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Populärvetenskaplig sammanfattning 

Elektricitetens roll i biologi har diskuterats i århundraden. Redan 1791 gjordes en slående 

upptäckt där Luigi Galvani visade att en elektrisk gnista som levererades till en grodas 

höftnerv framkallade en muskelsammandragning. Detta tidiga fynd visade att nerver både 

kan uppfatta och svara på elektricitet. Idag vet vi att detta beror på att våra nerver är 

utrustade med små enheter som kan känna av elektricitet – spänningskänsliga domäner 

eller ”VSDs”, baserat på engelskans ”voltage-sensor domains”. De spänningskänsliga 

domänerna reglerar många av vår hjärnas grundläggande funktioner. Vid funktionsrubbning, 

såsom vid genetisk sjukdom eller påverkan av toxiner från djurriket, kan det få betydande 

konsekvenser. I de tre artiklarna (Artikel I-III) som ledde till denna avhandling har vi därför 

studerat de spänningskänsliga domänernas roll inom fysiologi och sjukdom, samt hur de kan 

regleras.  

Hjärnan kommunicerar med hjälp av elektricitet, exempelvis för att tänka och uppfatta vår 

omgivning, eller som Galvani upptäckte, för att styra muskler. De spänningskänsliga 

domänerna finns inbäddade i nervcellens membran där de kan känna av elektriciteten tack 

vare att de själva är positivt laddade. Vid en elektrisk förändring – en så kallad nervimpuls – 

blir insidan av nervcellen mer positivt laddad, vilket leder till att de positivt laddade 

spänningssensorerna repelleras utåt. De kan därmed skicka vidare den elektriska impulsen. 

Nervceller leder ström med hjälp av joner såsom natrium (Na+), kalium (K+) och kalcium 

(Ca2+). Jonerna kan röra sig in och ut ur nervcellens vägg genom små porer, jonkanaler. 

Spänningskänsliga jonkanaler består av en central por, som är omringade av fyra 

spänningskänsliga domäner. När de spänningskänsliga domänerna aktiverats kan de i sin tur 

öppna poren. En nervimpuls inleds genom att de spänningskänsliga domänerna i en 

spänningskänslig natriumjonkanal (NaV) aktiveras, vilket framkallar öppnandet av 

jonkanalsporen och positivt laddade natriumjoner flödar in i nervcellen som blir mer positivt 

laddad. Därför kan vi referera till NaV-kanalerna som nervcellens gaspedal. Med en viss 

fördröjning aktiveras spänningskänsliga domänerna hos spänningskänsliga 

kaliumjonkanaler (KV), jonkanalen öppnas och positivt laddade kaliumjoner flödar då ut 

genom cellen och insidan blir mer negativt laddad igen. Cellen är återigen i vila. KV-kanalerna 

fungerar därmed som nervcellens bromspedal. Denna elektriska impuls transporteras som en 

våg längs med nervcellen, likt ström genom en kabel, till dess att den når nervcellens ände 

som är kopplad till nästa nervcell. I nervcellens ände finns spänningskänsliga 

kalciumjonkanaler (CaV). CaV-kanaler fungerar likt NaV-kanaler som en typ av gaspedal, men 

deras funktion är främst att vidarebefordra information till närliggande nervceller. Vid 

inflöde av kalcium genom CaV-kanalen triggas frisättning av signalsubstanser, till exempel 

dopamin, som i sin tur kontaktar nästkommande nervcell. Detta startar en ny nervimpuls i 
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nästa nervcell. KV-, NaV-, och CaV-kanaler existerar i olika varianter, vilket ger olika nervceller 

mycket specialiserade egenskaper. På så sätt får de förmågan att lyssna till, samt svara på, 

olika former av signaler. Till exempel skiljer sig uppsättningen av spänningskänsliga 

jonkanaler i nervceller som kan uppfatta smärta gentemot de nervceller som kontrollerar 

kroppsbalans. I kroppen finns det gener för 40 olika KV-kanaler, 9 olika NaV-kanaler, och 10 

olika CaV-kanaler. I Artikel I-III som ligger till grund för denna avhandling har vi studerat de 

spänningskänsliga domänerna i två jonkanaler, CaV-kanalen av typen 2.2 och KV-kanalen av 

typen 1.2.  

CaV2.2 är mest känd för dess roll i att vidarebefordra smärtsignaler från nervceller som 

känner av smärta. I enlighet med detta har CaV2.2-kanaler även visats ha en roll i 

utvecklingen av kronisk smärta och är en intressant måltavla för smärtstillande medel. 

Kroppen har redan egna mekanismer för att hämma CaV2.2 kanaler. Som tidigare har nämnts 

leder aktivering av CaV-kanaler till frisättningen av signalsubstanser som aktiverar 

nästkommande nervcell. Samtidigt kan samma signalsubstanser också ge negativ 

återkoppling på smärtsignalen, genom att framkalla hämning av CaV2.2. Detta sker då 

signalsubstanserna framkallar en kaskad av händelser som slutar med att ett 

molekylkomplex (kallat Gβγ) direkt binder till och hämmar CaV2.2. Mitt första mål var att 

utreda hur de spänningskänsliga domänerna kontrollerar CaV2.2-öppning och mitt andra mål 

var att identifiera mekanismen för hur CaV2.2-kanaler hämmas med hjälp av det kroppsegna 

molekylkomplexet Gβγ (Artikel I). Detta kan på sikt hjälpa rationell design, så kallad från 

botten uppåt (”bottom-up”) utveckling, av nya substanser mot smärta som hämmar CaV2.2. 

KV1.2 kanaler finns i stora delar av hjärnan och har som tidigare nämnt en bromsande 

funktion. Detta blir tydligt vid funktionsrubbningar av KV1.2. För bara några år sedan 

upptäcktes det att mutationer i KV1.2-genen kan orsaka epilepsi.  Sedan dess har flera nya 

mutationer i KV1.2-genen hos epilepsipatienter upptäckts. Det tredje målet var därför att 

karakterisera två olika mutationer i det spänningskänsliga domänet i KV1.2, som upptäckts i 

två epilepsipatienter (Artikel II och III). Detta har på sikt betydelse för att förstå samspelet 

mellan patienternas sjukdom, mutationen och jonkanalens (dys)funktion. 

För att kunna besvara dessa frågeställningar studerades jonkanalerna i ett cellulärt 

modellsystem – ett biologiskt system isolerat från störningar från andra jonkanaler. Vi 

introducerade den genetiska mallen (RNA eller DNA) från respektive jonkanal antingen i 

grodägg från Afrikansk klogroda (Xenopus laevis) eller i en celltyp från däggdjur. Cellerna 

producerar då jonkanaler utifrån mallen med hjälp av dess eget maskineri och byggmaterial, 

och skickar jonkanaler till cellens yttre membran där jonkanalerna sedan kan leda 

jonströmmar. Med våra metoder kan vi mäta i) om jonkanalen transporterats till dess rätta 
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plats, cellens yta och ii) jonkanalernas funktionsduglighet, det vill säga de spänningskänsliga 

domänernas svar på elektricitet och porens strömförande förmåga.   

I Artikel I fann vi att de fyra spänningskänsliga domänerna i CaV2.2 har olika roller i 

öppnandet av jonkanalsporen, i synnerhet verkar en av domänerna (kallad VSD I) ha stor 

vikt i detta. Vi fann dessutom att VSD I tycks vara den primära måltavlan för den kroppsegna 

Gβγ-hämningen av CaV2.2. Detta tyder på att CaV2.2-VSD I är en möjlig måltavla för rationell 

design av CaV2.2-hämmare som i framtiden kan utnyttjas för att utveckla läkemedel mot 

smärta.  

I Artikel II och Artikel III fann vi att de två olika epilepsiassocierade mutationerna i KV1.2 

orsakade funktionsrubbning på två olika sätt trots att de båda finns i de spänningskänsliga 

domänerna. Den första mutationen, som beskrivs i Artikel II, har ingen påverkan på KV1.2-

kanalens transport till cellytan. Istället gör den att KV1.2 lättare aktiveras och sedan spontant 

stängs lättare. Den andra mutationen, som beskrivs i Artikel III, hindrar KV1.2 från att 

transporteras till cellytan. Detta resulterar i att KV1.2 inte kan leda ström och utföra sin 

bromsande funktion. I hjärnan finns ett mycket komplext och finjusterat samspel mellan 

olika jonkanaler som formar de elektriska signalerna och det är därför mycket svårt att 

härleda exakt hur funktionsrubbningarna orsakar epilepsi. Båda mutationerna påverkar dock 

normalfunktionen hos KV1.2, vilket sannolikt leder till att den fina balansen mellan gas- och 

bromsfunktion i hjärnan drabbas.  

Sammanfattningsvis har experimenten som ligger till grund för denna avhandling utrett 

normalfunktionen hos de spänningskänsliga domänerna i kalciumjonkanalen CaV2.2, som är 

viktig för smärtsignalering, samt hur dessa spänningskänsliga domän kan regleras för att 

hämma CaV2.2. Slutligen betonar resultaten som berör de epilepsiassocierade mutationerna i 

KV1.2 vikten av normalfungerande spänningskänsliga domäner.  
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Abstract 

Brain function depends on the ability of neurons to sense and respond to electricity, which is 

mediated by small modules in the neuronal membrane called voltage-sensor domains 

(VSDs). Disruption of VSD function can cause neurological disease such as epilepsy. VSDs 

contain positively charged amino acids that move in response to changes in membrane 

potential. This movement transfer energy to other coupled effectors, such as the pore of a 

voltage-gated ion channel. In this thesis, I have studied the physiology and regulation of ion-

channel VSDs, as well as their role in disease. 

Voltage-gated ion channels are composed of four VSDs that controls the opening of a central 

ion-conducting pore. Voltage-gated potassium (KV) channels are tetramers assembled by four 

subunits, where each subunit consists of a VSD and 1/4 of the pore. In contrast, voltage-gated 

sodium (NaV) and voltage-gated calcium (CaV) channels are pseudotetramers composed of 

four non-identical, concatenated subunits (repeats I-IV). Our genes encode a broad 

repertoire of voltage-gated ion channels, promoting diversity and specialization of neuronal 

subtypes. Specifically, 40 KV-, 9 NaV-, and 10 CaV-channels have been identified. This thesis 

includes studies on i) VSD operation in the CaV2.2 channel, known for its role in pain 

transmission, ii) G-proteins Gβγ inhibition of CaV2.2 VSDs, a potential tool to control pain, 

and iii) characterization of two different epilepsy-associated mutations in the VSD of the 

KV1.2 channel, important for repolarization of the action potential. To do this, the methods 

voltage-clamp fluorometry (VCF) under cut-open oocyte voltage clamp mode using Xenopus 

oocytes, or flow cytometry using a mammalian cell line (COS-7) were used.  

VCF was implemented in the human CaV2.2 channel and VSD activation in relation to pore 

opening was characterized. The voltage dependence of VSD-I activation was found to 

correlate with pore opening, VSD II is likely immobile (it did not generate any VCF signals), 

VSD III activated at very negative potentials, and VSD IV activation had similar voltage-

dependence to that of pore opening. Next, Gβγ-inhibition of the VSDs was explored. VSD I 

was strongly and proportionally inhibited compared to pore opening, VSD III was unaffected 

and VSD IV was modestly inhibited. In the following studies, the role of the KV1.2-VSD in 

disease was explored. Two different epilepsy-associated mutations in the VSD of KV1.2 were 

characterized. The first mutation, F302L, facilitated channel activation and spontaneous 

closure (inactivation) without affecting surface trafficking. The second mutation, F233S, 

caused a severe surface trafficking deficiency, extending to WT-subunits and closely related 

KV1.4 partner subunits. In conclusion, VSDs of ion channels are fundamental for the 

complexity of our nervous system, their regulation can be used to further diversify neurons or 

to control excitability, and their importance is revealed by disease-associated mutations that 

prevent normal function. 
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1 Introduction

The role of electricity in biology has been pondered upon for hundreds of years. In 1791, 

Galvani found that an electrical spark delivered to the frog sciatic nerve caused a muscle 

twitch (Galvani, 1791). This finding entails two assumptions: i) nerves can sense electricity 

and ii) nerves can convey signals across a distance (here, to the muscle). The first assumption 

poses the existence of what we today know as voltage-sensor domains (VSDs) – the very 

basis of this thesis, described below. The second assumption was shown to be allowed by an 

electrical impulse (Du Bois-Reymond, 1849). The electrical impulse, or action potential, was 

by time shown to be conducted by ions (Na+, K+, Ca2+) that cross the cellular membrane 

(Bernstein, 1902; Hille, 2001; Nernst, 1889; Ringer, 1883, 1882). During electrical 

excitement of the nerve, ionic conductance is permitted as the membrane changes 

permeability to the ions (Hodgkin and Katz, 1949). This is controlled by the VSDs, as 

elegantly predicted in the 1950s by Hodgkin and Huxley: “…It seems difficult to escape the 

conclusion that the changes in ionic permeability depend on the movement of some 

components of the membrane which behaves as though it had a large charge or dipole 

moment.” (Hodgkin and Huxley, 1952).

VSDs are indeed charged, mobile, modules in the membrane that can sense and respond to 

electricity. These domains can mediate multiple cellular functions by coupling to other 

domains (Fig. 1). They can be coupled to ion-conducting pores of different flavours: Na+, K+, 

Ca2+, forming corresponding voltage-gated sodium (NaV), potassium (KV), and calcium (CaV) 

-channels that control electrical impulses. Alternatively, they can be coupled to enzymes as in 

the voltage-sensitive phosphatase, or dimerized to another VSD as in voltage-gated proton 

channels where the VSD itself mediates the transport of H+ ions (Catacuzzeno et al., 2023). 

The charged particles of the VSD moving in the membrane would theoretically produce a 

current. However, due to the difficulties of recording such small current, it was not until the 

1970s that the first successful direct recording of these particles – a “gating current” – was 

published. 

Figure 1. Voltage-sensor domains (VSDs) – the biological sensors of electricity. VSDs coupled to different 
functions, from left to right: sodium-conducting pore, potassium-conducting pore, calcium-conducting pore, 
phosphatase, proton channel. Illustrations were modified from PDB ID: 7MIY and PDB ID: 3AWE.
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The first direct recording of voltage-sensor movement was published fifty years ago, from 

calcium channels in frog muscle tissue (Schneider and Chandler, 1973) and then from sodium 

channels in squid giant axons (Armstrong and Bezanilla, 1973; Catacuzzeno et al., 2023). 

Years later, gating currents from potassium channels were also characterized (Bezanilla et al., 

1982; White and Bezanilla, 1985). Gating currents are, however, not sufficient to resolve the 

full complexity of ion channel VSDs. This led to the development of voltage-clamp 

fluorometry (VCF) in the 1990s, which allows optical tracking of voltage-sensor movement 

(Mannuzzu et al., 1996). 

Sensing electricity is evolutionarily conserved and VSDs of ion channels can be found for 

example both in yeast and bacteria. In mammals, the repertoire of VSDs and ion channels is 

much extended and shapes the biological complexity of excitable tissues (Yu and Catterall, 

2004). For example, a nociceptive neuron does not carry the same repertoire of voltage-gated 

ion channels as that of a proprioceptive neuron (Chiu et al., 2014; Zheng et al., 2019). More 

than 140 ion channel-like proteins are encoded in the human genome. Among those, 9 belong 

to the class of NaV-, 10 to CaV-, and 40 to KV channels (Yu and Catterall, 2004).   

In this thesis, I have studied the operation and regulation of CaV2.2-VSDs, as well as the role 

of KV1.2-VSDs in disease. These VSDs are responsible for sensing and responding to 

electricity in specific compartments of the nervous system. Below, I will introduce the 

operation of VSDs, their context in voltage-gated ion channels and the specific physiological 

role of CaV2.2 and KV1.2.  

1.1 Operation of a VSD 

Since the prediction of VSDs in the 1950s, the first gating currents in the 1970s and the first 

fluorescence recording of movement in a VSD in the 1990s, a lot of progress has been made 

in understanding the VSD operation (Catacuzzeno et al., 2023). In this section, I describe the 

general composition of a VSD and mechanistic insights into VSD activation.  

1.1.1 Physical parts of a moving voltage sensor  

The VSD consists of four transmembrane segments (S1-S4) that fold into a helical bundle 

with an hour-glass silhouette, defined by a central waistline that separates an internal and 

external water crevice (Fig. 2) (Börjesson and Elinder, 2008; Chanda and Bezanilla, 2008). 

The S4 segment carries positively charged residues, arginines or lysines, equally interspaced 

every third amino acid position; aligned at each helical turn (Börjesson and Elinder, 2008; 

Chanda and Bezanilla, 2008). These are the gating charges. Four of the gating charges (R2-

K5) are well-conserved among the voltage-gated ion channels (Börjesson and Elinder, 2008). 

Other conserved amino acids in S1-S3 are facing S4 and assist S4 movement during voltage-

sensing (Börjesson and Elinder, 2008). The movement of the charged S4 across the 
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insulating, 28 Å, lipid membrane barrier would, however, be energetically unfavourable 

(Chanda and Bezanilla, 2008). This has been resolved by the central waistline of the VSD that 

facilitates the movement by focusing the electric field. In the VSD, the inside and the outside 

of the cell are separated by a narrow hydrophobic gasket; a ≈ 10 Å composition of 

hydrophobic amino acids that culminate in a highly conserved phenylalanine in S2. The 

phenylalanine is the narrowest part (only ≈ 5 Å) and constitutes the charge-transfer center

(Börjesson and Elinder, 2008; Chanda and Bezanilla, 2008; Tao et al., 2010).  The force on 

the gating charges is focused on a narrower space and the positive gating charges can cross 

the center assisted by counter charges in the surrounding helixes (Börjesson and Elinder, 

2008; Chanda and Bezanilla, 2008), as outlined below.

1.1.2 VSD activation 

Upon an electrical change, such as the depolarization caused by a nerve impulse when the 

inside of the cell becomes more positive, the positively charged S4 is repelled outwards

(Börjesson and Elinder, 2008).                

S4 transitions across the membrane

(Larsson et al., 1996), following a helical 

screw- or sliding motion – slightly 

rotating and moving outward (Fig. 2)

(Catterall, 1986; Guy and Seetharamulu, 

1986). During rest and activation, the 

different states of S4 are stabilized by 

electrostatic interactions formed between

the gating charges and the surrounding 

counter charges, mainly in S2 and S3

(Delemotte et al., 2011; Henrion et al., 

2012; Keynes and Elinder, 1999; Papazian 

et al., 1995; Tuluc et al., 2016b). At rest, 

S4 is in a down-state and most of the 

gating charges are below the charge transfer center. The precise arrangement of the top 

gating charges in the down-state have been discussed (Delemotte et al., 2011; Henrion et al., 

2012). According to Henrion et al., R1 is above the charge transfer center at rest and interacts

with upper counter charges, while R2 interacts with counter charges below the charge 

transfer center (Henrion et al., 2012). Upon activation, the gating charges sequentially 

transition across the charge transfer center until S4 is stabilized in an up-state with R1-R4 

above the phenylalanine (Delemotte et al., 2011; Henrion et al., 2012). This upward 

movement mediates functions coupled to the VSD, such as opening of ion channels. The 

Figure 2. KV1.2 channel voltage-sensor domain 
structural model in its down-state (resting) or up-state 
(active) (Pantazis et al., 2020). Activation and 
deactivation depend on changes in membrane potential 
(ΔV).
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gating charges in S4 contribute to the voltage-dependent opening of ion channels and the 

contribution of each gating charge depends on its location (Papazian et al., 1995). In the next 

section, I will describe the VSDs in the context of voltage-gated ion channels. 

1.2 The anatomy of a voltage-gated ion channel  

The classical voltage-gated ion channels consist of three classes: KV-, NaV- and CaV channels. 

The 40 KV channels genes can be divided into the KV1-KV12 families. The 9 NaV channel 

members all belong to the NaV1 family (NaV1.1-1.9). Finally, the 10 CaV channels are part of 

the CaV1-3 families (Catterall, 2010). This thesis concerns the KV1.2 channel belonging to the 

KV1 family (KV1.1-1.7) and the CaV2.2 channel belonging to the CaV2 family (CaV2.1-2.3).  

Voltage-gated ion channels have at least two functional domains, responsible for voltage-

sensing, and ionic conductance. Voltage-gated ion channels consist of four VSDs that 

surround a central ion-conducting pore domain (Fig. 3) (Börjesson and Elinder, 2008). In 

voltage-gated potassium channels this architecture is tetrameric, composed of four subunits. 

A subunit is encoded by one gene and consists of 6 transmembrane segments (S1-S6). S1-S4 

fold into one VSD and S5-S6 from all four subunits combine to form the ion-conducting pore 

domain (Fig 3A and 3C). S5 and S6 are connected by a re-entrant pore loop, which forms the 

ionic selectivity filter. In brief, the selectivity filter is decorated with amino acids that 

determine the ionic preference. At the bottom of the pore, S5 and S6 segments form a 

bundle-crossing region, where the S6 segments form the narrowest part – the internal gate. 

When the gate is open, ions are conducted (Börjesson and Elinder, 2008). Opening is 

induced when S4 moves upward during activation and pulls the gate open by using the S4-S5 

linker as a lever (Jensen et al., 2012; Lu et al., 2002).  A noncanonical mechanism of voltage-

sensor coupling to the pore, i.e. S4 functions as a gear that drives the motion of S5 and 

subsequently the S4-S5 linker and the gate, has also been described (Carvalho-de-Souza and 

Bezanilla, 2019; Fernández-Mariño et al., 2018).  

The anatomy of CaV- and NaV channels is similar, but the four subunits are concatenated into 

four repeats (I-IV), forming a pseudotetramer encoded by a single gene (Fig ,3B, 3D). Each 

repeat and its VSD are different and contributes differently to channel function (Chanda and 

Bezanilla, 2002; Pantazis et al., 2014; Savalli et al., 2021; Tuluc et al., 2016a). 

Pseudotetramers are likely a result of dual gene duplication during evolution. Bacteria have 

tetrameric sodium channels, whilst pseudotetrameric sodium channels arise in jellyfish, 

cnidarians, squid, and the fruit fly. Pseudotetrameric calcium channels are first seen in yeast 

(Yu and Catterall, 2004). CaV2.2 and other CaV channels belonging to the CaV2 and CaV1 

families are typically associated with the auxiliary subunits β and α2δ (Dolphin, 2012; 

Witcher et al., 1993). The β-subunit binds to the repeat I-II loop (Gao et al., 2021; Pragnell et 
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al., 1994; Wu et al., 2016). The α2δ subunit interacts with the extracellular loops of the 

channel and is anchored to the cellular membrane (Dolphin, 2012; Wu et al., 2016). The 

auxiliary subunits can also modulate channel function, as described in following sections. 

Figure 3. The anatomy of voltage-gated ion channels. A: Topology of a KV-channel subunit. 4 subunits form 
one KV channel. One subunit consists of 6 transmembrane segments, of which S1-S4 form a voltage sensing 
domain and S5-S6 forms ¼ of the pore domain. B: Topology of a pseudotetrameric CaV-channel together 
with auxiliary subunits β and α2δ. The CaV-subunits or ”repeats” are non-identical and concatenated by 
intracellular loops. C: Structure of the homotetrameric KV1.2 channel (PDB ID: 2R9R), (Long et al., 2007). D. 
Structure of the pseudotetrameric CaV2.2 channel (PDB ID: 7MIY), (Gao et al., 2021) C-D: KV1.2 and CaV2.2 
have a domain-swapped configuration. Each VSD is in proximity with the pore domain of the neighbouring
subunit, not its own, as most clearly visible by the different colours of the CaV2.2 repeats.

1.3 The birth of a voltage-gated ion channel

Before VSDs of ion channels can control excitation of the neuron, they must successfully be 

incorporated into the cellular membrane in the channel complex. This occurs by the process 

biogenesis, which among voltage-gated ion channels includes: translation, translocation, 

tetramerization, folding and trafficking. These processes are closely interlinked and likely 

occur in a combination of sequential and simultaneous events (Deutsch, 2003). As we shall 

see below, the positioning of the VSD at the N-terminal location at the start of biosynthesis,

as well as its role as a functional unit, has implications for biogenesis.

Voltage-gated ion channel mRNA is translated into multiple peptide chain copies

simultaneously and as the peptides exit the ribosomal tunnel they are translocated into the 

membrane of the endoplasmic reticulum (ER) (Deutsch, 2003). In KV1.3, translocation has 
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been shown to be assisted by signalling motifs in S2 (Tu et al., 2000; Tu and Deutsch, 2017). 

Specifically, S2 carries a hydrophobic motif “WF”, tryptophan and phenylalanine, that 

controls helix formation (Tu and Deutsch, 2017) . Interestingly, this phenylalanine is the 

same phenylalanine that in the field of electrophysiology is referred to as the charge transfer 

center (Tao et al., 2010), as discussed above (Fig. 2).  

It is not evident whether the transmembrane segments are sequentially inserted in a stitching 

manner into the membrane, or if they are incorporated as units of functional domains 

(Deutsch, 2003). Studies have shown that the interplay between segments are important. For 

example, membrane incorporation of the S4 segment is more efficient if S2 and S3 are 

present (Tu et al., 2000). This could be explained by the interaction of the gating charges and 

counter charges within the VSD, thus allowing incorporation as a unit into the lipid 

membrane. A study on the Drosophila orthologue Shaker also showed that neutralization of 

some gating charges results in non-functional channels (Perozo et al., 1994). KV channels are 

obligatory tetramers and the tetramerization of the subunits takes place at the ER, probably 

simultaneously to translocation and folding. This process is assisted by the N-terminal T1 

tetramerization recognition domain (Deutsch, 2003). 

After formation of the channel complexes, channels need to be targeted to their functional 

location: the surface membrane. The trafficking to the membrane is further regulated by 

different types of signalling motifs. KV1.1, KV1.2 and KV1.6 carry an ER-retention signal in the 

pore domain, whilst KV1.4 carries a forward-trafficking signal in its C-terminal (Li et al., 

2000; Manganas et al., 2001; Misonou and Trimmer, 2004). In CaV2.1 channels, ER-

retention signals have been identified in the repeat I-II loop, the N-, and C-termini (Cornet et 

al., 2002). Auxiliary subunits may also assist trafficking. KV1.2 surface trafficking is improved 

and stabilized over time by auxiliary β2-subunits (Shi et al., 1996). In CaV channels, 

trafficking is heavily regulated by their auxiliary subunits: both β-subunits and α2δ increase 

CaV currents (Dolphin, 2012). β-subunits have been shown to regulate forward trafficking of 

CaV2.1 channels by binding and masking an ER-retention signal in the repeat I-II loop 

(Bichet et al., 2000). A different study on CaV2.2 showed that β-subunit interaction with the 

repeat I-II loop was more important for stabilizing the channel complex at the membrane, by 

preventing proteasomal degradation (Waithe et al., 2011). α2δ have been shown to promote 

the functional expression of CaV channels (Canti et al., 2005) and to stabilize the channel 

complex at the membrane (Bernstein and Jones, 2007).  
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1.4 VSDs of ion channels in neurophysiology 

In neurons, the main role of VSDs is to control the conductance of ion channels that 

underlies the action potential and induction of synaptic release. As described above, the 

upward movement of the voltage-sensor S4 triggers opening of the channel gate, allowing 

selective ionic conductance. The action potential is typically initiated by the activation of NaV 

channels, through which inward flow of sodium ions further depolarizes the membrane. 

Termination of the action potential occurs as NaV channels spontaneously close (inactivate), 

and KV channels, with a relative delay, activate and conduct an outward flow of potassium 

ions that repolarize the membrane. The NaV channels, which shape the onset of the action 

potentials, open with a short lag. In their seminal studies, Hodgkin and Huxley found that 

the sigmoidal rising phase of sodium channel conductance was best described by an 

exponential function raised to the third power (Hodgkin and Huxley, 1952). Indeed, NaV 

channels only require three VSDs to open (Chanda and Bezanilla, 2002). The fourth VSD is 

more important for inactivation (Capes et al., 2013), as Hodgkin and Huxley also predicted 

(Hodgkin and Huxley, 1952). KV channels open later, with more lag. Hodgkin and Huxley 

found that the rising phase of the potassium conductance was well-described by an 

exponential function raised to the fourth power (Hodgkin and Huxley, 1952). KV channels 

that are important for repolarization of the action potentials, such as the KV1.2 channel, have 

indeed been shown to require all four VSDs to open (Ishida et al., 2015; Islas and Sigworth, 

1999). Some KV channels do not need all VSDs to open, examples of this are: the large 

conductance voltage- and Ca2+-activated K+ (BK) channels (Pantazis and Olcese, 2016), 

members of the KV7 family (Osteen et al., 2012), and hyperpolarization-activated cyclic 

nucleotide-gated (HCN) channels (Bruening-Wright et al., 2007).  

The action potential propagates down the axon, all the way into the presynaptic terminal. 

Here, CaV channels are activated, calcium flows in, and triggers membrane fusion of synaptic 

vesicles packed with neurotransmitters. Neurotransmitters are released into the synaptic 

cleft and bind to and activate ionotropic receptors at the postsynaptic terminal, relaying the 

signal to the subsequent neuron (Purves et al., 2012). Hodgkin-and-Huxley-type models of 

CaV channels have shown that their activation can be described by an exponential function 

raised to the second power (Kostyuk et al., 1977). In line with this, CaV channels of the CaV1 

family have been described to mainly depend one or two VSDs to open (Pantazis et al., 2014; 

Savalli et al., 2021; Tuluc et al., 2016a). CaV1 channels however, are primarily expressed in 

muscle tissue and sensory organs and are likely tuned to that environment. The CaV2 family 

members (CaV2.1, 2.2, 2.3) are more important for synaptic transmission (Mintz et al., 1992; 

Zamponi et al., 2015), but the roles of their individual VSDs have not yet been elucidated.  
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1.5 CaV2.2, synaptic transmission, and voltage-dependent regulation by 

protein partners 

Direct evidence that presynaptic calcium current converts electrical signals to chemical 

synaptic transmission via calcium influx was first demonstrated by Katz and Miledi in 1967 

(Katz and Miledi, 1967). CaV2.2 channels were first identified in sensory neurons (Nowycky et 

al., 1985) where they were shown to control neurotransmitter release (Perney et al., 1986). 

Later work also demonstrated their importance in sympathetic neurons (Hirning et al., 

1988). Moreover, CaV2.2 channels seem to have an interesting role in the developing central 

nervous system. Animal studies have shown that in several central neuronal types, CaV2.2 

channels are the main presynaptic CaV channel isoform early in development. They are 

loosely connected to synaptic vesicles, but a few days or weeks after birth CaV2.1 channels 

that are tightly coupled to synaptic vesicles become more abundant (Bornschein et al., 2019; 

Fedchyshyn and Wang, 2005; Iwasaki and Takahashi, 1998). Furthermore, CaV2.2-/- mice 

show dysfunction in sympathetic response, reduced anxiety and resilience towards 

developing chronic pain (Ino et al., 2001; Saegusa et al., 2001). CaV2.2 are probably best 

known for their role as an emerging target to treat chronic pain (Zamponi et al., 2015). As 

CaV2.2-VSDs initiate synaptic transmission in nociceptors, understanding regulation of the 

CaV2.2 voltage-sensor apparatus can inform on new therapeutic strategies for pain.   

1.5.1 Auxiliary α2δ and β-subunits regulate CaV channel activity 

CaV2.2 channels are typically reliant upon α2δ and β-subunits as obligatory partners. α2δ is 

most known for its role in trafficking, but evidence demonstrates that it also can regulate 

voltage sensing. In CaV1.2, α2δ-1 was shown to facilitate voltage-dependent activation by 

modulating VSDs I–III, but not VSD IV, to activate at more negative potentials and with a 

steeper voltage-dependence (Savalli et al., 2016). Four different mammalian α2δ isoforms 

have been identified (α2δ-1 – 4). α2δ-1 is widely expressed in the brain, whilst for example 

α2δ-2 is more restricted to GABAergic neurons (Dolphin, 2012). This opens up for cell-

specific regulation. β-subunits have been shown to shift voltage-dependent gating charge 

movement of CaV1.2 to more positive potentials, bringing its voltage-dependent activation 

closer to pore opening (Neely et al., 1993). The β-subunits also shift the voltage dependent 

CaV channel activation to more negative potentials, but has a more prominent role in 

regulating voltage-dependent inactivation (Buraei and Yang, 2010). Four genes encoding β-

subunits (β1-4 ) with additional splice variants have been identified and modulates 

inactivation to different extents (Dolphin, 2012). For example β2a inhibits inactivation, 

whilst β3 strongly enhances inactivation in CaV2.2 (Patil et al., 1998).  
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1.5.2 G-proteins inhibit CaV2.2  

Another important regulator is the G-protein complex Gβγ that regulates CaV2 channels, 

most prominently CaV2.2. G-protein coupled receptors are activated upon binding of 

neurotransmitters or -modulators, resulting in the dissociation of intracellular Gα and Gβγ 

and subsequent Gβγ inhibition of CaV2.2 (Zamponi et al., 2015). This is one of the effects 

induced by opioids (Wilding et al., 1995).  Neurotransmitter-induced CaV2.2 channel 

inhibition was first discovered in 1978 by Dunlap and Fishbach. They observed that 

neurotransmitters (noradrenaline, 5-HT, GABA) reduce the action potential duration in chick 

dorsal root ganglion (DRG) neurons (Dunlap and Fischbach, 1978), by reducing the Ca2+ 

component (Dunlap and Fischbach, 1981).  

Subsequent studies found that the modulation is voltage-dependent (Bean, 1989; Elmslie et 

al., 1990; Marchetti et al., 1986). In 1989, Bean showed that neurotransmitters shift the 

voltage-dependent activation of CaV2.2 towards more positive potentials – switching the 

channel gating from willing to reluctant (Bean, 1989). Later on, it was delineated that the 

inhibition is induced by the G-proteins Gβ and Gγ  that directly inhibit CaV2.2 (Dolphin and 

Scott, 1987; Ikeda, 1996; Toselli et al., 1989; Waard et al., 1997). The Gβγ-complex binds to 

the N-terminal, repeat I-II loop and, C-terminal (Page et al., 1998; Pragnell et al., 1994; Qin 

et al., 1997). As such, it partially shares interaction site with the auxiliary β-subunit (Pragnell 

et al., 1994). Gβγ has been shown to stabilize the closed state of CaV2.2 (Colecraft et al., 2001; 

Lee and Elmslie, 2000). Gβγ also modulates the voltage-sensor apparatus. Studies both in 

heterologous systems and rat neurons have shown that Gβγ shifts voltage-dependent gating 

charge movement towards more positive potentials (Hernández-Ochoa et al., 2007; Jones et 

al., 1997; Rebolledo-Antúnez et al., 2009).  

1.6 KV1.2, action potentials, and epilepsy  

KV1.2 channels belong to the Shaker channel family. The Drosophila orthologue Shaker was 

the first KV channel to be cloned (Kamb et al., 1987; Papazian et al., 1987; Pongs et al., 1988; 

Tempel et al., 1987) and the KV1.2/KV2.1 paddle chimera was the first mammalian voltage-

gated ion channel to be resolved as a complete structure (Long et al., 2007, 2005). Thus, 

much of our understanding of VSDs and ion channel function stems from this channel type.  

KV1.2 channels are expressed at the axon initial segment, the juxtaparanodes and the axonal 

preterminal (Trimmer, 2015). Here, they control the repolarization of the action potential 

and thereby regulate neurotransmitter release (Kole et al., 2007). Members of the KV1 family 

can form heterotetrameric channels. This regulates the gating properties of the channel 

complex, in turn giving rise to diverse firing properties in neurons (Bean, 2007). For 

example, KV1.4 subunits or the β-subunit KVβ1 promote fast inactivation, which can cause 
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broadening of the action potential (Geiger and Jonas, 2000). The importance of KV1.2 was 

further established by studies in animals, where knock out of the channel resulted in 

increased risk for seizures and premature death (Brew et al., 2007).  

That mutations in KV1.2 can cause epilepsy in humans was first reported in 2015 (Pena and 

Coimbra, 2015; Syrbe et al., 2015). Since then, new variants within the gene are continuously 

reported (Allen et al., 2016; Corbett et al., 2016; Hundallah et al., 2016; Masnada et al., 2017; 

Mínguez-Viñas et al., 2023; Nilsson et al., 2022; Pantazis et al., 2020). The reported 

mutations are found across the channel at different locations, many of which are in the VSD. 

Mutations in VSDs of ion channels can disrupt channel function in different ways. Typically, 

this includes gain - or loss of function of i) sensing and responding to electricity (activation 

and inactivation) and ii) biogenesis and trafficking (Huang et al., 2018; Masnada et al., 2017). 

Some VSD mutations can cause aberrant conductance through the VSD itself, referred to as 

gating pore currents or ω-currents (Catacuzzeno et al., 2023). Even at the same residue, 

mutations can have different effects (Mínguez-Viñas et al., 2023).  
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2 Aims 

The general aim of this thesis was to deepen the knowledge of ion channel-VSD operation, 

regulation, and role in disease. The specific aims were to: 

1. Determine the voltage-sensor operation in CaV2.2 channels (Paper I)  

 

2. Identify the mechanism of voltage-dependent G-protein inhibition of CaV2.2 (Paper I) 

 

3. Characterize two epilepsy-associated mutations in the KV1.2 voltage-sensor apparatus 

(Papers II-III)  

  



12 
 

  



13 
 

3 Methodology  

The experiments leading to this thesis were mainly based on flow cytometry and voltage-

clamp fluorometry under cut-open-oocyte voltage clamp mode, and will be the focus of this 

methodology section. Detailed description of all methods can be found in Papers I-III.   

3.1 Molecular biology  

In this thesis, I have presented findings based on the constructs described below. 

CaV2.2 

In CaV2.2 experiments, human CACNA1B (α1B) with the exon composition +e10a, +18a, 

Δ19a, +e31a, +e37b and +e46 was used (Addgene #62574, a gift from Diane Lipscombe) 

(Groen et al., 2015). Together with the auxiliary subunits CACNA2D1 (α2δ-1, rabbit; UniProt 

accession no. P13806) and CACNB2a (β2a, rat; UniProt accession no. Q8VGC3) or CACNB3 

(β3, rabbit; UniProt accession no. P54286). In G-protein inhibition experiments,  human 

GNB1 (Gβ1, Addgene #67018, gift from Catherine Berlot), human GNG2 (Gγ2, #140987, gift 

from Bryan Roth (Olsen et al., 2020)) were added to reconstitute the Gβγ complex. Finally, to 

deplete  phosphatidylinositol 4,5-bisphosphate (PIP2), voltage-sensitive phosphatase from 

zebrafish (DrVSP ) was used (gifted by Yashushi Okamura (Hossain et al., 2008)).  Genes in 

cell expression vectors were subcloned into the Z-vector optimized for Xenopus oocyte 

expression (Shih et al., 1998). To implement VCF, cysteine mutations were introduced in the 

S3-S4 linker of each domain by site-directed mutagenesis (see below). VSD I: D185C, VSD 

II:I567C/G570C/F573C, VSD III: N1266C, VSD IV: N1580C.  

KV1.2 

In electrophysiology experiments, pMAX-rKCNA2 was used (a gift from Benoît Roux). For 

VCF, a cysteine mutation in the S3-S4 linker (A291C) was used (Horne et al., 2010). In flow 

cytometry and confocal imaging, pcDNA3-EGFP-KCNA2(HA) and, in the four-colour flow 

cytometry assay, pcDNA3-mRFP1-KCNA2(BBS) were used. Briefly, KCNA2(HA)  was gifted 

from Lily Jan  (Gu et al., 2003) and subcloned into the pcDNA3-EGFP or the pcDNA3-mRFP 

expression vector (gifts from Doug Golenbock, Addgene plasmids # 13031 and # 13032). 

Bungarotoxin binding site (BBS) DNA was synthesized (IDT) and subcloned in place of the 

hemagglutinin tag (HA). In heterotetrameric experiments with KV1.4, rKCNA4 was used in 

the same constructs (a gift from James Trimmer).  

Mutations in either construct were introduced using PfuUltra II Fusion High-fidelity DNA 

Polymerase (Agilent) or Q5 Site-Directed Mutagenesis Kit (New England Biolabs). 

hCACNA1B PCR reactions were supplemented with 1-5% DMSO (Invitrogen) and/or 1M 

betaine (Thermo Scientific). The DNA templates were confirmed by sequencing. For oocyte 
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expression, RNA was synthesized in vitro using mMESSAGE mMACHINE T7 (ThermoFisher 

Scientific) or HiScribe T7 ARCA mRNA Kit (New England Biolabs), precipitated with LiCl 

and stored at −80°C.  

3.2 Oocyte preparation 

Oocytes were surgically removed from African clawed frogs Xenopus laevis (Nasco, WI, USA) 

according to ethical permission by Linköping University Animal Care and Use Committee 

(Permit #1941) or purchased from Ecocyte Bioscience (Dortmund, Germany). Frogs were 

anesthetized in a tricaine bath solution (1.4 g/L ethyl 3-aminobenzoate methanesulfonate salt 

(Sigma), and oocyte lobes were extracted from a small incision in the abdomen. The incision 

was sutured and treated with local anaesthetics (5mg/mL Marcain, Astra Zeneca and 2% 

Xylocain gel, Aspen). Oocytes lobes were separated into small clusters of cells (1-5) and then 

defolliculated enzymatically (20 min in Liberase, Roche) and mechanically (45-75 min on 

orbital shaker at 88 rpm). All oocyte separation steps were performed in calcium free 

solution in OR-2 (in mM: 82.5 NaCl, 2.5 KCl, 1 MgCl2, 5 HEPES, pH=7.0) Oocytes were 

stored at 17-18°C in SOS (in mM: 100 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl, 5 HEPES, pH=7.0). In 

paper II, oocyte experiments were performed by colleagues at UCLA and harvested as 

described in Paper II. 

Oocytes were injected (UMP3T-1, World Precision Instruments) at the equator with 50 nl 

cRNA/cell. The CaV2.2 complex hα1B+rbα2δ-1+rβ2a was injected at 0.3µg/µl each. In Gβγ 

inhibition experiments, hGβ1 and hGγ2 were co-injected with the CaV2.2 complex, all at 

0.3µg/µl. In PIP2 depletion experiments, hα1B, rbα2δ-1, rbβ3 and DrVSP were used, all at 

0.3µg/µl. Oocytes were incubated at 17°C in 50 % L-15 (Corning cellgro Leibovitz's L-15), 

47.5% H2O, 10% heat-inactivated horse serum (Gibco), 105 u/l and 100 mg/l 

Penicillin/streptomycin (Capricorn Scientific GmbH), 100 mg/l Amikacin (Fisher 

BioReagents). In KV1.2 experiments shown here, subunits were injected at 0.1 µg/µl and 

incubated at 17-18°C in SOS supplemented with 100 u/ml penicillin, 100 μg/ml streptomycin 

and 50 μg/ml gentamicin (Thermo Fisher Scientific). 

3.3 Voltage-clamp fluorometry and cut-open oocyte voltage clamp 

Electrophysiology recordings shown in this thesis were performed on oocytes using Cut-Open 

Oocyte Voltage Clamp (COVG), allowing efficient voltage-clamp and measurement of channel 

conductance (Stefani and Bezanilla, 1998).  To simultaneously track voltage sensor 

movement, COVG was combined with Voltage-Clamp Fluorometry (VCF), (Cha and 

Bezanilla, 1997; Gandhi and Olcese, 2008; Mannuzzu et al., 1996; Pantazis and Olcese, 2019).  



15 
 

3.3.1 Labelling and preparation 

Before an experiment, oocytes were labelled with a thiol-reactive fluorophore that conjugates 

to the cysteine-engineered VSDs. Upon movement, the fluorophore reports changes in the 

local environment (Pantazis and Olcese, 2019). Oocytes were labelled in depolarizing solution 

(in mM: 120 K-Methanesulfonate (MES), 2 Ca(MES)2, and 10 HEPES, pH=7.0)), typically 

with 20 µM MTS-TAMRA (MTS-5(6)-carboxytetramethylrhodamine, mixed isomers, 

Biotium) on ice for 5-7 min. For CaV2.2-VSD II, 10 µM 6-TAMRA C6 maleimide (AAT 

Bioquest) for 7 min on ice and 100 µM Alexa-488 C5 Maleimide (Thermo Fisher Scientific) 

on ice for 30 min were also tested. In all CaV2.2 experiments, oocytes were preinjected with 

100 nl 100 mM of the calcium chelator BAPTA•4K (Invitrogen) along with 10 mM HEPES, 

pH=7.0. 

To record, an oocyte was mounted in the three-chamber system of the COVG set-up (Pantazis 

and Olcese, 2019). In brief, the oocyte was placed in the middle chamber and covered with 

the top chamber, sealed with a mixture of parafilm and mineral oil, which separates the 

upper and lower dome of the oocyte. To decrease fluorescence background, oocytes were 

placed with the dark, animal pole upward, facing the objective. An electric circuit composed 

of six salt bridges was built around the oocyte and the top of the oocyte dome was impaled 

with an electrode (0.3-1 MΩ, Karl Hecht Assistant 100 µl) filled with micro-pipette solution 

(in mM: 2700 Na-MeS, 10 NaCl). The bottom of the oocyte was permeabilized with saponin 

(0.1%, Sigma-Aldrich) and the bottom of the chamber was filled with internal solution (In 

mM: 120 K-glutamate, 10 HEPES (pH=7.0)). The top and middle chambers were filled with 

extracellular solution i) for CaV2.2, in mM: 120 NaMES, 2 Ba(MES)2, 10 HEPES (pH=7.0), or 

ii) for KV1.2, in mM: 120 Na-methanesulfonate (MeS), 2 K-MeS, 2 Ca(MeS)2, 10 HEPES 

(pH=7.0). 

3.3.2 Recording 

Currents were measured with a Dagan CA-1B amplifier (Dagan Corporation) and digitized 

with Digidata 1550B digitizer (Molecular Devices). The amplifier’s leak and capacitance 

compensation were used. Leak subtraction was also performed with a protocol p/−6. 

Fluorescence was excited with a LED light source and typically measured via an Olympus 

BX51WI upright microscope with a Si photodiode (SM05PD3A, Thorlabs) and a current 

amplifier (DLPCA- 200, FEMTO). Details on fluorescence set-up and filters can be found in 

Papers I-III. Data were acquired with pClamp 11.2.1 software (Molecular Devices) at 25 kHz 

and low-pass–filtered at 5 kHz. To better visualize the data, exemplary traces shown in the 

figures were resampled at 5 kHz and filtered at 1 kHz. All recordings shown were performed 

at room temperature.   
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KV1.2 protocols 

Membrane potential was held at −80 mV and channel opening was triggered by depolarizing 

steps up to 80 or 150 mV in 20 mV increments for 100 ms. For recordings of VSD activation, 

steps were applied from −120 to 80 mV in 5 mV increments for 500 ms. 

CaV2.2 protocols  

Membrane potential was held at −80 mV and channel opening was triggered by depolarizing 

steps up to 90 to 110 mV in 10 mV increments for 50 ms. For recordings of VSD activation, 

steps were applied for 50 ms in VSD I: from −100 to 90 or 110 mV in 10-20 mV steps, VSD II: 

from −200 to +200 mV in varying steps, VSD III: −180 to 120 mV in 20 mV steps and VSD 

IV: −160 to 120 mV in 10-20 mV steps. To induce DrVSP mediated PIP2 depletion in VSD II, 

cells were pre-stimulated with a 120 mV 1000 ms pulse, followed by an inactivation removal 

−150 mV 400 ms pulse (Suh et al., 2012). Then test pulses were applied as above.  In 

experiments comparing effects with and without Gβγ, 20 ms steps were used to prevent 

voltage and time-dependent relief of Gβγ (Marchetti et al., 1986). To investigate Gβγ 

modulation under a more naturalistic stimuli than voltage steps, a DRG neuron action 

potential waveform was used (Choi and Waxman, 2011). The waveform was modelled in 

Matlab R2022a (MathWorks) and based on recordings in rat DRG neurons at room 

temperature and holding potential of −60 mV. 

3.4 COS-7 cell culture 

COS-7 cells (ECACC 87021302) were cultured at 37°C, 5% CO2, in Complete Culture Medium 

(Dulbecco’s modified Eagle’s medium (DMEM)/F-12 Nutrient Mixture (1:1) (Gibco), heat-

inactivated fetal bovine serum (FBS) (10%), penicillin (100 units), streptomycin (100 mg/ml) 

and glutamine (0.5 mM)). Cells were passaged two times a week in T-25 cell culture flasks 

with Nunclon Delta Surface (Thermo Scientific). 

3.5 Flow cytometry  

To test how epilepsy-associated VSD mutations affected trafficking two trafficking assays 

were performed i) an initial, two-colour trafficking characterization for homozygous wild-

type and mutant conditions (Paper II and III) and ii) a four-colour trafficking assay 

mimicking heterozygous conditions (Paper III).  

3.5.1 Homozygous characterization, two-colour trafficking assay  

Cells were seeded in 12-well plates (approx. 30,000 cells/well). After 24 h, cells were 

transfected i) with EGFP-KCNA2(HA) WT or mutant, at 1 µg DNA: 4μl TransIT-X2 (Mirus). 

Cells were harvested with 0.05% trypsin and kept on ice. Cells were stained using 8 μg/ml 

anti-HA conjugated Alexa Fluor 647 (Alexa Fluor 647 anti-HA.11 Epitope Tag Antibody; 
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BioLegend Cat# 682404, RRID:AB_2566616) and detected with a Gallios Flow Cytometer 

(Beckman Coulter Life Sciences) at 488 and 638 nm, and filtered to 525/40 nm and 660/20 

nm. 

3.5.2 Heterozygous characterization, four-colour trafficking assay

Cells were seeded as above and transfected after 24 h with EGFP-KCNA2(HA)+ mRFP1-

KCNA2(BBS), WT or mutant, at 1 µg DNA: 1 µl jetOPTIMUS (Polyplus). In this assay, the two 

constructs were designed to mimic different genetic compositions (homozygoys WT, 

homozygous F233S and heterozygous WT/F233S) as outlined in Fig. 4. To separately detect 

each allele, cells were stained with two fluorescent probes: 8 µg/ml anti-HA conjugated 

Brilliant Violet 421 (Brilliant Violet 421 anti-HA.11 Epitope Tag Antibody; BioLegend Cat# 

682405, RRID: AB_2716037) and 1 µg/ml α-bungarotoxin-conjugated Alexa Fluor 647 

(Invitrogen, #B35450). Cells were detected using a BD FACSAria III Cell Sorter at 405, 488, 

561 and 633 nm, and filtered to 450/40, 550/30, 610/20 and 660/20 nm. 

3.6 Protein structures

Channel structures were rendered using The Protein Imager (Tomasello et al., 2020). 

Structures were accessed from: CaV2.2 PDB ID: 7MIY (Gao et al., 2021) and KV1.2 PDB ID:

2R9R (Long et al., 2007), CiVSP PDB ID: 3AWE (Matsuda et al., 2011), KV1.2-VSD resting 

and active model (Pantazis et al., 2020).

3.7 Data analysis

Flow cytometry data were analysed using Kaluza Analysis 1.3 (Beckman Coulter Life 

Sciences) and Microsoft Excel. Electrophysiology data were analysed with Clampfit 11.2 

(Molecular devices) and Microsoft Excel.

Figure 4. Four-colour trafficking assay for mimicking different genetic compositions. A: chromosome pair 
with alleles encoding a potassium channel gene in white. B: Side view of potassium channel subunits 
representing two alleles, where each can be visualized by separate colours. Allele 1) EGFP reports total 
expression and hemagglutinin (HA) tag can be stained with a fluorescent antibody to detect surface 
expression. Allele 2) mRFP1 reports total expression and bungarotoxin binding site (BBS) can be stained with 
a fluorescent bungarotoxin to detect surface expression. C:  Top view of a tetrameric potassium channel 
composed of subunits from B. Each allele can be either KCNA2 (WT) or KCNA2 (F233S), mimicking 
homozygous or heterozygous conditions. 
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3.7.1 Channel opening  

CaV2.2  

The peak tail current Itail was fitted to a Boltzmann equation 

Itail(V) = Itail,max / (1 + exp(z (V50 − V) / 25.37)) (1) 

z = valence and V50 = half-activation potential, and V = membrane potential. 

In action potential clamp experiments the conductance G was calculated across the trace 

G(V) = I / (V - Vrev)    (2) 

Vrev = the reversal potential for barium. Next, G was normalized 

GNorm = G/ (Itail,max /(V−Vrev))  (3)     

Itail,max was obtained from an Itail-V protocol in the same cell, and V = −60 mV. 

KV1.2  

The conductance G was calculated from the steady-state current, as in Equation (2) but with 

the reversal potential for potassium.  

G was then fitted to a Boltzmann equation  

G(V) = Gmax / (1 + exp(z (V50 − V) / 25.37)) (4) 

3.7.2 Voltage-sensor movement 

Fluorescence traces were corrected for bleaching with a single or double exponential function 

and baseline adjustment to 0. Fluorescence deflections ΔF were obtained from the steady-

state activation and fitted to a Boltzmann equation 

𝛥𝐹(𝑉)  =  
𝛥𝐹max−𝛥𝐹min

1+exp (𝑧(𝑉50−𝑉) / 25.37)
+ 𝛥𝐹min     (5) 

ΔFmax = maximum ΔF and ΔFmin the minimum ΔF. ΔF was normalized  

ΔFnorm = (ΔF- ΔFmin)/ ΔFtot  (6) 

where ΔFtot= ΔFmin−ΔFmax.  

In action potential clamp experiments, ΔFnorm was calculated across the trace as in 

Equation (6), but ΔF = fluorescence deflection across the trace and ΔFmin and ΔFtot were 

obtained from an ΔF-V protocol in the same cell. 

3.8 Statistical analysis 

Significance tests were done with Student’s T-test in Excel using two-tailed distribution and 

equal variance. P < 0.05 was considered significant. Data are reported as mean ± SEM. 
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4 Results 

In this thesis, I studied the VSDs of ion channels, their role in physiology, regulation and 

disease. At the start of this work, the functional role of the individual CaV2.2-VSDs were 

unknown. By implementing VCF, the voltage-dependent activation of VSD I-IV have now 

been elucidated. VCF also allowed us to extend our knowledge of CaV2.2 modulation by Gβγ

at individual VSD resolution. Furthermore, this opens up for future in depth-studies on the 

operation and regulation of this channel. When we started the work on epilepsy-associated 

mutations in KV1.2, reports on KV1.2 as a cause of epilepsy dated only a few years back. Since 

then, new variants have continuously been reported. Even though it is clear that KV1.2 has an 

important role in epilepsy, the genotype-phenotype correlation is not yet predictable. With 

these studies, we contributed discerning the genotype-phenotype correlation in mutations 

stemming from this gene. Finally, the mutations informed on physiological functions of the 

affected VSD parts. 

4.1 Distinct voltage-sensor activation in CaV2.2 (Paper I, Aim 1)

Voltage-sensor activation in CaV2.2 has partially been described by recording the gating 

current (Jones et al., 1997) – the collective charge movement generated by the charged 

residues in the four VSDs crossing the electric field upon activation. However, as the amino-

acid sequence and structure of the four VSDs are diverse, they likely have functionally 

distinct properties (Fig. 5) (Dong et al., 2021; Gao et al., 2021; Pantazis et al., 2014; Savalli et 

al., 2021). 

Figure 5. Amino acid sequence differences in S4 of CaV2.2-VSDI-IV.

To resolve individual VSD activation in the human CaV2.2 channel, I implemented VCF based 

on previous work by colleagues on the rat CaV2.2 isoform and CaV2.1 channel.  A cysteine was 

introduced in the extracellular flank of S4I-IV helices, allowing labelling with a thiol-reactive

fluorophore. Clear and reliable fluorescence deflections (ΔF) were found from VSDs I, III and 

IV, but not VSD II (Fig. 6A). Unless otherwise stated, all experiments were performed with 

the channel complex α1B+α2δ1+β2a and will for simplicity be referred to as CaV2.2 channels.
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Figure 6. Distinct response to membrane potential in CaV2.2 VSDs I-IV. A: Top: CaV2.2 structure, with 
fluorophores indicating labelled VSD. Mid: Voltage protocol and recorded currents. Bottom: Fluorescence
deflections (ΔF) in VSD I-IV in response to changes in membrane potentials, as indicated. B. Tail current-
Membrane potential (Itail-V) and ΔF-V curves. C: Structural differences in VSD I-IV. Structures are based on 
PDB ID: 7MIY (Gao et al., 2021).
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VSD I had a half-activation potential V50 = 4.7 ± 2.6 mV, the potential at which 50% of 

voltage sensors in S4I are activated; and an apparent voltage sensitivity z = 3.0 ± 0.3 e0,

describing the S4I valance or sensitivity to changes in voltage (n = 6) (Fig. 6B). This closely 

resembled pore opening (V50 = 1.0 ± 1.7 mV, and z = 2.9 ± 0.2 e0 (n = 6)), pointing towards 

an important role of VSD I in triggering pore opening. 

VSD II did not generate any change in fluorescence in the conditions tested in this work. I

tested: i) three different positions in the S3II-S4II linker (I567C, G570C and F573C), ii) 

labelling F573C with three different fluorophores and iii) using DrVSP to deplete PIP2,

suggested to stabilize VSD II in a down-state (Dong et al., 2021; Gao et al., 2021) (Fig 7.). The 

absence of ΔF suggests a lack of movement in VSD II, which is in line with the CaV2

structures that are resolved with VSD II in a down-state (Dong et al., 2021; Gao et al., 2021, 

2023; Yao et al., 2022b).

Figure 7. No fluorescence deflection (ΔF) reported from CaV2.2-VSD II. A: Voltage protocol and ΔF VSD II 
(I567C, G570C, F573C) compared to control (WT).  Bottom row shows the same positions with an extra 
mutation or a different fluorophore, as indicated. B: Voltage protocol and ΔF in cells without or with co-
expression of DrVSP to deplete PIP2. Prepulse stimulation activates DrVSP and depletes PIP2. C: Structure of 
CaV2.2-repeat II showing: S4 in a down-state, a PIP2-like lipid density below S4, and an elongated S6 helix 
that folds back towards the membrane (CH1 and CH2 or W-helix). Structure: PDB ID: 7MIY(Gao et al., 2021).
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Next, VSD III activated with a V50 = −62.8 ± 5.6 mV and z = 1.1 ± 0.1 e0 (n = 7) (Fig. 6B).

Thus, a proportion of VSDs III were active at resting membrane potentials, when the channel 

pore was closed. Finally, VSD IV activated with −5.9 ± 1.5 mV and z = 1.6 ± 0.2 e0 (n = 12).

The VSD IV-V50 was similar to pore opening and VSD I, whilst z was comparatively low. Note 

that when maximal conductance was reached at more negative potentials than maximum 

activation of VSD IV (Fig. 6B).

As described above, VSD I closely 

resembled pore opening, but the 

ΔF-V curve appeared marginally 

right shifted compared to the Itail-

V curve. The shift in voltage

raised the question whether VSD I

could promote pore opening. To 

clarify the contribution of VSD I-

activation to pore opening, the 

bottom gating charge of VSD I, 

K201 was neutralized (K201Q). 

K201Q caused an identical shift in VSD I activation and pore opening, by 30.3 ± 0.5 (n = 5) 

and 30.3 ± 0.6 mV (n =4), respectively (Fig. 8, note that the voltage protocol was 20 ms, 

compared to 50 ms in Fig. 6). This supports the importance of VSD I in pore opening. 

4.2 Gβγ selectively inhibits VSD I of CaV2.2 (Paper I, Aim 2)

Calcium-dependent synaptic transmission can be regulated by modulating the activity of 

voltage-gated calcium channels. One famous mechanism is the voltage-dependent Gβγ-

inhibition of CaV2.2 (Zamponi et al., 2015). Some studies have shown that gating currents are 

shifted upon G-protein inhibition, suggesting modulation of the voltage-sensor apparatus

(Hernández-Ochoa et al., 2007; Jones et al., 1997; Rebolledo-Antúnez et al., 2009). Thus, my 

aim was to address this question at individual VSD resolution by using VCF. 

Cells expressing CaV2.2 (α1b+α2δ+β2a) “−Gβγ” were compared with cells expressing

CaV2.2+Gβγ (α1b+α2δ+β2a+Gβ1+Gγ2) “+Gβγ“. A shift from willing to reluctant gating was 

recapitulated (Fig. 9A, 9B). Additionally, VSD I ΔF shifted strongly and proportionally 

compared to pore opening (Fig. 9C, 9D). VSD I ΔV50 = 21.1 ± 1.0 mV, p = 8 E−8 n(−Gβγ) = 5, 

and n(+Gβγ) = 7. VSD III was not affected, ΔV50 = −0.1±5.3 mV, p = 0.99 n(−Gβγ) = 6 and 

n(+Gβγ) = 9. VSD IV was modestly affected ΔV50= 12.9±1 mV, p = 1E−6 (n(−Gβγ) = 10 and 

n(+Gβγ) = 10) (Fig. 9). This suggested that the diverse VSD operation also extends to 

inhibition by Gβγ. 

Figure 8. Neutralization of CaV2.2-VSD I bottom gating charge, 
K201Q, causes a shift of VSD I activation and pore opening to 
more positive potentials. A: Structural representation of VSD I 
shows K201 in purple (PDB ID: 7MIY) (Gao et al., 2021). B: Tail 
current (Itail) or fluorescence deflection (ΔF) plotted against 
membrane potential. D185C allows fluorescent labelling of VSD I.

Figure 8. Neutralization of CaV2.2V2.2V -VSD I bottom gating charge, 
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Since neurons communicate with more complex waveforms compared to square voltage 

pulses, we wanted to study Gβγ modulation under a more naturalistic stimulus. As previously 

described, CaV2.2 are famous for their role in primary nociceptive neurons (Bell et al., 2004; 

Chiu et al., 2014; Kim et al., 2001; Regan et al., 1991; Saegusa et al., 2001; Zheng et al., 2019). 

Thus, action potential clamp was implemented using an action potential waveform modelled 

after that of small unmyelinated DRG neurons, the nociceptive phenotype (Blair and Bean, 

2002; Choi and Waxman, 2011). VSD I-selective inhibition was recapitulated under these 

conditions (Fig. 10).

Figure 9. Selective Gβγ inhibition of CaV2.2-VSD I. A: Voltage protocol and recorded currents, 0 mV is 
highlighted in red. B: Tail current-membrane potential (Itail-V) curves. Gβγ causes reluctant gating. C:
Exemplary fluorescence deflections (ΔF) in VSD I, III and IV in the absence or presence of Gβγ. D: Itail or ΔF 
plotted against membrane potential. Tail currents are from the same cells as corresponding ΔF recordings.
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At peak activation, defined as the 

maximum amplitude of ΔF during action-

potential clamp, 24 ± 1% of VSD I reached 

activation. In the presence of Gβγ, VSD I 

activation was significantly reduced to 13 ± 

3%, p = 0.007 (Fig. 10). VSD III reached 

maximal activation independent of absence 

or presence of Gβγ (98 ± 10%, 94 ± 5%, p = 

0.4). Finally, 53 ± 4% of VSD IV activated

at peak, which was not significantly 

different in the presence of Gβγ (40 ± 5%, 

p = 0.09). Together, this shows that Gβγ 

exerts CaV2.2 modulation by selectively 

inhibiting VSD I, and to some extent     

VSD IV.

4.3 Two epilepsy-associated mutations F302L and F233S differentially 

disrupt KV1.2 channel function (Papers II & III, Aim 3)

The importance of a functional VSD becomes clear when it is disrupted. In two separate 

cases, two children presented with epileptic seizures. Upon screening with a diagnostic panel, 

both children were found to have a mutation in the VSD of the potassium channel KV1.2. The 

mutations both arose at a phenylalanine (F302L and F233S), but are located at distinct parts 

of the VSD (Fig. 11A). F302 is located in the middle of S4, just above R4 pointing into the 

lipid membrane. F233 signifies the famous charge transfer center, located at S2 pointing to 

S4. Disease-associated mutations in voltage-gated ion channels can disrupt both biogenesis 

and function of voltage-gated ion channels (Masnada et al., 2017; Mínguez-Viñas et al., 2023; 

Nilsson et al., 2022; Pantazis et al., 2020). To detect surface abundance of the mutated 

variants, a trafficking assay including confocal microscopy and flow cytometry was set up. 

Total protein was determined from an intracellular green EGFP-reporter and surface 

presence was detected by labelling an extracellularly available HA-tag with a red fluorescent 

antibody (Gu et al., 2003). The mutations displayed fundamentally different outcomes. 

KV1.2(F302L) did not affect trafficking of channels, whilst KV1.2(F233S) was severely 

trafficking deficient (Fig. 11). Flow cytometry showed that among cells transfected with 

KV1.2(WT) or KV1.2(F302L), approximately 80% of cells displayed surface trafficking. In 

KV1.2(F233S)-transfected cells, only approximately 1% were positive for surface trafficking.

Figure 10. CaV2.2 VSD I-activation and pore opening 
are strongly inhibited by Gβγ during an action 
potential waveform. Top: action potential stimulation, 
Mid: exemplary current response, Bottom: exemplary
normalized response of VSD I, III and IV.



25

Figure 11. Surface trafficking in Epilepsy-associated mutations in Kv1.2. A: Cartoons illustrating one Kv1.2 
subunit tagged with EGFP (green) and a hemagglutinin tag (HA, pink). Mutations F302L and F233S are 
indicated as a star (red). B: Confocal microscopy images showing representative cells from the conditions in 
A. C: Flow cytometry data. Each dot represents one cell. Cell density is indicated by a colour gradient (blue = 
low to red = high). X-axis shows total protein (EGFP levels), solid line indicates positive cells. Y-axis shows 
surface trafficking (a-HA levels), dotted line indicates positive cells. Top and mid row reused from Paper II
(Pantazis et al., 2020) with permission from John Wiley and sons. Bottom row reused from Paper III (Nilsson 
et al., 2022) according to CC BY 4.0. 

Electrophysiological recordings confirmed the absence of F233S currents, while F302L 

recordings revealed facilitated voltage-dependent opening (Fig. 12). Thus, we continued 

distinct lines of investigation for the two mutants to explain the differential effects. I will first 

describe the main findings for F233S, and then F302L. 

Figure 12. Functional effects of Epilepsy-associated mutations in Kv1.2. Top row: voltage protocols. Bottom 
row: corresponding potassium currents from representative cells. A: F302L displays increased activation at -
20 mV compared to wild type (WT). Reused from Paper II (Pantazis et al., 2020) with permission from John 
Wiley and sons. B: Cells injected with F233S is indistinguishable from sham-injected cells. Reused from Paper 
III (Nilsson et al., 2022) according to CC BY 4.0.
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The patient carrying the F233S mutation is heterozygous for the variant, suggesting the 

presence of heterotetrameric channels. We wanted to study if KV1.2-F233S could be rescued 

in the presence of KV1.2(WT), or if KV1.2(F233S) would arrest KV1.2(WT). To detect two 

different subunits simultaneously, I developed the method shown in Fig. 13 from a two-

colour system (green EGFP and α-HA antibody, now with violet fluorescence) into a four 

colour-system. In the four-colour system a second subunit was detected by red mRFP1 (total) 

and deep red fluorescent bungarotoxin (BTX, surface) (Kanner et al., 2018). As such, 

EGFP+α-HA and mRFP1+BTX could represent two different alleles, for example 

homozygous KV1.2WT/WT or KV1.2F233S/F233S, or heterozygous KV1.2WT/F233S. 

Figure 13. KV1.2(F233S) dominant suppression of trafficking. A: Heterotetramers of KV1.2(WT) and 
KV1.2(F233S). Top: Schemes illustrating experimentally mimicked allelic composition (left homozygous, right 
heterozygous). KCNA2 encodes KV1.2, KV1.2 forms tetramers. Mid: Representative sample displaying 
trafficking of WT subunit in the presence of another WT-allele or a F233S-allel. Bottom: Representative 
sample displaying trafficking of F233S subunit in the presence of another F233S-allel or a WT-allele. Pink 
star indicates from which allele/subunit the signal is shown. B: Top: Schemes illustrating experimentally 
mimicked allelic composition (left heterozygous WT, right heterozygous F233S). KCNA4 encodes Kv1.4.     
Mid: Trafficking of Kv1.4 in the presence of KV1.2(WT) (left) or KV1.2(F233S) (right). Bottom: Trafficking of 
KV1.2(WT) (left) or KV1.2(F233S) (right) in the presence of Kv1.4. HA = hemagglutinin, BTX = bungarotoxin. 
Adjusted from Paper III (Nilsson et al., 2022) according to CC BY 4.0.
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The surface intensity from KV1.2(WT)-subunits was decreased when KV1.2(F233S) was 

present and conversely that surface intensity from KV1.2(F233S) was increased when 

KV1.2(WT)-subunits were present (Fig. 13A). Together, this showed that arrest of, and rescue 

by, WT-subunits occurred simultaneously. This was probably a result of certain tetrameric 

stoichiometries being trafficking-capable, whilst others are not. Overall, WT-subunits could 

not compensate for trafficking-deficient F233S subunits; indicating a dominant loss of 

function caused by F233S.  

Subunits belonging to the KV1 family share a common tetramerization domain T1, allowing 

different members to form heterotetrameric channels (Deutsch, 2003). Aside from reshaping 

the potassium conductance, KV1.4 subunits possess a forward-trafficking motif that has been 

shown to promote KV1.2 trafficking (Manganas and Trimmer, 2000). To see if KV1.4 could 

rescue KV1.2(F233S), we implemented the same colouring system for Kv1.4. Still, KV1.4 

trafficking was arrested by KV1.2(F233S) and could only partially restore Kv1.2(F233S) 

trafficking (Fig. 13B). Thus, KV1.2(F233S) subunits cause a dominant-negative loss of 

function that extends to other genes.  

The other variant, KV1.2(F302L), displayed normal trafficking properties but facilitated 

channel voltage-dependent opening. F302L caused a negative shift in V50 (V50= 15 ± 6.5 mV; 

z = 1.6 ± 0.15 e0; F302L V50=−1.5 ± 3.85 mV; z = 1.8 ± 0.32 e0 (Fig. 14). As F302L affected

voltage-dependent opening and is located in the VSD, we wanted to explore the effect on 

voltage-sensor activation using VCF. The voltage-sensor activation was mildly shifted 

towards negative potentials (V50=−32 ± 3.9 mV; z = 1.2 ± 0.32 e0 F302L: V50 =−36 ± 2.6 mV; 

z = 1.5 ± 0.23 e0 (Fig. 14). Spontaneous closure, inactivation, was also enhanced by F302L 

(see Fig 6 in Paper II). Thus, F302L causes a mixed gain- and loss- of function phenotype at 

channel level.

Figure 14. KV1.2(F302L) facilitates KV1.2 opening with a small effect on VSD activation. A: Voltage protocol 
and exemplary recorded currents and fluorescence deflections (ΔF). B: Conductance (G) or ΔF plotted 
against membrane potential. Reused from Paper II (Pantazis et al., 2020) with permission from John Wiley 
and sons.  
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5 Discussion 

The general aim of this thesis was to elucidate the role of VSDs of ion channels in physiology, 

regulation, and disease. Thus, the papers included in this thesis concern the functional role 

and regulation of CaV2.2-VSDs, as well as the effect of epilepsy-associated mutations in 

KV1.2-VSDs.  

In Paper I, VCF was implemented in human CaV2.2, revealing distinct responses of CaV2.2-

VSDs I-IV to changes in membrane potential (Fig. 6). VSD I, and to some extent VSD IV, 

correlate with pore opening. On the other hand, VSD III activates at very negative potentials 

and VSD II did not display any evidence of voltage-dependent movements. Subsequent 

experiments demonstrated that G-proteins Gβγ selectively inhibit CaV2.2-VSD I (Fig. 9-10). 

We suggest that Gβγ exerts its inhibitory effect by preventing the upward movement of S4 in 

VSD I and potentially VSD IV. It is possible that Gβγ is positioned beneath VSD I and VSD 

IV, as it has been shown to bind to the N-terminal, repeat I-II loop and the C-terminal (Page 

et al., 1998; Pragnell et al., 1994; Qin et al., 1997). Previous findings have shown that Gβγ 

delays CaV2.2 opening (Colecraft et al., 2001; Lee and Elmslie, 2000). Such stabilization of 

the closed state (Agler et al., 2003) could be explained by Gβγ stabilizing the down-state of 

VSD I. Given the importance of VSD I in pore opening and Gβγ inhibition of CaV2.2, CaV2.2-

VSD I could be a possible future target in state-dependent drug design for pain.  

In Papers II and III, two different epilepsy-associated mutations in KV1.2 were characterized. 

These papers highlight the physiological importance of VSDs in ion channels. F302L does not 

affect trafficking, but facilitates channel function (Fig. 11, 12, 14). F233S on the other hand, 

severely disrupts trafficking both in KV1.2 and an interaction partner KV1.4 (Fig. 11, 13). The 

precise effects of these mutations in the nervous systems of the patients are not known. 

Theoretically, F302L could cause KV1.2 activation to be “out of tune” in the normally fine-

tuned neurons. F233S would cause loss of KV1.2 potassium conductance, preventing 

repolarization to resting membrane potentials. In both cases, this would lead to an 

excitatory-inhibitory imbalance (Niday and Tzingounis, 2017). F302L that cause premature 

activation and inactivation, both gain- and loss-of-function, is expected to cause a more 

severe neurological phenotype (Masnada et al., 2017). This was not the case for the patient 

(see Paper II), which could be explained by the small functional perturbation. Epilepsy-

associated mutations in NaV1.6, that have been studied more extensively, show a correlation 

between severity of perturbation and clinical phenotypes (Johannesen et al., 2021). 

Knowledge about the genotype-phenotype correlation could have therapeutic implications. 

Patients with Nav1.6-epilepsy associated gain-of-function mutations respond better to Nav 

blockers than other anti-seizure drugs (Johannesen et al., 2021). Similarly, patients with 

KV1.2 gain-of-function mutations responded to the KV channel blocker 4-Aminopyridine 
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(Hedrich et al., 2021). Strategies to rescue trafficking-deficient ion channel variants are also 

being developed and were effective both in heterologous systems and in vitro (Kanner et al., 

2020).  

Next, in an attempt to incorporate the findings into preexisting, fundamental knowledge on 

VSDs, I will discuss: i) the role of CaV2.2-VSDs in pore opening in relation to 

electromechanical coupling in other voltage-gated ion channels, ii) the functional implication 

of CaV2.2-VSD II as a potentially immobilized VSD, and iii) how spontaneously emerged 

mutations in KV1.2-VSDs can contribute not only to our understanding of associated disease, 

but also to fundamental knowledge of functional subdomains within the VSD.  

5.1 Electromechanical coupling of VSDs in CaV2.2 and other channels 

The contribution of VSDs to channel opening, that is the electromechanical coupling, has 

been explored extensively in different ion channels. The theories are described either as 

obligatory, i.e all 4 VSDs are required for the gate to open, or allosteric, i.e each VSD 

contributes energy to stabilizing the open pore, but the pore can open with resting VSDs 

albeit at low probability. The “preferred” model differs between studies, but also between 

channels. KV1.2 and other Shaker-like channels have been described to be obligatory coupled 

(Ishida et al., 2015; Islas and Sigworth, 1999). As recapitulated in Paper II (Pantazis et al., 

2020), KV1.2-VSD activation clearly precedes pore opening in voltage (Horne et al., 2010). 

This indicates multiple closed states, as expected in obligatory coupling (Islas and Sigworth, 

1999). The obligation of four VSDs in KV1.2 could also explain why the mutation found in 

Paper II, F302L, caused a small perturbation in the VSD activation and a larger effect on pore 

opening. Pseudotetrameric NaV channels have also been shown to depend on obligatory 

coupling (Hirschberg et al., 1995); but only including VSDs I-III (Chanda and Bezanilla, 

2002). Electromechanical coupling in CaVs have been described both by obligatory and 

allosteric models (Agler et al., 2003; Marks and Jones, 1992; Neumaier et al., 2020; Pantazis 

et al., 2014; Savalli et al., 2021). Previous studies on the CaV1.2 channel combined VCF and 

modelling to show that its activation is governed by allosteric gating. Specifically, CaV1.2 

conductance and VSD I-IV activation were best described by a model allowing 16 closed and 

16 open states in which VSD II and VSD III contribute most energy to the open state 

(Pantazis et al., 2014). In a similar model of CaV1.1, VSD I alone contributed most of the 

energy to the open state (Savalli et al., 2021). CaV2.3 channel activation however, has been 

described by an obligatory model dependent on two VSDs (Neumaier et al., 2020). In Savalli 

et. al., a mutation in the homologous position of CaV2.2-K201Q (R5) (Fig. 8), CaV1.1-R174W 

(R5), introduced a major shift in VSD I activation and conductance, but not VSD II-IV 

activation (Savalli 2021 JGP). This supports that VSD I is important for CaV2.2-channel 

opening. However, the findings do not distinguish between whether the coupling is allosteric 
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(VSD I contributes the most energy to the gate) or obligatory (VSD I represents the final 

transition obligatory for pore opening). But for example, the activation of VSD III is not 

sufficient to alone trigger pore opening, since almost all VSD III are active at very negative 

potentials when the channels are closed (Fig. 6). As in case of the NaV, at least one VSD is not 

required, as seen from the apparently non-moving VSD II (Fig. 7). It should be noted that 

electromechanical coupling is not necessarily dependent on ion channel class. For example, 

potassium channels such as KV7.1 have been shown to be allosterically coupled (Osteen et al., 

2012).  

5.2 CaV2.2-VSD II and voltage-sensor like domains 

No significant fluorescence deflections were observed from VSD II, not even after extensive 

testing (Fig. 7). One interpretation is that the upward movement of VSD II was not detected, 

another interpretation is that VSD II does not move significantly. Considering the latter; this 

is on one hand surprising since the canonical role of VSDs are to control voltage-depending 

opening of the channels, as their up-state facilitates stabilization of the open gate (Börjesson 

and Elinder, 2008). On the other hand, four independent crystal structures of CaV2.2 and the 

closely related channel CaV2.3, have been resolved at 0 mV with S4II in a down-state (Dong et 

al., 2021; Gao et al., 2021, 2023; Yao et al., 2022b). CaV channels belonging to other families 

do not show this feature. Functional studies of CaV1.1 and CaV1.2 VSDs report movements 

from all VSDs (Pantazis et al., 2014; Savalli et al., 2021) and structures of members of the 

CaV1 and CaV3 families have been captured with all four VSDs in an up-state (He et al., 2022; 

Wu et al., 2016; Yao et al., 2022a; Zhao et al., 2019). Furthermore, removing all gating 

charges from CaV2.2-S4II result in a moderate shift in V50 of 10 mV. Corresponding 

mutagenesis in S4I, S4III or S4IV results in no functional expression, although it was not 

described whether this is due to disrupted gating or biogenesis (Gao et al., 2023).  

There are other ion channels which have non-functional VSDs. For example, VSDs of the 

sodium leak channel (NALCN) have lost most of the gating charges and its voltage sensitivity 

mainly depends on VSDs I-II (Chua et al., 2020). Transient receptor potential (TRP) 

channels have voltage-sensor like domains, vestigial domains with low or no voltage-

sensitivity (Cao, 2020). In contrast to CaV2.2-VSD II, these domains lack many of the gating 

charges. It is possible that CaV2.2-VSD II can operate in the presence of other subunits, or 

that it serves as a structural element. The structure of CaV2-repeat II appears to follow a 

sequence of modifications compared to other CaV channel families. Compared to CaV1.1, both 

the S4-S5II linker and the S6II helix are displaced, S6II is prolonged, and followed by two 

cytosolic helixes CH1 and CH2 which fold back towards the pore (Gao et al., 2021). 

Nevertheless, the structure-functional role of CaV2.2-VSD II remains to be elucidated. 
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5.3 Spontaneous mutations in KV1.2 highlight functional subdomains in 

VSDs  

The epilepsy-associated mutations in KV1.2 do not only provide information on the genotype-

phenotype correlation linked to disease. The spontaneously arisen mutations can also reveal 

functional subdomains in the VSD, as discuss below.   

The VSD is typically viewed as one functional domain, however it can be further divided into 

subdomains with specific function. For example, the VSD carries i) gating charges in S4, 

providing voltage-sensitivity, ii) counter charges in S3 and S2, assisting the movement of S4, 

iii) the charge transfer center and WF-motif, facilitating voltage-sensing and controlling 

biogenesis, and iv) hydrophobic residues in S4 between the gating charges (Börjesson and 

Elinder, 2008; Chanda and Bezanilla, 2008; Tu and Deutsch, 2017). In papers II and III, we 

describe two epilepsy-associated mutations in the KV1.2 channel. Both mutations cause a 

substitution of a phenylalanine in the VSD, F302L and F233S. They highlight the importance 

of at least two subdomains.  

F233S substitutes the phenylalanine that signifies the charge transfer center in KV1.2-VSDs. 

This center is famous for its role in facilitating voltage sensitivity. The corresponding 

mutation F290S in the Drosophila orthologue Shaker illustrates this well, requiring much 

higher potentials to open than the WT-variant (Tao et al., 2010). In contrast, we find that the 

mutation in the mammalian KV1.2 mainly disrupts trafficking. First, the hydrophobic gasket 

that comprises the charge transfer center has been suggested to be thicker in KV1.2 than 

Shaker (Ishida et al., 2015). Second, studies in the related KV1.3 channel have identified an 

additional functional role of F233 – as a signalling motif (WF motif) for helix formation 

during biogenesis (Tu and Deutsch, 2017). Our findings suggest this to be a common role 

among the KV1 family. Consistent with this, electrophysiological recordings of concatemeric 

dimers of KV1.2(F233S) with KV1.4 (Paper III) shows that the sequence order of the mutation 

within the dimer matters. The total conductance is severely reduced if KV1.2(F233S) is N-

terminal and can only be rescued if KV1.4 is N-terminal, as if the presence of the N-terminal 

KV1.4 with an intact S2 WF motif facilitates the biogenesis. It should, however, be noted that 

forward trafficking signals in KV1.4 may assist the trafficking (Manganas and Trimmer, 2000; 

Misonou and Trimmer, 2004). It remains to be seen whether biogenesis is similarly regulated 

in other families and classes of voltage-gated ion channels. The phenylalanine is highly 

conserved in VSDs, but the tryptophan in the WF motif in for example CaV channel VSDs I-IV 

is substituted with various hydrophobic residues (Wu et al., 2016).  

F302 is also located in the VSD, in the middle of S4, above R4, pointing into the lipid 

membrane. In contrast to F233S, trafficking levels in the F302L variant were unaffected. 

F302 together with most other residues between the gating charges in S4 are hydrophobic 
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and interspace the charges (RXXR…) (Börjesson and Elinder, 2008; Chanda and Bezanilla, 

2008). F302L shifts both KV1.2 voltage-dependent opening and inactivation towards more 

negative potentials. This indicates that the hydrophobic residues, in addition to the charged 

residues, in S4 are important for voltage-dependent gating. Previous studies have also 

highlighted such role of other hydrophobic interspacers. Substitutions of conserved leucines 

to alanines in Shaker shift the voltage dependent activation to more positive or negative 

potentials depending on the position (Lopez et al., 1991). Thus, the hydrophobic residues in 

S4 probably also stabilize interaction with the surrounding environment during activation. 

Similar to our findings from F302L (Paper II), substitutions of both hydrophobic residues 

and gating charges in Shaker S4 cause shifts in the inactivation to the same direction and 

extent as opening (Lopez et al., 1991; Papazian et al., 1991). This supports the theory that KV1 

channels open before they inactivate. In the pseudotetrameric CaV channels both the gating 

charges and the hydrophobic residues in S4I-IV are variable. Furthermore, the hydrophobic 

residues in S4 from the same repeat clearly varies between CaV1-3 families (Wu et al., 2016). 

As such, the hydrophobic residues in S4 may further diversify voltage-gated channels, tuning 

them to their specific environment.  

6 Conclusion 

VSD operation can differ both between and within voltage-gated ion channels. In 

pseudotetrameric channels, each VSD typically responds differently to voltage and contribute 

differently to pore opening. We find that this is also the case for CaV2.2-VSDs. This extends to 

the regulation of CaV2.2-VSDs, as seen from the selective Gβγ inhibition of VSD I. 

Furthermore, we show that disease-associated mutations that arise in VSDs can disrupt 

channel function in various ways. The disruptive mechanism is related to the sub-functional 

domains in the VSD and the specific substitution. Characterizing the biophysical phenotype 

of disease variants can help establish genotype-phenotype correlations. Understanding 

regulation of ion channels and disease variants can both inform on development of 

therapeutic strategies. Finally, diversity of VSDs shapes ion channel function, which in turn 

allows nerves to sense and convey complex electrical signals. 
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