROPERTIES OF Kv7.5
G347S, Kv7.2 G313S AND Kv7.2 L318V VARIANTS THROUGH NOISE
ANALYSIS

The most notable effect of the G1S/A variants when incorporated into either Kv7.2
or Kv7.5 subunits and of the two variants A317T and L318V in Kv7.2 was a
marked increase in macroscopic current density, which dependents on the
following parameters: the number of functional channels (N), single-channel
current (i), and channel opening probability (Po). Non-stationary noise analysis
was employed to investigate variant-induced changes in each of these
parameters. Figure ROAillustrates the average (top) and variance (bottom) of 100
pulses. Fitting the variance data with equation 2 revealed a 2.5/3-fold increase in
maximal Po when the G1S variant was incorporated into Kv7.5 or Kv7.2 channels
(refer to Fig. R9D), without altering membrane channel abundance or channel

conductance (refer to Fig. R9B, C). These findings strongly suggest that the G1S
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Figure R9: Nonstationary noise analysis of Kv7.5, Kv7.5 G1S, Kv7.2, and Kv7.2
G1S channels. (A) Representative average response to 100 pulses at +20 mV
(Top), of the corresponding variance (Middle), and variance versus current mean
plot (Bottom) from Kv7.5, Kv7.5 G1S, Kv7.2, and Kv7.2 G1S channels, as
indicated. The continuous lines in Bottom are parabolic fits of the experimental
data (Materials and Methods). Current and variance scales are 100 pA and 50
pA2 for Kv7.5, 750 pA and 100 pA2 for Kv7.5 G1S, 100 pA and 50 pA2 for Kv7.2,
and 750 pA and 100 pA2 for Kv7.2 G1S. Time scale, 100 ms. Po and | estimates
for the four cells shown were 0.18 and 0.20 for Kv7.5, 0.57 and 0.19 for Kv7.5
G1S, 0.25 and 0.38 for Kv7.2, and 0.79 and 0.39 for Kv7.2 G1S. (B-D)
Quantification of the number of channels divided by capacitance (B), of the single-
channel current (C), and (D) of the opening probability at +20 mV. Asterisks
indicate values significantly different (*P < 0.05) from respective controls (Kv7.5
channels, Left; Kv7.2 channels, Right).
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substitution caused a significant increase in opening probability without affecting
the number of functional channels or their conductance in both Kv7.2 and Kv7.5
subunits.

Similarly, non-stationary noise analysis were also performed for the two variants
A317T and L318V in Kv7.2 For these experiments, currents from Kv7.2, Kv7.2
A317T and Kv7.2 L318V channels expressed in CHO cells were activated by 100
depolarizing pulses of 500 ms duration to +20 mV at a frequency of 1 Hz, after a
200 ms pre-pulse at -120 mV. Potential artifacts due to current rundown (<20%)

were minimized by measuring the differences in the current on successive
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Figure R10: Nonstationary noise analysis of Kv7.5, Kv7.5 G1S, Kv7.2, and Kv7.2
G1S channels. (A) Representative average response to 100 pulses at +20 mV
(top) of the corresponding variance (bottom), and (B) variance versus current
mean plot from Kv7.2 and Kv7.2 L318V. The continuous lines in variance/mean
plots are parabolic fits of the experimental data (see Materials and Methods). C—
E. Quantification of the number of channels divided by capacitance (C), of the
single-channel current (D), and of the opening probability at +20 mV (E). Asterisks

indicate values significantly different (*p < 0.05) when compared to control
(Kv7.2).
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sweeps between consecutive pulses (Sigg et al., 1994). The small amount of the
time-dependent current observed in the Kv7.2 A317T variant does not allow to
obtain a valid variance distribution; therefore this mutant channel was not used
for further analysis (data not shown). In figure R10A and R10B the mean current,
the respective variance, and the correlation between the average current and the
variance for Kv7.2 and Kv7.2 L318V channels are shown. Fitting the variance
data with equation 2 (as described in the Methods) failed to reveal difference in
the number of functional channels (Fig. R9B) or single channel current (Fig.
R10C) between wild-type Kv7.2 and Kv7.2 L318V channels. Whereas, a 2.5/3-
fold increase in maximal Po was observed in the mutant channels, when
compared to Kv7.2 channels (Fig. R10D).

Altogether, these data suggest that the Kv7.2 L318V mutant channels caused a
strong GoF phenotype by increasing channel opening probability without major

changes in the number of functional channels or their unitary conductance.

4.6 EFFECT OF THE G313S (G1S) AND A317T VARIANTS ON PIP2-
DEPENDENT CURRENT MODULATION

Given that the opening of all Kv7 members requires phosphatidylinositol 4,5-
bisphosphate (PIP2), an investigation was conducted to determine whether the
G1S-induced increase in Kv7.5 Po was due to altered channel regulation by PIP2.
Resting PIP2 levels were either decreased by co-expressing a voltage-sensitive
phosphatase from Danio rerio (DrVSP) or increased by co-expressing the PIP2-
synthesizing enzyme PIP5K. In CHO cells expressing DrVSP, depolarization to
+100 mV time-dependently reduced Kv7.2 currents by 60% after 2 seconds, while
currents carried by Kv7.2 G1S channels exhibited reduced sensitivity to inhibition
upon DrVSP activation at all time points investigated, being inhibited by only 10%

of the starting value after 2 seconds.
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Figure R11: Effect of DrVSP or PIP5K on Kv7.2 and Kv7.2 G1S homomeric
channels. (A) Currents recorded in response to the indicated voltage protocol in
cells expressing DrVSP and Kv7.2 or Kv7.2 G1S channels. (B) Macroscopic
currents recorded in response to the indicated voltage protocol in cells expressing
Kv7.2 or Kv7.2 G1S channels in the absence or presence of PIP5K. (C) Time-
dependent current decrease in cells coexpressing the indicated channels and
DrVSP, expressed as the ratio between the current values recorded at 0 mV
immediately after (t2) and before (t1) the Dr-VSP-activating +100 mV depolarizing
step. (D) Current densities at 0 mV from cells expressing Kv7.2 or Kv7.2 G1S
channels alone or in combination with PIP5K, as indicated. The asterisk indicates
a value significantly different (*P < 0.05) from Kv7.2 currents.

Conversely, increasing cellular PIP2 levels by PIP5K co-expression caused a 3-
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fold enhancement in Kv7.2 peak currents, along with a negative shift in their half-
activation potential. When PIP5K was co-expressed with Kv7.2 G1S channels,
no increase in maximal currents occurred (Fig R11B, D). Kv7 channel opening is
strongly regulated by the presence of intracellular phosphatidylinositol 4,5-
bisphosphate (PIP2). This phospholipid is essential for the coupling of the VSDs
and pore domains for the opening of Kv7 channels (Pant et al., 2021; Sun and
MacKinnon, 2020; Zaydman et al., 2013). Several binding regions of PIP2 in Kv7
channels, including the bottom part of the S6 segment. To investigate the
sensitivity of the Kv7.2 A317T and Kv7.2 L318V currents to PIP2 modulation, the
PIP2 levels were increased by addition of 100 micromolar of the water soluble
analogous Dic8- PIPz in the intracellular solution or decreased by co-expressing
a voltage-sensitive phosphatase from Danio rerio (DrVSP) which transiently

reduces cellular PIPz levels when activated by strong depolarizations.
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Figure R12: Effect of PIP2 on Kv7.2, Kv7.2 A317T and Kv7.2 L318V homomeric
channels. (A) Macroscopic currents recorded in presence of 100 uM Dic8-Pip2
in the intracellular pipette solution. Black traces reports normalized currents at
the beginning of the recording and yellow traces report normalized current after
4 minutes recording. (B) V¥ values recorded at the beginning of the recording
and after 4 minutes recording with 100 uM Dic8-PIP: at the intracellular solution.
The asterisk indicates a value significantly different (*p<0.05).(C) Time-corse of
current percentage increase of Kv7.2 wt, Kv7.2 A317T and Kv7.2 L318V
recording with 100 micromolar Dic8-PIP: intracellularly. (D) Currents recorded in
response to the indicated voltage protocol in cells expressing DrVSP and Kv7.2,
Kv7.2 A317T or Kv7.2 L318V channels. Time scale, 2 s. (E) Time dependent
current decrease in cells coexpressing the indicated channels and DrVSP,
expressed as the ratio between the current values recorded at 0 mV immediately
after (t2) and before (t1) the Dr-VSP-activating +100 mV depolarizing step.
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Increasing cellular PIP2 levels by Dic8-PIP2 induces an enhancement in Kv7.2
peak currents, together with a negative shift in their half-activation potential after
4 minutes of recording. By contrast, the increase of PIP2 levels by Dic8-PIP2
intracellularly did not affect Kv7.2 A317T-and Kv7.2 L318V-mediated currents and
no shift in the half-activation potential occurred (Figure R12A and R12B).
Moreover, in CHO cells expressing Dr-VSP, depolarization to +100 mV time-
dependently reduced Kv7.2 currents by 80% after 1 second; by contrast, currents
carried by Kv7.2 A317T and Kv7.2 L318V channels showed no inhibition upon
DrVSP activation at all time points investigated (Figure R12C and R12D). These
data suggest that the introduction of the two variants A317T and L318V in Kv7.2

are completely insensitive to PIP2 modulation.
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4.7 MD SIMULATIONS OF THE TWO GoF VARIANTS IN Kv7.2 CHANNEL
To gain insight into the molecular mechanism underlying the two GoF variants
G313S and A317T, we resorted to all-atom MD simulations. In addition to the
A317T mutation we run MD also for G313S, which was shown to induce GoF via
an increase in single channel opening probability. We simulated the WT and
mutant protein pores in two distinct conformations, each with a different degree
of activation gate (AG) opening, quantified by cross-distances between pairs of
Ca atoms from diagonally opposed subunits.
Three distances were used in total, one to characterize the selectivity filter (SF)
via the atoms of G279 (d1), and two for the AG, using the atoms of G313 (d2)
and A317 (d3). The first conformation, derived from the cryo-EM structure of the
human Kv7.2 (hKv7.2, PDB ID: 7CRO0), shows a conductive filter (d1=8.03 A) and
a constricted gate, with d2 = 11.67 A and d3 = 13.68 A (Fig. R13A). The second
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Figure R13: Molecular modeling of A317T variant in Kv7.2 channel (A)
Superposition of WT (green) and A317T (purple) Kv7.2 closed structures after
equilibration and before MD production simulations. (B) Channel radius profiles
along the pore axis of the two proteins, averaged over all simulated replicas.
Shaded regions indicate standard deviations. (C) Distribution of water molecules
along the channel axis. Average and standard deviations are calculated over all
replicas. (D-F) Same as (A-C) but for the open structures. 91



conformation, with a similar filter size (d1=7.92 A) but a wider AG (d2=13.55 A
and d3=19.54 A; Fig. R13D), was homology modelled using the open hKv7.1
structure (Sun and MacKinnon 2020) (PDB ID: 6V01) as template.
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Figure R14: HBs formed by the mutated residue in the A317 Kv7.2 channel
simulations. (A) Extracellular view of the pore, indicating the four subunits labels.
(B) Persistence of the HBs (reported as percentage of the aggregated simulation
time) in the closed (black bars) and open (gray bars) structure simulations,
classified based on the atoms involved and the subunits they belong to. Atom
names follow the PDB CHARMM notation: O is the backbone amide oxygen, HG1
the hydrogen atom bound to an oxygen in y position with respect to the backbone
amide carbon atom, OG the hydroxyl oxygen in serine (oxygen atom in y position
with respect to the backbone amide carbon atom), and OG1 the hydroxyl oxygen
in threonine (again with oxygen atom in y position with respect to the backbone
amide carbon atom).

92



Figure R15: (A) Snapshot of the Kv7.2 pore with a closed IG, viewed from the
cytosol. Equilibrated structure at t = 160 ns of an MD run. The sidechains of the
T317-S314 pairs, belonging to two different and adjacent subunits, are shown in
ball and sticks style. (B) Enlarged view of the interaction described in panel (A).
(C) and (D) Representative structures showing the HBs formed between the
T317-S314 sidechains, extracted from the MD simulations.

The channels were embedded in explicit POPC membrane bilayers, solvated with
water and ions, and simulated in five independent replicates for both closed and
open AG conformations, obtaining a cumulative time length of more than 15 us.
All protein structures were found to be stable during the MD simulations and did
not deviate substantially from the starting conformations, as evidenced by
backbone Root Mean Square Deviations (RMSDs) averaged over the replicas,
which are stationary around values between 2.5 and 3 A.

To investigate the impact of the mutations on the protein structure, we first looked
at the size of the channel pore along the simulated trajectories. As for the WT
channel, the open and closed pore radius profiles, averaged over the replicas,
nicely superimpose to those of the corresponding experimental structures,
confirming that the pore geometry is maintained over the simulations. When we

compared the pore profiles of A317T to those of the WT, the results for the closed
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and open AG structures differed (Figure R13). In the mutant, the variation induces
a widening of the AG, from above the level of G313 down to the cytoplasmic
termini, which is particularly evident in correspondence of the mutated residue
A317T (Figure R13A, B). This localized broadening of the pore makes it more
accessible to water, as shown by the average number of water molecules
computed along the channel axis (Figure R13C). The difference is most
noticeable in the central cavity region, particularly around V302, where the WT
system is essentially dry, while A317T accommodates about eight water
molecules. We see both traits as consistent with a GoF, since a broadened gate
could facilitate the transition of the mutated channel towards the open state, and

the concomitant increased hydration of the cavity may promote ion permeation.
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Figure R16: Molecular modeling of G313S variant in Kv7.2 channel
(A)Superposition of WT (green) and G313S (red) Kv7.2 closed structures after
equilibration and before MD production simulations. (B) Channel radius profiles
along the pore axis of the two proteins averaged over all simulated replicas.
Shaded regions indicate standard deviations. (C) Distribution of water molecules
along the channel axis. Average and standard deviations are calculated over all
replicas. (D-F) Same as (A-C) but for the open structures.
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In contrast, the WT and A317T open structures trajectories showed no difference
in pore profiles (Figure R13D, E) or hydration of the central cavity (Figure R13F).
In line with the enhanced hydrophilicity of the substitution, more water molecules
entered the cytoplasmic side of the mutated pore, at A317T and below, but the
difference remained limited to that region.

Given the AG rearrangement in the closed A317T channel, we searched for
interactions involving the mutated amino acid that could be responsible for
stabilizing it. We found that the threonine side chains form hydrogen bonds (HBs)
with S314 from adjacent subunits (average persistence time of 55.0%, 66.8%,
62.7% and 49.4% for the four pairs of chains), occasionally competing with HBs
to G313 of their same helices (Figures R14 and R15). Hence, the substituted

threonine is directly involved in inter-chain bonds that cause the partial widening

Figure R17: Representative snapshots showing pore cavity hydration in WT (A),
G313S (B), and A317T (C) Kv7.2. For each system we report an equilibrated
Structure extracted at 150 ns. Water molecules are represented as cyan surfaces.
Lipid molecules and ions are not reported for clarity.
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of the closed AG, generating a conformation that might be more likely to become
fully open. In the latter configuration, the T317-S314 interaction between chains
is absent, and the threonine mostly connects to G313 from the same subunit.

To verify that the structural effects caused by A317T do not depend on the
membrane model, we performed additional simulations of the mutated closed
channel embedded in bilayers of different lipid composition (pure POPE, POPG,
DMPC, and a mixture POPC-CHOL-PIP2). We then looked at the pore size in the
closed and open G313S Kv7.2, and obtained results that are in remarkable
agreement to those of A317T (Figure R16): the mutation induces a widening of
the closed AG (at the level of G313S and A317) and, in this case, also of the
central cavity (around V302), associated to an increased hydration of this region;
conversely, in the open conformation, no major difference is detected in pore size
or central cavity hydration. Acomparison between three representative snapshots
from the WT, G313S and A317T closed AG simulations is reported in (Figure
R17), highlighting differences in pore opening and cavity hydration.
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4.8 10 MICROMOLAR AMITRIPTYLINE RESTORES Kv7.2/7.3 CURRENT
LEVELS IN HETEROMERIC CHANNELS CARRYING Kv7.2 A317T OR Kv7.2
L318V MUTANT SUBUNITS

Amitriptyline is a tricyclic antidepressant with analgesic properties due to the
serotonin and norepinephrine reuptake inhibition, which also targets some
voltage-gated ion channels and receptors. In addition, amitriptyline is able to
block Kv7.2 or Kv7.3 channels (Punke et. al., 2007). Recently was described its
ability to restore the normal function in heteromeric Kv7.2+Kv7.3 channels
carrying a mild GoF variant when expressed in CHO cells (Miceli et. al., 2022).
Bases on this study, , we evaluated the ability of amitriptyline (10 uM) to restore
the normal current levels in cells transfected with Kv7.2+Kv7.2 A317T+Kv7.3 and
Kv7.2+Kv7.2 L318V+Kv7.3 at 0.5:0.5:1 ratio, since this in vitro condition is that
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Figure R18: Functional effect of application of 10 micromolar Amitriptyline;
(A) Macroscopic currents from Kv7.2, Kv7.2 A317T, and Kv7.2 L318V homomeric
channels are shown in response to the indicated voltage protocol, with and
without 10 micromolar Amitriptyline. (B) Quantification of current densities
recorded from cells transfected with the indicated cDNA constructs, in presence
and in absence of 10 micromolar Amitriptyline. Asterisks indicate values
significantly different (*p<0.05) from Kv7.2 + Kv7.3 wt.
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mostly resemble the patient functional phenotype (Fig. R18A). The results
obtained revealed that amitriptyline 10 uM was able to reduce the current level of
Kv7.2+Kv7.2 A317T+Kv7.3 and Kv7.2+Kv7.2 L318V+Kv7.3 at those of
Kv7.2+Kv7.3 channels (Fig. R18B). These data indicates the possible use of
amitriptyline as a potential treatment in patients carrying these Kv7.2 GoF

variants.
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5. DISCUSSION

5.1 PHENOTYPIC SPECTRUM  AND GENOTYPE-PHENOTYPE
CORRELATIONS IN KCNQ5-RELATED DISORDERS

The KCNQ2, KCNQ3 and KCNQ5 genes contribute to the molecular
heterogeneity of Ikm in specific neuronal subpopulations at distinct developmental
periods (Lerche et. al., 2000; Schroeder et. al., 2000; Nappi et. al., 2020).
However, while several hundred mutations in KCNQ2 and KCNQ3 have been
identified over the last two decades in patients with developmental and/or
epileptic diseases, the firsts four photogenic variants in KCNQ5 were reported in
2017 (Lehman et. al., 2017). Since then, a total of 16 variants have been identified
in 21 patients (Lehman et. al., 2017; Rosti et. al., 2019; Kruger et. al., 2022; Wei
et. al., 2022). These variants, found in heterozygosity, include missense,
nonsense and frameshift variants. Moreover, three of these mutations (R359C,
Q735R and E265_T306del) were transmitted from one of the affected parents
following a classical autosomal dominant inheritance (Krluger et. al., 2022), while
the others occurred de novo.
Functional studies revealed that most of these variants are LoF (11/16), causing
a reduction of current density and/or a rightward shift of the V+ value; whereas 5
are GoF, showing an increase of current density and/or a leftward shift of the V.
value.

The clinical phenotype of patients carrying LoF variants include: absence
epilepsies with or without GTCS and/or myoclonus (11/16) and mild to severe ID
(10/16); whereas the 5 patients with GoF variants showed: epileptic phenotypes
(3/5), no seizures (2/5), mild to severe ID (5/5) and autism (2/5) (Wei et. al., 2022;
Lehman et. al.,, 2017). Although the limited number of KCNQ5 pathogenic
variants, it seem that LoF variants are predominantly associated with absence
epilepsy phenotypes whereas GoF variants are associated with developmental
and/or epileptic phenotypes, mild to profound intellectual disability, and, more
rarely, autism.

The GoF phenotypic characteristics closely resemble those of our two patients,
one showing very limited language because of a severe ID and drug-resistant
epilepsy (patient 1, G1S) and another suffering from moderate to severe ID
without epilepsy (patient 2, G1A). Variants in KCNQ5 were also identified in large
cohorts of patients with neurodevelopmental disabilities (Kaplanis et. al., 2020;
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Lelieveld et. al., 2016); notably, one of these patients carried the same G347S
(G1S) variant reported in our patient 1, although no direct phenotype comparison
is possible because of the lack of detailed clinical histories.

However, given the rarity of patients with KCNQ5-related disorders, neither the
functional consequences caused by the mutations nor the variant localization
within the channel sequence can fully predict the clinical features of patients
carrying KCNQ5 mutations; thus, no solid genotype—phenotype correlation can
be currently drawn. For example, it is yet unclear why patients carrying the G1S
or the G1A variants, despite the similarity in their in vitro functional properties,
have different epilepsy phenotypes; additional genetic, epigenetic, and epistatic

mechanisms likely explain such divergence.

5.2 PHENOTYPIC SPECTRUM  AND GENOTYPE-PHENOTYPE
CORRELATIONS IN KCNQ2 AND KCNQ3-RELATED DISORDERS

For KCNQ2 and KCNQ3 a correlation between functional effects in vitro and
phenotype has been established (Orhan et.al., 2014, Miceli et. al., 2015; Millichap
et. al., 2017; Mulkey et. al., 2017; Sands et. al., 2019), with strong, dominant-
negative LoF variants being responsible for severe clinical phenotypes and
variants found in most self-limiting forms causing haploinsufficiency and milder
LoF in vitro effects (Nappi et. al., 2020). The severe end of the KCNQ2-DEE
spectrum is represented by the patient described in Olson et al. (Olson et. al.,
2017) who died at 3 mo of age because of a very severe neonatal-onset epileptic
encephalopathy and carried a KCNQ2 variant affecting the G1 residue (G1R);
consistent with previously reported data (Miceli et. al., 2013; Orhan et. al., 2014),
the present functional results reveal strong, dominant-negative LoF effects
prompted by the Kv7.2 G1R variant.
In the present study, we described functional properties of two strong GoF
variants in Kv7.2 affecting the PD, induced by A317T and L318V substitutions. In
Kv7.2, all GoF mutations (except G239S, located in S5 reported in Bayat et. al.,
2024) are located within the VSD and cause a variable impairment in voltage
dependence of the channel, with small (-4 mV) or larger (>-80 mV)
hyperpolarizing shift. Electrophysiological recordings revealed that both
mutations induced significant increase of current density in homomeric and
heteromeric channels and a marked hyperpolarizing shift of the voltage-

dependent activation, indicating that both A317T and L318V are inducing a GoF
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effect. Interestingly, the functional properties of the L318V variant resemble those
of a previously described GoF variant, R198Q; the patient carrying this variant
also showed a clinical phenotype similar to the patient with the L318V mutation
herein described, thus confirming the genotype-phenotype correlation. By
contrast, the analysis of the functional properties and the clinical features
prompted by the A317T variant do not allow us to make a clear genotype-
phenotype correlation. Indeed, while causing a strong GoF effect, similar to that
described for the R201C mutation, the clinical consequences of the A317T variant
are relatively mild, resembling those associated with less severe GoF variants
such as those affecting the R144 residue. Additional genetic factors or
compensatory mechanisms exerted by other Kv7 subunits and/or K+ channels
may explain the mild phenotype. The characterization of novel Kv7.2 GoF will
help to clarify this issue.

Although Kv7.2 is the main locus for SLFNE and Kv7-DEE, pathogenic variants
in Kv7.3 have been also identified in such patients although their clinical features
are generally less severe. These variants are commonly missense and are
located within the PD and result in LoF effect. More recently, pathogenic variants
affecting the first two positively-charged residues within the S4 transmembrane
domain of the VSD (R227Q and R230C/S/H) have been reported in individuals
with developmental delay, autism spectrum disorder, and sleep-activated
epileptiform discharges on EEG. Functional analysis using voltage-gated clamp
recordings revealed that these variants stabilized the activated state of the
channel and resulted in GoF effects on channel activity. In contrast to individuals
with LoF variants in Kv7.3, and similar to Kv7.2 GoF, neonatal and infantile
seizures are not a common finding in individuals with Kv7.3 GoF variants (Sands
et. al., 2019). In the present study we characterized a variant in Kv7.3 (A356T),
corresponding to the A317T in Kv7.2, previously identified in a patient with severe
ID, delayed language and no seizures. Our functional data revealed that
homomeric channels were not functional, whereas heteromeric configuration
either with Kv7.2 or with both Kv7.2 and Kv7.3 induce a GoF effect, with a 3-fold
increase in the maximal current and a 15 mV leftward shift in the voltage-
dependence of activation; this is the first GoF variant localized within the PD of
the channel. An opposite effect prompted by a Kv7.3 variant when expressed in
homomeric or heteromeric configuration has been described also for another

non-pathogenic variant affecting the PD (A315V) (Zaika et. al., 2008). It is likely
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that the phenotype observed in the patient carrying the A356T mutation mainly
depends on the GoF effects induced in heterotetrametric configuration, since
Kv7.3 is expressed later than Kv7.2 (Dirkx et. al, 2020) and form heteromers in

the vast majority of brain regions (Cooper et. al., 2000).

5.3 IN VIVO ROLE OF NEURONAL Kv7 GoF

KCNQ5-encoded Kv7.5 subunits preferentially assemble into heteromeric
channels with Kv7.3, but not Kv7.2, subunits (Schroeder et. al., 2000). Whether
these heteromeric channels actually exert specific action at selected neuronal
sites or just decrease the amount of the more efficient Kv7.2/Kv7.3 channels
(Gilling et. la., 2013) is still a matter of debate. However, irrespective of the
pathophysiological relevance of the Kv7.3/Kv7.5 channels, our functional data
seem to suggest that the G1S/A variants in Kv7.5 retain their ability to induce GoF
effects even in heteromeric configuration with Kv7.3 subunits, although these
effects were quantitatively smaller than those observed for homomeric channels.
However, it is difficult to establish the exact channel composition underlying the
recorded currents when Kv7.5 G1S/A subunits are coexpressed with Kv7.3 or
Kv7.3/Kv7.5 subunits since at variance with Kv7.2 and Kv7.3 (Wang et. al., 1998),
currents carried by Kv7.3 and Kv7.5 channels display similar maximal density,
gating (V#), and pharmacological (TEA sensitivity) properties (Lerche et. al.,
2000; Schroeder et. al., 2000).

Within the central nervous system, Kv7.5 expression has been described in cell
somata and dendrites in human cortex and hippocampus (Yus-Najera et. al.,
2003), in glutamatergic synapses of several rat brain stem nuclei (Huang and
Trussel, 2011), and in the postsynaptic membrane of mouse vestibular calyx
terminals (Spitzmaul et. al., 2013). Knock-in mice carrying a Kv7.5 dominant-
negative pore variant had normal brain morphology and no seizures but displayed
a reduction of the mAHP and sAHP currents in the hippocampus (Tsingounis et.
al., 2010). In another strain, on the other hand, homozygous KCNQ5 knock-out
mice displayed varying degrees of both absence- and myoclonic-type seizures
triggered by handling or elevation of body-temperature (Wei et. al., 2022).

Kv7.5 subunits are highly expressed in the hippocampus (Tsingounis et. al.,
2010), where they contribute to shaping sharp waves and ripples activity
(Trompoukis et. al., 2020), a highly synchronous population pattern arising from

the CAS3 region and leading to CA1 fast network oscillation (Buzsaki, 2015). We
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hypothesize that the G1S and G1A mutations interfere with the crucial role of
Kv7.5 in controlling this pattern of hippocampal excitability which is critically
involved in memory consolidation (Buzsaki, 2015), possibly explaining the
cognitive changes described in our two patients. On the other hand, it is still
unclear how KCNQ5 GoF changes triggered by the G1S variant lead to cortical
hyperexcitability (Niday, and Tzingounis, 2017).

Similarly, the mechanisms by which Kv7.2 GoF variants cause neuronal
hyperexcitability are not completely understood. One hypothesis is that GoF
variants in Kv7.2 differentially affect neuronal behavior in distinct subtypes of
neurons. For instance, it has been proposed that GoF variants selectively
dampen the excitability of the inhibitory interneurons due to their high input
resistance (Miceli et. al., 2015). Moreover, a recent work has shown that cortical
pyramidal neurons (L2/3 layer) from transgenic mice carrying a Kv7.2 GoF variant
are hyperexcitable, although hippocampal CA1 neurons from the same animal
showed hypoexcitability (Varghese et. al., 2023).

Further studies are needed to decipher the complex interaction between GoF
variants of potassium channels and electrical activity, in different neuronal

subpopulations, during neurodevelopment (Dirkx et. al, 2020).

5.4 BIOPHYSICAL AND STRUCTURAL CONSEQUENCES OF G1
SUBSTITUTIONS

The functional results obtained suggest that in both Kv7.5 G1S/A variants caused
a drastic enhancement in maximal current density consistent with a GoF in vitro
phenotype. The appearance of a tonic voltage-independent component (linsT),
together with a marked hyperpolarization in activation gating and a significant
reduction in channel deactivation rate of the voltage-dependent current
component (lvoer), seems to account for this enhancement. No differences in K*
selectivity and pharmacological sensitivity to pore blockers such as TEA and Ba?*
were observed between linsT and Ivpbep, suggesting that both components are
carried via the same permeation pathway, i.e., the central ion pore.

To provide mechanistic insight into the molecular basis for this GoF effect,
nonstationary noise analysis was used to estimate N, i, and Po (Heinemann and
Conti, 1992). Our measurements indicate that in Kv7.5 G1S or Kv7.2 G1S the

increase in channel function is due to an increase in the opening probability of
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the order of 2.5/3 times, without any significant difference in the number of the
channels or the single channel conductance.

In all Kv7 subunits, the distal portion of the S6 domain plays an important role in
channel gating. Indeed, within this region, the PAG motif (corresponding to the
conserved PXP motif of other Kv channels) is considered as the gating hinge for
pore opening (Jiang et. al. 2002; Long et. al., 2005). Cryogenic electron
microscopy (Cryo-EM) studies have also revealed that in Kv7.1 channels, the
signature GSG motif past the PAG motif forms the narrowest restriction along the
ion conduction pathway (Sun and MacKinnon, 2020). Our results reveal that in
both Kv7.2 and Kv7.5 channels, the replacement of G1 with either a hydrophilic
S or a hydrophobic A increased channel function by enhancing pore opening
probability, whereas large, permanently charged residues (either the positive R
or the negative E) fully impeded channel function and caused LoF effects.
Notably, also in Kv7.1 channels, G1A replacement caused a relative stabilization
of the open state over the closed state (Boulet et. al., 2007), thus confirming the
common functional role played by G1 in all Kv7 subunits. The anionic
phospholipid PIP2 acts as a critical gating modulator of Kv7 channels
(Falkenburger et. al., 2010); by this mechanism, fluctuations in brain PIP2
availability would translate into neuronal excitability changes (Kim et. al., 2016).
Increased PIP2 availability facilitates both voltage-dependent and voltage-
independent transitions toward the open state. Our data suggest that, at least for
Kv7.2 channels, the GoF effects introduced by the G1S variant are PIP2-
independent as mutant channels are resistant to inhibition or potentiation when
PIP2 levels are decreased or increased, respectively. It is already known that PIP2
is crucially involved in the coupling of the voltage sensor activation to the pore
opening. We therefore hypothesize that the G1S/A substitutions prompt structural
transitions resembling those triggered by PIP2 binding, namely, an expansion of
the S6 helices which locks Kv7 channels in a constitutively open state. Molecular
dynamic studies indicated that G313S mutant is inducing a higher hydration rate
of the water cavity of the pore destabilizing the closed state locking it in an open-

like conformation.

5.5 BIOPHYSICAL PROPERTIES OF Kv7.2 A317T, L318V AND Kv7.3 A356T
VARIANTS

In the present study we described the functional properties of two strong GoF in
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Kv7.2 affecting the PD, namely A317T and L318V. Electrophysiological
recordings revealed that both mutations induced a marked hyperpolarizing shift
of the voltage-dependent activation (about 70 mV and 40 mV, respectively) and
a significant increase of current density in homomeric channels. Non-stationary
noise analysis revealed also that these changes are due to an increase in

the channel open probability. Moreover currents from both mutant channels
were characterized by two components: an instantaneous voltage-independent
current followed by a time- and voltage-dependent current. All these properties
are indicating that these variants are inducing GoF effect. Recent cryo-EM
studies have better defined the structures, voltage gating and PIP2 activation
mechanisms of Kv7.1 (Sun and MacKinnon, 2020; Sun and MacKinnon, 2017;
Mandala and MacKinnon 2023; Willegems et. al., 2022), Kv7.2 (Ma et. al.,
2023; Li et. al., 2021) and Kv7.4 (Zheng et. al., 2022; Li et. al., 2021) channels.
Opening of Kv7 channels is the consequence of highly coordinated interaction
between the VSD, PD and PIP2. In particular, PIPz is essential for the
electromechanical coupling between VSD movement and pore opening, and
depleting PIP2 results in a closed pore with normal VSD activation (Kim et. al.,
2017). Binding of PIP2 to Kv7 channels induces large and complex
rearrangement at the cytosolic part of the channels. In particular, it has been
hypothesized that, upon depolarization, HA, HB, and their surrounding CaM
undergo an almost 180° rotation; after this rotation the HA and S6 helices form
a continuous a-helix leading to the enlargement of the AG with the opening of
the PD. Molecular dynamic simulations indicate that the A317T mutation,
located within the AG of the PD, seems to stabilize the open state of the
channel. In particular, the formation of hydrogen bonds between the -OH group
of threonine 317 and serine 314 side chains of the adjacent subunit induces a
constitutive enlargement of the AG diameter and stabilizes the PD in an open-
like conformation. The ability of the channel to mediate current at all membrane
potentials and the presence of a tonic current component suggest that this
channel may be in open conformation, even at very negative voltages.
Moreover, these structural observations are consistent with our single channel
results, that indicates an increase in opening probability of the pore. These
structural rearrangements prompted by the A317T mutation resemble these
triggered by PIP2 binding, locking the Kv7.2 channel pore in a constitutively

open state. This hypothesis is consistent with our patch clamp data showing
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that modulation of PIP2 levels did not affect Kv7.2 A317T and L318V-mediate
currents. Interestingly, a substitution affecting position L351 in Kv7.1 (L351K),
corresponding to L318 in Kv7.2, in the PD also renders the channel insensitive
to PIP2 depletion (Zaydman et. al., 2013).

5.6 IN VITRO PHARMACOLOGICAL TREATMENT OF Kv7.2 A317T AND
Kv7.2 L318V VARIANTS RESCUE WILD-TYPE PHENOTYPE

Amitriptyline is a tricyclic antidepressant with analgesic properties due to the
serotonin and norepinephrine reuptake inhibition, which also targets some
voltage-gated ion channels and receptors, but act also as inhibitor of Kv7
channels (Punke et. al., 2007). In recent studies, amitriptyline induced a
reversible and concentration-dependent inhibition of current carried by two GoF
in Kv7.2 channels (Miceli et. al., 2022; Bayat et. al., 2024).

Here we report that 10 micromolar amitriptyline is able to rescue the in vitro
phenotype of Kv7.2 A317T or L318V variants when co-expressed in the allelic
ratio with Kv7.2 wt and Kv7.3 (0.5:0.5:1). These data suggest the potential use of

amitriptyline for Kv7.2-GoF conditions and disturbances.

5.7 CONCLUSIONS

Assessment of the functional consequences of rare variants in ion channel genes,
besides revealing pathogenic mechanisms and genotype—phenotype
correlations, is critical for diagnostic evaluation, prognostic predictions, and
tailored therapeutic management of patients with a wide spectrum of neurological
disorders. In this work, we have functionally characterized several GoF variants
in the pore region of Kv7.2, Kv7.3 and Kv7.5 channels identified in patients with
developmental and/or epileptic encephalopathy, thereby further highlighting the
role of Kv7.2, Kv7.3 and Kv7.5 channels in developmental and epileptic
encephalopathy. Functional analysis revealed that the GoF effects were due to
an increased opening probability and molecular dynamic simulations revealed an
alteration in the pore structure, thus providing structure-function insights into Kv7
channel gating. The ability of amitriptyline to rescue GoF in vitro phenotype may
represent a potential pharmacological approach to treat patients with GoF
KCNQZ2 variants.
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