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Abstract 
Kv7 channels are a set of five evolutionarily closely related voltage-gated 

potassium channels (Kv7.1-Kv7.5) that underpin diverse physiological 

functions, such as cardiac rhythm (Kv7.1/KCNE1), hearing (Kv7.4) and 

neuronal excitability (Kv7.2-5). Finding strategies to selectively target these 

channels provides novel opportunities for drug development. The antiseizure 

drug cannabidiol (CBD) has been shown to inhibit Kv7.1/KCNE1 but activate 

Kv7.2/Kv7.3. To investigate how CBD and potentially other 

phytocannabinoids elicit these effects on the channel and ligand level, 

electrophysiological and computational methods were employed. For the 

pharmacological description of phytocannabinoids, the automated planar 

patch clamp (APC) technique with Kv7-CHO-cell lines, and the two-electrode 

voltage clamp technique with Xenopus laevis oocytes transiently expressing 

Kv7 channels, were used. Coarse-grained simulations or Chai-1, an AI-

method, predicted possible binding sites; experimental mutagenesis of Kv7 

channels in oocytes was used to test these predictions. To determine which 

moieties were critical for phytocannabinoid effects, APC data was related to 

phytocannabinoid chemical structures alongside testing of semi-synthetic 

cannabinoids in oocytes. Our findings showed that CBD’s action on Kv7 

channels can be broadly divided into three categories: augmentation (Kv7.4, 

Kv7.5, Kv7.4/Kv7.5, Kv7.3/Kv7.5), potentiation (Kv7.2, Kv7.3, Kv7.2/Kv7.3) 

and inhibition (Kv7.1, Kv7.1/KCNE1). Actions of other phytocannabinoids 

could also be subdivided along these categories, with exceptions. For the 

inhibited channels, we posited separate CBD binding sites in Kv7.1 and 

Kv7.1/KCNE1. For the potentiated Kv7.2 and augmented Kv7.4 channels, 

we proposed a similar binding site which overlapped with that of another 

antiseizure drug. This site was later confirmed independently for Kv7.2 along 

with an adjacent site. Our data suggests that this adjacent site might also 

exist in Kv7.4. On the ligand level, chirality and alkyl-chain length informed 

how CBD acted on Kv7.2/Kv7.3 and Kv7.4 channels but not Kv7.1/KCNE1. 

Modifications to the CBD structure as semi-synthetic cannabinoids revealed 

that CBD is likely already optimal for Kv7.4 activation. In conclusion, this work 

provides novel insights into how the antiseizure drug CBD and other 

phytocannabinoids modulate Kv7 channels, and how these insights might be 

used for the development of Kv7 subtype-selective drugs. It also provides 

new insights into the putative mechanisms of action underlying both the 

therapeutic effects and side effects of clinically used phytocannabinoids. 

Keywords: KCNQ; phytocannabinoid; cannabidiol; electrophysiology 
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Populärvetenskaplig sammanfattning 
Människokroppen genererar elektriska signaler (strömmar) som är viktiga för 

dess normala funktion. Dessa signaler styr allt från hjärtats rytm till hur 

nervceller kommunicerar med varandra. Dessa strömmar leds genom 

jonkanalsproteiner som finns i cellmembranet. En specifik typ av strömmar, 

kaliumströmmarna, fungerar som bromssystem för dessa elektriska signaler. 

De särskilda jonkanaler som studerats i denna avhandling är de fem 

medlemmarna i den spänningsstyrda kaliumkanalfamiljen 7, kallade Kv7.1 

till Kv7.5. Generellt kan olika Kv7-kanaler tillskrivas olika fysiologiska 

funktioner: Kv7.1 är viktig för att upprätthålla hjärtrytmen; Kv7.2, Kv7.3 och 

Kv7.5 är viktiga för att minska retbarheten i hjärnan; Kv7.4 är viktigt för 

normal hörselfunktion. Mediciner bör idealiskt fungera på ett sådant sätt att 

endast en av dessa funktioner förändras på ett sätt som får ett positivt 

resultat för patienten. Detta kan uppnås om läkemedlen endast påverkar en 

av medlemmarna i Kv7-kanalfamiljen. För att få mediciner att fungera på 

detta sätt krävs kunskap om hur man riktar in sig på varje familjemedlem. 

Antiepileptikumet cannabidiol (CBD) är känt för att verka på Kv7-kanalerna. 

CBD hämmar (får mindre kalium att flöda igenom) en version av Kv7.1 men 

aktiverar (får mer kalium att flöda igenom) en kombination av Kv7.2/Kv7.3. 

För att förstå hur CBD åstadkommer detta, trots att dessa kanaler är mycket 

lika, studerade jag hur CBD verkar på alla Kv7-familjemedlemmar. Jag 

undersökte var i dessa kanaler CBD binder till, och jag undersökte vilka delar 

av CBD:s molekylära struktur som är ansvariga för dessa effekter. Dessutom 

tillhör CBD en familj av kemiska komponenter i cannabisplantan som alla 

liknar CBD, så kallade fytocannabinoider, vilket även gör dem intressanta för 

förståelsen av hur CBD fungerar i Kv7-kanaler. 

 

För att studera hur CBD och andra fytocannabinoider verkar på olika Kv7-

kanaler använde jag främst en elektrofysiologisk metod kallad tvåelektrods-

voltage-clamp (TEVC)-tekniken med obefruktade grodägg. Dessa ägg 

används för att producera de jonkanaler som ska studeras. Med TEVC kan 

jonkanalfunktionen mätas, och genom att exponera grodäggen för 

fytocannabinoider under mätningen är det möjligt att bestämma 

fytocannabinoidernas effekt på dessa jonkanaler. För att förstå var CBD och 

andra fytocannabinoider binder till kanalen använde jag en metod som kallas 

"platsriktad mutagenes" när jag använde TEVC. Genom mutation av utvalda 

platser i jonkanalen är det möjligt att förändra hur fytocannabinoiderna 

interagerar med kanalen. Denna förändring indikerar att platsen är viktig för 

fytocannabinoidens interaktion med jonkanalen. För att undvika 

slumpmässiga gissningar har jag samarbetat med beräkningsforskare som 
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använt simuleringar och ett AI-verktyg för att generera förutsägelser om vilka 

platser som skulle muteras. Efter att vi hade fastställt CBD:s bindningsställen 

kunde ytterligare beräkningsarbete visa hur CBD var orienterat när det var 

bundet till dessa platser. 

 

Ett problem med TEVC är att den är tidskrävande och därför samarbetade 

jag med den nationella infrastrukturgruppen Chemical Biology Consortium 

Sweden (CBCS) i Linköping, en del av SciLifeLab, som använde en 

elektrofysiologisk metod kallad automatiserad patchclamp-teknik. Med 

denna teknik var det möjligt att på ett snabbare sätt farmakologiskt 

karakterisera flera fytocannabinoider på olika kanaler.  

 

Genom detta arbete har jag funnit att det är möjligt att karakterisera hur CBD 

verkar på Kv7-kanaler på tre sätt, som vi kallat augmentation (t.ex. Kv7.4), 

potentiering (t.ex. Kv7.2) och hämning (t.ex. Kv7.1). Augmentering och 

potentiering innebär två olika sätt på hur CBD aktiverar Kv7-kanaler. Jag har 

också funnit att andra fytocannabinoider kan ha dessa effekter. På frågan 

om var CBD och andra fytocannabinoider kan binda i dessa kanaler har jag 

funnit att CBD sannolikt binder på liknande ställen i Kv7.2 och Kv7.4, vilket 

också är en plats där ett annat antiepileptiskt läkemedel binder. Denna 

upptäckt bekräftades senare av en kinesisk forskargrupp som fann att inte 

bara en CBD-molekyl binder på denna plats i Kv7.2, utan att det finns en 

andra CBD-molekyl i närheten. Min avhandling ger också bevis för att det 

sannolikt finns en andra CBD-bindningsplats i Kv7.4. För inhiberade kanaler 

tittade jag på Kv7.1 och Kv7.1/KCNE1. Den senare är en version av Kv7.1 

som ett annat protein, KCNE1, binder till och är den version av Kv7.1 som 

finns i hjärtat. Intressant nog fann jag här att även om båda är hämmade 

kanaler, ändrar CBD var det binder beroende på om KCNE1 finns eller inte.  

 

Slutligen tittade jag på själva CBD-molekylen för att se vilka delar av dess 

molekylstruktur som sannolikt är ansvariga för dess effekter på Kv7-kanaler. 

CBD har en alkylkedja, i princip en kedja av kolatomer som är kopplade med 

enkla bindningar, som en del av sin struktur. Att ändra längden på denna 

kedja hade en stor inverkan på om CBD kunde aktivera de aktiverade Kv7-

kanalerna (Kv7.2/Kv7.3, Kv7.4) men inte om den kunde hämma en hämmad 

Kv7-kanal (Kv7.1/KCNE1). CBD:s kiralitet hade en liknande effekt 

(förändring av kiralitet är i princip en spegling av molekylen). Därför drog jag 

slutsatsen att aktiverade kanaler Kv7.2/Kv7.3 och Kv7.4 har mycket mindre 

tolerans för förändringar i CBD:s struktur än den hämmade Kv7.1/KCNE1-

kanalen. Dessutom har jag använt flera semisyntetiska cannabinoider 
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(molekyler med en liten förändring från CBD:s struktur) med Kv7.4, med 

slutsatsen att CBD troligen redan är optimalt för att aktivera Kv7.4. 

 

Sammanfattningsvis täcker min doktorsavhandling hur fytocannabinoider 

modulerar Kv7-kanaler genom att beskriva hur fytocannabinoider (bland 

annat CBD) påverkar olika Kv7-kanaler, var i dessa jonkanaler CBD-liknande 

fytocannabinoider binder till och vilka kemiska delar av CBD som är viktiga 

för dessa effekter. Detta arbete kommer förhoppningsvis att bidra till 

utvecklingen av Kv7-selektiva läkemedel och öka vår förståelse för hur 

kliniskt använda fytocannabinoider fungerar.  
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Populärwissenschaftliche 
Zusammenfassung 
Der menschliche Körper erzeugt elektrische Signale, die für dessen 

Funktionen wichtig sind. Dies reicht von korrektem Herzrhythmus bis hin zur 

korrekten Kommunikation zwischen Nervenzellen. Kaliumströme fungieren 

als Bremssysteme für diese elektrischen Signale. Diese Ströme werden über 

Ionenkanal-Porenproteine in der Zellmembran geleitet. Die speziellen 

Ionenkanäle, die Gegenstand dieser Arbeit sind, sind die fünf Mitglieder der 

spannungsgesteuerten Kaliumkanalfamilie 7, die als Kv7.1 bis Kv7.5 

bezeichnet werden. Vereinfacht beschrieben, können verschiedene Kv7-

Kanäle unterschiedlichen physiologischen Funktionen zugeordnet werden: 

Kv7.1 ist wichtig für den korrekten Ablauf des Herzrhythmus; Kv7.2, Kv7.3 

und Kv7.5 sind wichtig, um die Erregbarkeit von Nervenzellen im Gehirn zu 

verringern; Kv7.4 ist wichtig, um das Gehör zu erhalten. Medikamente sollten 

idealerweise so wirken, dass nur eine dieser Funktionen so verändert wird, 

sodass das Medikament für den Patienten positiv wirken kann. Dies kann 

erreicht werden, wenn ein Medikament nur ein Mitglied der Kv7-Kanalfamilie 

beeinflusst. Damit Medikamente auf diese Weise wirken, ist Wissen 

erforderlich, wie man jedes Familienmitglied pharmakologisch trifft. Das 

antiepileptische Medikament Cannabidiol (CBD) wirkt auf einige Kv7-Kanäle. 

CBD hemmt (führt dazu, dass weniger Kalium durch) eine Version von Kv7.1 

(fließt), aktiviert aber (führt dazu, dass mehr Kalium durch) eine Kombination 

aus Kv7.2/Kv7.3 (fließt). Um zu verstehen, wie CBD dies bewirkt, obwohl 

diese Kanäle sehr ähnlich sind, habe ich untersucht, wie CBD auf alle 

Mitglieder der Kv7-Familie wirkt, wo in diesen Kanälen CBD gebunden wird, 

und welche Teile der molekularen Struktur von CBD für diese Effekte 

verantwortlich sind. Darüber hinaus gehört CBD zu einer Familie chemischer 

Bestandteile der Cannabispflanze, den sogenannten Phyto-Cannabinoiden, 

die CBD ähneln, was sie nicht nur in sich selbst interessant macht, sondern 

auch nützlich, um zu verstehen, wie CBD in Kv7-Kanälen wirkt. 

 

Um zu untersuchen, wie CBD und andere Phyto-Cannabinoide auf 

verschiedene Kv7-Kanäle wirken, habe ich hauptsächlich eine 

elektrophysiologische Methode namens „two-electrode voltage clamp“ 

(TEVC) gemeinsam mit unbefruchteten Froscheiern verwendet. Diese Eier 

können dazu gebracht werden, die betreffenden Ionenkanäle zu 

produzieren. Mit TEVC kann die Funktion der Ionenkanäle gemessen 

werden, und der Effekt eines Phyto-Cannabinoids kann dadurch bestimmt 

werden, indem diese Froscheier und damit die Ionenkanäle dem Phyto-



vi 

Cannabinoid während der Messung ausgesetzt werden. Ein Problem bei 

dieser Methode ist, dass sie zeitaufwendig ist. Deshalb arbeitete ich mit der 

schwedischen nationalen Infrastruktur SciLifeLab-Gruppe in Linköping 

zusammen, die eine robotisierte Elektrophysiologiemethode namens 

„automated planar patch clamp“ verwendete. Damit war es möglich, die 

Wirkung mehrerer Phyto-Cannabinoide auf verschiedene Kanäle innerhalb 

kurzer Zeit zu charakterisieren. Um zu verstehen, wo CBD und andere 

Phyto-Cannabinoide an den Kanal binden, habe ich bei der Anwendung von 

TEVC, eine Methode namens „site-directed mutagenesis“ verwendet. Durch 

die Mutation ausgewählter Stellen des Ionenkanals ist es möglich, die 

Wechselwirkung der Phyto-Cannabinoide mit dem Kanal zu verändern. 

Diese Veränderung deutet darauf hin, dass das Phytocannabinoid an dieser 

Stelle interagieren könnte. Um zufälliges Mutmaßen zu vermeiden, arbeitete 

ich mit Bioinformatikern zusammen, die Simulationen und ein KI-Tool 

nutzten, um Vorhersagen zu erstellen, welche Stellen der Kanäle Phyto-

Cannabinoide binden könnte. Nachdem wir feststellten, an welche Stellen 

CBD band, konnten weitere Computeranalysen zeigen, wie CBD mit diesen 

Stellen interagiert. 

 

Durch diese Arbeit fand ich heraus, dass es möglich ist, die Wirkung von 

CBD auf Kv7-Kanälen auf drei Arten zu charakterisieren: Augmentation (z.B. 

Kv7.4), Potenzierung (z.B. Kv7.2) und Hemmung (z.B. Kv7.1). Augmentation 

und Potenzierung zeigen zwei verschiedene Wege, wie CBD Kv7-Kanäle 

aktiviert. Ich stellte auch fest, dass andere Phyto-Cannabinoide diese Effekte 

zeigen. Auf die Frage, wo in diesen Kanälen CBD und andere Phyto-

Cannabinoiden gebunden werden, stellte ich fest, dass CBD wahrscheinlich 

an ähnlichen Stellen in Kv7.2 und Kv7.4 bindet, an dessen auch ein anderes 

Antiepileptikum bindet. Dieses Ergebnis wurde später durch die 

Erkenntnisse einer chinesischen Forschungsgruppe bestätigt, die feststellte, 

dass nicht nur ein CBD-Molekül an dieser Stelle in Kv7.2 bindet, sondern 

auch dass sich ein zweites CBD-Molekül in der Nähe befindet. Meine Arbeit 

liefert außerdem Hinweise darauf, dass es wahrscheinlich ebenfalls eine 

zweite CBD-Bindungsstelle in Kv7.4 gibt. Für die Bindungsstelle der 

gehemmten Kanäle habe ich mir Kv7.1 und Kv7.1/KCNE1 angesehen. 

Letzteres ist eine Version von Kv7.1, an die ein weiteres Protein, KCNE1, 

bindet, und ist die Version von Kv7.1, die im Herzen vorhanden ist. 

Interessanterweise stellte ich hier fest, dass CBD, obwohl beide Kanäle 

gehemmt sind, die Bindung verändert, je nachdem, ob KCNE1 vorhanden ist 

oder nicht. Abschließend habe ich mir das CBD-Molekül selbst angesehen, 

um herauszufinden, welche Teile dessen Molekularstruktur für dessen 

Wirkung auf Kv7-Kanäle verantwortlich sind. CBD hat eine Alkylkette als 



vii 

Bestandteil seiner Struktur, im Wesentlichen eine Kette aus 

Kohlenstoffatomen, die durch einfache Bindungen verbunden sind. Die 

Änderung der Länge dieser Kette hat erhebliche Auswirkungen darauf, ob 

CBD die aktivierten Kv7-Kanäle (Kv7.2/Kv7.3, Kv7.4) aktivieren kann, aber 

nicht, ob es einen gehemmten Kv7-Kanal (Kv7.1/KCNE1) hemmen kann. Die 

Chiralität von CBD hatte ein ähnliches Resultat (die Veränderung der 

Chiralität ist im Wesentlichen eine Spiegelung des Moleküls). Daher kam ich 

zu dem Schluss, dass die aktivierten Kanäle Kv7.2/Kv7.3 und Kv7.4 eine viel 

geringere Toleranz gegenüber Veränderungen der CBD-Struktur haben als 

der gehemmte Kanal Kv7.1/KCNE1. Außerdem teste ich mehrere 

halbsynthetische Cannabinoide (Moleküle mit leichten Abänderungen von 

der CBD-Struktur) mit Kv7.4, mit dem Resultat, dass CBD wahrscheinlich 

bereits optimal für die Aktivierung von Kv7.4 ist. 

 

Zusammenfassend, meine Doktorarbeit behandelt, wie Phyto-Cannabinoide 

Kv7-Kanäle modulieren. Ich beschreibe, wie Phyto-Cannabinoide (darunter 

CBD) verschiedene Kv7-Kanäle beeinflussen, wo in diesen Ionenkanälen 

CBD-ähnliche Phyto-Cannabinoide gebunden werden und welche 

strukturellen Bestandteile von CBD für diese Effekte wichtig sind. Diese 

Arbeit wird hoffentlich dazu beitragen, die Entwicklung von Kv7-selektiven 

Medikamenten voranzutreiben und unser Verständnis, wie klinisch 

eingesetzte Phyto-Cannabinoide funktionieren, zu vertiefen. 
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Preface 
Ion channels – gates to the world 

 
However unassuming, ion channels constitute one of the most important 

classes of signaling proteins; one might even argue the most important class. 

They permit us to see the world through light-gated ion channels found in the 

retina of the eye. They let us feel the warmth of summer and the cold of 

winter through temperature-gated ion channels. They allow us to listen to 

music and feel the touch of a loved one through mechanically-gated ion 

channels. They are the foundation of every heartbeat as voltage-gated ion 

channels. They govern the electrical activity in our brains and all that arises 

from it as voltage-gated and ligand-gated neural ion channels. 

 

Advancing humanity’s understanding of how the function of these signaling 

proteins can be modulated provides us with keys to gates not yet opened. 

 

 

Linköping, September 2026 

 

Michael Pökl 
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Introduction 

Evolution of voltage-gated potassium channels 

The emergence of lipid cell membranes and membrane proteins contained 

therein is speculative as no fossil record or living analogous lifeforms are 

thought to exist today. Nonetheless, on the basis of likely conditions that 

could have been present during the early evolution of life, it has been 

suggested that cells prior to acquisition of membranes (more akin to an 

ensemble of self-replicating molecules), were geometrically restricted in 

inorganic compartments at hydrothermal vents (Mulkidjanian et al., 2009). It 

is hypothesized that these early cells could have learned to recruit fatty acid 

vesicles (similar to host membrane recruitment in modern viruses) or that 

these early cells formed in close proximity to these fatty acid vesicles which 

ended up enclosing them (Mulkidjanian et al., 2009). The emergence of 

potassium as an ion involved in homeostasis and signaling has also been 

subject to speculation due to the relative low abundance of potassium 

compared to sodium ions in today’s sea water (Danchin & Nikel, 2019). It 

has been therefore suggested that potassium could have been positively 

selected for its physiochemical properties or that potassium was much more 

abundant at locations from which early life emerged (Danchin & Nikel, 2019). 

Yet, despite this uncertainty, the critical role of potassium across life (and 

viruses) can be seen in the universal adoption of slight variations of the 

amino-acid sequence TTXGYG representing the potassium selectivity filter 

of membrane protein channels (Guda et al., 2007). The earliest versions of 

membrane proteins that could have facilitated ion exchange across the 

membrane are hypothesized to have emerged from inside-out globular 

proteins that could spontaneously turn their hydrophobic core outwards to 

embed themselves within the lipid membrane while their hydrophilic outside 

would turn inward forming a hydrophilic pore (Mulkidjanian et al., 2009). 

 

The family of voltage-gated ion channels is thought to have evolved from a 

primordial ion channel that resembles the simplest possible form of 

potassium channels (Rauh et al., 2025; Yu & Catterall, 2004; Yu et al., 2005). 

This simplest form might have mirrored the architecture of existing small 

bacterial and viral potassium channels but can also be found in the human 

inward rectifying potassium channels (Kir): two transmembrane (TM) helices 
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(one subunit) forming a four-subunit pore-domain (PD) only channel (Rauh 

et al., 2025; Yu & Catterall, 2004). 

 

The classical topology of the 6 TM (S1-S6) voltage-gated potassium 

channels (Kv) is thought to have arisen through fusion of a gene coding for 

a 4 TM (S1-S4) voltage-sensor domain (VSD) with the aforementioned 

primordial 2 TM ion channel (S5-S6, Figure 1), (Rauh et al., 2025). One 

indication for this is the existence of standalone VSD genes, like the human 

voltage-gated proton channel (Hv) and the sea squirt Ciona intestinalis 

voltage-gated phosphatase (Ci-VSP). Another indication is that artificial 

fusion of VSDs to PD-only channels yields functional Kv channel (Rauh et 

al., 2025).  The existence of NaChBac, a bacterial voltage-gated sodium 

channel that follows the described 6 TM topology, suggests that this ion 

channel architecture predates the emergence of eukaryotes (Ren et al., 

2001). Moreover, Kv channels antecede the emergence of multicellular life, 

which stands in contrast to 24 TM Nav channels, which are hypothesized to 

have emerged through gene duplication of the 6 TM architecture (2x 6 TM, 

then 2x 12 TM = 24 TM), (Davila-Velderrain & van Giesen, 2025; Piontkivska 

& Hughes, 2003; Yu & Catterall, 2004). Voltage-gated potassium channels 

can be subcategorized on the basis of sequence-similarities into Kir (2 TM), 

KCa (calcium-activated potassium channels, 6 TM), Kv1-9 (6 TM), K2P (two-

pore domain potassium channels, 4 TM) and Kv10-12 channels (6 TM). 

KCNQ genes form family 7 of Kv1-9 (Yu et al., 2005). 

 

 
Figure 1: (Left) Schematic of the 6 TM Kv channel structure (Right) Phylogram of the 

human KCNQ isoforms generated by EMBL-EBI Clustal Omega. 

 

Family 7 of voltage-gated potassium channels 

The KCNQ gene emerged early in evolution before the divergence of 

bilaterians (animals with a two-sided body axis) and cnidarians (aquatic 
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animals which include jellyfish, sea anemones and corals). No KCNQ genes 

have been found in porifera (sponges), choanoflagellate (flagellate single 

cellular eukaryotes) or ctenophores (comb jellies), (Li et al., 2015). The 

ancestral KCNQ gene duplicated in bilaterians, giving rise to two channel 

gene lineages that are similar to the human KCNQ1 and KCNQ2 genes 

(Jegla et al., 2009; Li et al., 2015). Gene duplication of this ancestral KCNQ2-

like channel which would eventually give rise to the human KCNQ2-5, has 

likely occurred during the evolution of vertebrae species (Figure 1). 

Orthologs of the five human KCNQ genes have been identified in diverse 

vertebrate species: mus musculus (mice), Xenopus laevis (African clawed 

frog), danio rerio (zebrafish) and gallus gallus (chicken), (Jegla et al., 2009). 

 

Central biophysical features of KCNQ channels have been conserved across 

early evolution. These features have been described for the single 

Drosophila melanogaster (fruit fly) dKCNQ channel (Wen et al., 2005), the 

single cnidarian Nematostella vectensis (starlet sea anemone) NvKCNQ 

channel (Li et al., 2015), and the three nematode Caenorhabditis elegans 

(ringworm) KQT1-3 channels (Wei et al., 2005). These conserved features 

are PIP2-dependence (channel opening depends on direct interaction of the 

channel with the phospholipid PIP2), slow channel kinetics (channels 

open/close in a timeframe of 100s of milliseconds rather than milliseconds), 

and voltage sensor-dependent current rectification (KCNQ channels 

conduct potassium ions from the cytosol to the extracellular space along the 

potassium concentration gradient but are closed at membrane potentials that 

would allow potassium ions to flow inwards). 

 

Voltage-dependence of channel activation is in KCNQ channels facilitated 

through the VSD. The VSD senses potential differences across the cell 

membrane through positively charged amino-acid residues located in S4, 

termed gating charges (Catterall et al., 2017), which canonical take the form 

of the amino acid sequence RXXRXXRXXRK, where X are hydrophobic or 

uncharged residues (Guda et al., 2007). S4 moves in the cell membrane 

bilayer between an activated up-position and a deactivated down-position 

through a helical screw-like motion (Catterall et al., 2017). This 

conformational change is coupled via the S4-S5 linker to the PD, constricting 

the pore when S4 is in its deactivated down-position or widening the pore 

when S4 is in its activated up-state. In KCNQ channels, the S4-S5 linker of 

each subunit connects the VSD to the S5-S6 PD but also contacts the S5-S6 

PD of an adjacent subunit, resulting in the domain-swapped Kv architecture 
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(Figure 2). Regulation via PIP2-concentrations notwithstanding, KCNQ 

channels are also regulated by intracellular Ca2+ concentrations through the 

C-terminus bound protein Calmodulin (Wen et al., 2005). 

 

As mentioned above, the human KCNQ channel family consists of five 

members: Kv7.1 - Kv7.5, which not only form homotetrameric channels but 

also give rise to a variety of physiologically relevant heteromers. 

 

 
Figure 2: Domain-swapped architecture of Kv7 channels and location of a single 

KCNE1 transmembrane helix in Kv7.1/KCNE1 (PDB: 9VEI). 

 

Unique roles of human Kv7 channels 

Kv7.1 and Kv7.1/KCNE1 

Whether Kv7.1 can appear as homotetramers within human physiology has 

been debated and is a matter of ongoing research. In contrast, it is 

uncontroversial that Kv7.1 co-assembles with the 1 TM helix protein KCNE1 

in native tissue (Kyriakis et al., 2025; Wei et al., 2005). The Kv7.1 

homotetramer is the only Kv7 channel reliably shown to inactivate (Hou et 

al., 2017). However, when paired with KCNE1, channel properties markedly 

change; inactivation is lost, channels become slower to activate/deactivate, 

voltage-dependency is moved in a positive direction along the voltage axis 

(Murray et al., 2016). 

 

Kv7.1/KCNE1 channels underly the slow component of the repolarizing 

potassium current (IKS) in the human cardiac ventricle (Park et al., 2019).  

The strong relationship between its biophysical properties and its critical 

physiological function is best illustrated when observing IKS-related 

pathologies. Reduction of IKS conductance during cardiac repolarization 
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results in Long-QT syndrome (LQTS), whilst increased IKS conductance 

during cardiac repolarization results in Short QT-syndrome (SQTS), (Priori 

et al., 2013). LQTS and SQTS are genetic disorders caused by mutations in 

the respective genes (LQTS1: KCNQ1, LQTS5: KCNE1, SQTS2: KCNQ1), 

(Priori et al., 2013), while LQTS can also be acquired as a pharmacological 

off-target effect (aLQTS), (Kannankeril et al., 2010). Untreated, LQTS and 

SQTS may devolve into cardiac arrythmia and sudden cardiac death. 

Currently, no FDA/EMA approved pharmacological intervention for direct 

treatment of LQTS exists, however beta-blockers and implantation of cardiac 

defibrillators are recommended for patients under specific criteria. SQTS can 

be pharmacologically treated by clinically approved drugs, known IKS 

inhibitors, such as sotalol or quinidine (Krause, 2025; Priori et al., 2013). 

 

Kv7.2, Kv7.3 and Kv7.5 

Kv7.2, Kv7.3 and Kv7.5 are expressed ubiquitously throughout the CNS and 

are likely the main constituents of the (muscarine-inhibitable) M-current 

(Lerche et al., 2000; Wang et al., 1998). Kv7.2 and Kv7.5 can form functional 

homotetramers within different expression systems, and also Kv7.2/Kv7.5 

heteromers (Soh et al., 2022). Kv7.3 can only be expressed reliably as a 

mutant (Kv7.3 A315T) or heterotetramers of Kv7.2/Kv7.3 or Kv7.3/Kv7.5, 

otherwise Kv7.3 subunits remain in the endoplasmic reticulum (Gómez-

Posada et al., 2010). 

 

Whilst there is a clear biophysical link of how deleterious Kv7.1/KCNE1 

mutations cause cardiac disorders, the causal chain of how both pathologic 

loss or gain of Kv7.2, Kv7.3 or Kv7.5 currents cause their respective CNS 

pathologies remains less clear. Kv7.2 and Kv7.3 cause self-limited neonatal 

epilepsy, formerly known as benign familial neonatal seizures (BFNS1 and 

BFNS2), (Maclaine et al., 2026; Wu et al., 2025). The disorder has been 

renamed due to often severe comorbidities experienced by patients, such as 

developmental delay, intellectual disability and encephalopathy. Deleterious 

mutations of Kv7.5 may result in generalized epilepsies, encephalopathy and 

intellectual disability (Krüger et al., 2022; Wei et al., 2022). Current treatment 

recommendations for neonatal seizures caused by channelopathies are the 

sodium-channel blockers carbamazepine or phenytoin (Pressler et al., 

2023). Involvement of Kv7.2/Kv7.3 in epilepsy has resulted in historical drug 

development efforts to target Kv7.2/Kv7.3 for drug-resistant epilepsy (see 

below). 
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Kv7.4 

Kv7.4 is expressed within the outer-hair cells (OHC) of the cochlea and is 

thus strongly associated with auditory sensing and processing (Kharkovets 

et al., 2000). Kv7.4 is the only Kv7 channel known to be able to interact with 

other homotetrameric channels of itself inside the cell membrane (Perez-

Flores et al., 2020). Through this cooperativity, Kv7.4 is also able to attain a 

degree of mechanosensitivity (Perez-Flores et al., 2020). 

 

Genetic reduction of Kv7.4 currents results in non-syndromic autosomal 

dominant hearing loss (DFNA2), (Kharkovets et al., 2000; Peixoto Pinheiro 

et al., 2021). Whilst the precise causal link has yet to be established, loss of 

Kv7.4 currents diminishes the viability of OHCs, which serve a critical 

function as sound amplifiers via electromechanical feedback (Dallos, 2008). 

The loss of OHC in DFNA2 mimics the loss of OHCs in age-related hearing 

loss and has thus sparked interest in Kv7.4 activators as a possible avenue 

for the treatment of age-related hearing loss (Peixoto Pinheiro et al., 2022). 

 

In summary, Kv7 channels present promising pharmacological targets that 

play roles in multiple physiological systems. Understanding how ligands 

interact with these channels may eventually result in the development of new 

drugs targeting these systems. 

 
Kv7 ligands 

A systematized overview of all ligands found to act on Kv7 channels would 

exceed the scope of this chapter. Therefore, the scope will be limited to 

ligands which relate to phytocannabinoids and findings in this work (binding 

inside the RTG-pocket, being influenced by the presence of KCNE1, having 

plant origins). Reporting of ligand effects on voltage-gated ion channels is 

not standardized within the literature, making quantitative comparisons of 

ligand effects between studies difficult. When rankings for subtype-selectivity 

are stated in this work, they will be accompanied by the metric for which the 

channels are ranked.  

 

Retigabine, its derivatives and its binding pocket 

Retigabine (RTG) was developed as a first-in-class antiseizure medication 

as a neuronal Kv7-selective (Kv7.2-5) activator (Schenzer et al., 2005). Yet, 
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RTG has severe side effects such as urinary retention, hypothesized to arise 

due to lack of discrimination between Kv7.2-5 subtypes (Kv7.3 > Kv7.2 > 

Kv7.4 = Kv7.5 > Kv7.1 = no effect, EC50 of ΔV50) and skin discoloration due 

to RTG breakdown (Brickel et al., 2012; Kessler et al., 2025). RTG binds in 

a pocket at the S5-S6 intersubunit interface of the PD (Kessler et al., 2025; 

X. Li et al., 2021; Schenzer et al., 2005). Work by Abbott and colleagues 

suggests that this pocket likely evolved in deuterostomes (animals which 

form the rectal opening before the mouth during embryology) to harbor the 

neurotransmitter GABA (T. Li et al., 2021). Like RTG, GABA strictly depends 

upon the presence of a specific tryptophan (WRTG) in S5, which is only 

conserved in Kv7.2-5, to bind in this site (Figure 3), (T. Li et al., 2021; 

Schenzer et al., 2005). Nonetheless, despite GABA binding Kv7.2-5, GABA 

only activates Kv7.2 and Kv7.5 (Kv7.5 > Kv7.2/Kv7.3 > Kv7.2 > Kv7.1 = 

Kv7.2 = Kv7.4 = no effect; EC50 of current fold change at -60 mV). Due to 

RTG’s clinical efficacy and usefulness in Kv7 research, there have been 

ongoing efforts to develop more selective derivatives based on RTG’s 

molecular structure. Notably, Kumar and colleagues synthesized RL648_81, 

a RTG-derivative with much greater Kv7.2/Kv7.3 selectivity than RTG 

(Kumar et al., 2016). Wang and colleagues were able to synthesize a Kv7.4-

Kv7.5-selective RTG-derivative (Wang et al., 2019). Furthermore, research 

into RTG analogues has yielded the discovery of the Kv7.2-inhibitor HN38 

and activator ICA069673 (Wang et al., 2019). Interestingly, ICA069673 is a 

RTG-derivative that does not bind to the RTG-pocket yet remains a Kv7 

activator. Knowledge about the pocket and the interaction with the conserved 

WRTG have yielded the discovery of novel molecular scaffolds for Kv7.2-5 

activators that are not based on RTG’s structure (Cui et al., 2025; Zhang et 

al., 2019). The dependence on WRTG for Kv7.2-5 activation has also helped 

to identify binding sites for ligands of known action but unknown binding site, 

such as ML213 (Brueggemann et al., 2014; Haibo Yu, 2010), the BKCa-

activator maxipost (Korsgaard et al., 2005; Schrøder et al., 2001), the COX-

inhibitor celecoxib (Du et al., 2011), and the antiseizure drug and GABA-

analogue gapapentin (Manville & Abbott, 2018). Further, ML252 was 

discovered to be a WRTG-dependent Kv7.2 inhibitor (Cheung et al., 2012; 

Kanyo et al., 2023). 

 

Nonetheless, Kv7 activators that bind independently of the conserved WRTG 

have been described: the synthetic resin acid Wu200 (Ottosson et al., 2021), 

QO58 (Zhang et al., 2013), and ICA110381 (Boehlen et al., 2013). 

Furthermore, the endocannabinoid arachidonoyl-L-serine (ARA-S) has been 

identified as a Kv7.1/KCNE1 activator, activating most Kv7s but inhibiting 

Kv7.4 (Larsson et al., 2020). 
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Figure 3: Retigabine-binding site in Kv7.2 (PDB: 7CR7) with the tryptophan critical for 

retigabine binding in purple; alongside the retigabine and GABA molecular structure. 

 

KCNE1-dependent ligands 

KCNE1’s interaction site is at the subunit interface of three channel subunits. 

KCNE1 contacts the VSD through S1 and S4 of the first subunit and contacts 

the PD through S5 of the second subunit and S6 of the third subunit (Cui et 

al., 2025; Zhong et al., 2025). Through the homotetrameric domain-swapped 

layout, KCNE1 subunits can bind to four binding sites in total (see Figure 2). 

However, the exact stoichiometry of Kv7.1/KCNE1 within the heart has been 

subject to ongoing debate, with there being indications that native 

Kv7.1/KCNE1 channels do not reach full KCNE1 saturation (Murray et al., 

2016). Through the large interaction site of KCNE1, multiple ligands have 

been identified that are strongly modulated by the presence of KCNE1. 

ML277 has a binding site spanning across the PD (Mattmann et al., 2012; 

Willegems et al., 2022). This includes the PD subunit interface at which 

KCNE1 can be present. Hence, increased KCNE1 saturation of Kv7.1 makes 

ML277 less effective. Another ligand for which this paradigm holds is the 

benzodiazepine R-L3, where increasing KCNE1 saturation also results in 

decreased efficacy (Salata et al., 1998). Interestingly, the opposite is true for 

the anti-inflammatory drug mefenamic acid, which requires the presence of 

KCNE1 for binding (Wang et al., 2020). Zinc pyrithione is both a 

homotetrameric Kv7 activator, which binds in the VSD, and a slight inhibitor 

for heteromeric Kv7.1 channels (Zhang et al., 2025). The endogenous ligand, 
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docosahexaenoic acid activates most Kv7s including Kv7.1, inhibits Kv7.4 

and Kv7.4/KCNE4 and shows no effect in Kv7.4/Kv7.5 and Kv7.1/KCNE1 

(Frampton et al., 2022). 

 

Plant-derived ligands 

Through extensive work by Abbott and colleagues on botanical folk 

medicine, several naturally derived Kv7-selective ligands have been 

discovered. Gentisic acid (derived from Polynesian rosewood, Thespesia 

populnea) is a highly-selective Kv7.3 activator that has no effect on other 

Kv7s, including heteromers Kv7.2/Kv7.3 and Kv7.3/Kv7.5 (Abbott & 

Manville, 2024). Carnosic acid (derived from rosemary, Salvia rosmarinus) 

is also a preferential Kv7.3-activator but also activates Kv7.2, Kv7.2/Kv7.3, 

Kv7.2/Kv7.5, Kv7.3/Kv7.5 but not Kv7.1 or Kv7.5 (Manville et al., 2023). In 

contrast, aloperine (derived from Sophora flavescens) displays high 

selectivity to Kv7.5 compared to other Kv7s (Manville et al., 2019). Mallotoxin 

(MTX, derived from the African shrub Mallotus oppositifolius) has higher 

selectivity for the Kv7.1/KCNE1 heteromer than other Kv7s (De Silva et al., 

2018). 

 

Independent of the efforts by Abbott and colleagues, the prominent 

phytocannabinoid cannabidiol (CBD, derived from Cannabis sativa) has 

been identified to also act on Kv7 channels: CBD acts as a Kv7.1/KCNE1 

inhibitor (Le Marois et al., 2020) and a Kv7.2/Kv7.3 activator (Zhang et al., 

2022). How these contradictory effects by CBD arise motivates deeper 

exploration into the molecular underpinnings of how CBD interacts with these 

channels and whether these insights can be used in novel strategies to target 

Kv7 channels selectively. 

 

Molecular interactions in pharmacological target-

selectivity 

Molecular interactions underpinning pharmacology 

Ligand binding to proteins is underpinned by intermolecular interactions 

between the ligand and target protein (Bissantz et al., 2010). A key 

interaction for the binding of many ligands and protein-protein interactions is 

hydrogen bonding. An H-bond, X–H···Y, comprises a hydrogen bond donor 

(X–H, where X is a highly electronegative atom) and a hydrogen bond 
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acceptor (Y, a highly electronegative atom carrying a lone pair of electrons), 

(Steiner, 2002). Strong to moderate H-bonds are characterized by a narrow 

geometric range, for an H–bond X–H···Y, the H···Y distance is typically 

<2.2 Å while the X–H···Y angle is 130-180° (Steiner, 2002). In biology, 

oxygen and nitrogen groups provide the necessary electron withdrawing 

capacity to establish an H-bond (e.g. hydroxy groups). Outside this narrow 

definition, there are interactions regarded as weak hydrogen bonds. These 

may form through a hydrogen bond donor and an aromatic ring as a 

hydrogen bond acceptor, or as methine group CH interactions with oxygen 

in proteins or between proteins and ligands (Bissantz et al., 2010; Steiner, 

2002). Fluorinated drugs specifically may introduce weak hydrogen bonding 

interactions between fluor atoms and imino -NH and hydroxy -OH-groups 

(Bissantz et al., 2010). Another property of hydrogen bonds is that multiple 

bonds can function as networks, reinforcing each other.  In respect to Kv7 

channel pharmacology, Kurata and colleagues showed that the critical 

interaction for RTG is dependent on the formation of a hydrogen bond 

between WRTG and RTG (Kim et al., 2015).  

 

Other important molecular interactions between ligands and proteins include 

van der Waals interactions, π-π stacking-interactions, cation-π interactions 

and salt-bridge interactions (Bissantz et al., 2010; Muller, 1994; Spassov et 

al., 2023). Salt-bridge interactions combine a hydrogen bond with the 

electrostatic interactions of oppositely charged chemical groups, yielding an 

interaction that is stronger than the hydrogen bond by itself (Spassov et al., 

2023). π-π stacking-interactions are between two aromatic rings are either 

T-shaped edge to face-interactions or parallel π-π stacking-interactions 

(Bissantz et al., 2010). Cation-π interactions occur between aromatic cores 

and positively charged cationic groups (Bissantz et al., 2010). Van der Waals 

interactions are defined as attractive or repulsive forces that are not 

attributable to bonding or electrostatic forces between charged groups 

(Muller, 1994). 

 

Pharmacological target-selectivity 

Structure-based rational drug design can be employed to achieve broad 

target-selectivity (promiscuity) or narrow target-selectivity (Huggins et al., 

2012; Mandal et al., 2009). Important considerations of a selectivity design 

strategy are shape, electrostatics and flexibility of the binding pocket 

(Huggins et al., 2012). Regarding pocket shape, if off-target and on-target 
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differ in pocket size or geometry, ligands can be designed as to bind to an 

on-target but induce steric-clashes in off-targets. Regarding electrostatics, 

off-target and on-target pockets may differ in how amino-acids contribute to 

attractive and repulsive electrostatic interactions. Through weakening or 

strengthening specific interactions in which off-target and on-target pockets 

differ, narrow target-selectivity may be achieved. Lastly, pocket and protein 

flexibility can have profound effects on ligand binding. Not only must the 

ligand-bound and ligand-unbound state of the protein (here channels) be 

considered but also in its ligand-bound and unbound-state in respect to its 

active (open), and non-active (closed) conformational states, as well as the 

transition between these states (gating), (Colquhoun, 1998; Huggins et al., 

2012). In addition, ligands may induce novel active conformational states not 

seen in the native protein. A concentration-response relationship of a ligand 

may thus not be representative of a singular binding affinity to any specific 

state but rather indicate the necessary ligand concentration to reach a 

specific active conformational state (which is the measuring outcome). 

Pocket and protein flexibility can therefore not only differentiate on-target 

from off-target binding in terms of ligand accommodation after ligand binding 

but also differentiate on-target and off-target in terms of protein macrostates 

(Colquhoun, 1998; Huggins et al., 2012). 

 

Phytocannabinoids 

Clarification of definitions 

The definition of what constitutes a cannabinoid is often ambiguous; 

hereafter a structural definition of phytocannabinoids after Hanuš and 

colleagues will be used (Hanuš et al., 2016): classical phytocannabinoids 

comprise of a resorcinyl core, which is decorated with an alkyl chain (a pentyl 

group in the case of CBD) and with a terpenyl moiety on the opposite side of 

the aromatic ring (a limonene group in the case of CBD) flanked by two 

hydroxy groups (Figure 4). Of note is that this definition does not imply that 

molecules following this structure have to bind to the G-protein coupled 

(GPCR) cannabinoid receptors, CB1 or CB2. This is in contrast to 

endocannabinoids, which do not follow the phytocannabinoid structure but 

act on CB1 or CB2 receptors (Larsson et al., 2020). Furthermore, synthetic 

cannabinoid receptor agonists (SCRA) activate CB1 or CB2 receptors but 

also do not follow the phytocannabinoid structure (Potts et al., 2020). Semi-

synthetic cannabinoids (SSC) on the other hand are chemically derived from 
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phytocannabinoid structures and often act on CB1 or CB2 receptors (Christie 

et al., 2026). 

 

 
Figure 4: Structural differences of ligands that have been referred to as cannabinoids. 

 

Phytocannabinoid families 

Due to the ambiguity within the literature regarding the definition of a 

phytocannabinoid, e.g. whether a phytocannabinoid necessarily has to be 

derived from the cannabis plant, follow a specific structure, or whether 

phytocannabinoids have to act on CB1 or CB2 receptors, a precise number 

of phytocannabinoids is not agreed upon (Gülck & Møller, 2020; Hanuš et 

al., 2016). However, there is general agreement that at least 100 

phytocannabinoids are currently known to be isolatable from the cannabis 

plant. The most well-known phytocannabinoids are CBD and 
Δ9-tetrahydrocannabinol (hereafter referred to as THC). Phytocannabinoids 

can be subcategorized into eleven families: CBD-like, THC-like, 

cannabigerol-like, Δ8-tetrahydrocannabinol-like, cannabichromene-like, 

cannabinodiol (CBND)-like, cannabielsoin-like, cannabinol (CBN)-like, 

cannabitriol-like, cannabicyclol-like and miscellaneous phytocannabinoids 

(structures of families covered in the thesis in bold, Figure 5), (Gülck & 

Møller, 2020). 
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Figure 5: Phytocannabinoid structures included within this work. 

 

Clinical applications 

Phytocannabinoids approved for clinical applications are THC (dronabinol), 

CBD (epidiolex/epidyolex), and 1:1 molar mixture of THC:CBD 

(nabiximols/sativex). Dronabinol and sativex are approved as antiemetics for 

chemotherapy-induced nausea. Dronabinol is approved for appetite 

stimulation in HIV/AIDS. Sativex is approved to combat spasticity in multiple 

sclerosis. Epidyolex is approved for the treatment of pediatric seizures: 

Dravet syndrome, Lennox-Gastaut syndrome and tuberous sclerosis 

complex (Hsu et al., 2026). 

 

Voltage-gated ion channel targets of CBD 

Whilst THC has a straight-forward mechanism of action through its 

psychotropic CB1-receptor agonism, CBD’s mechanism of action for its 

antiseizure use case has been less clear (Hsu et al., 2026). CBD’s molecular 

targets are diverse, including ion channels, enzymes, GPCRs and 

transporters (de Almeida & Devi, 2020; Marciniak et al., 2025; Morales et al., 

2017). For drug regulatory approval, it was stated that a precise mechanism 

of action had not been discovered, however, a combination of (transient 

receptor potential vanilloid) TRPV1 agonism, (equilibrative nucleoside 

transporter) ENT-1 inhibition and GPR55 antagonism, but not action on CB1 

or CB2 receptors, could serve as an antiseizure mechanism (Gray & 

Whalley, 2020). Several reviews on molecular targets of CBD have been 

CBD

CBD-C7

CBD-C3

CBND

Δ9-THC

CBN
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published (de Almeida & Devi, 2020; Marciniak et al., 2025; Morales et al., 

2017), however due to the great number of CBD molecular targets, drawing 

strong causal inferences between target action and antiseizure effects has 

remained difficult. Looking at CBD’s action on voltage-gated ion channels, 

which have activity directly linked to cellular excitability, is tempting. CBD 

inhibits Nav1.1-8, TRPM8, L-type Cav1.2, T-type Cav3.1-3, Kv2.1, Kv4.3, 

Kv7.1/KCNE1, and Kv11.1 (hERG). CBD activates TRP1/2/3, TRPA1 and 

Kv7.2/Kv7.3. CBD has no effect on Kv1.5 (de Almeida & Devi, 2020; Le 

Marois et al., 2020; Marciniak et al., 2025; Morales et al., 2017; Zhang et al., 

2022). In particular, CBD’s activation of the known antiseizure target 

Kv7.2/Kv7.3 while being an inhibitor of the cardiac Kv7.1/KCNE1 motivates 

deeper exploration into the molecular underpinnings of KCNQ modulation by 

CBD. 
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Aims 
This thesis has been motivated by the discovery of CBD as a Kv7 modulator, 

which inhibits Kv7.1/KCNE1 and activates Kv7.2/Kv7.3. This raises multiple 

unexplored questions. How does CBD achieve these contradictory effects in 

closely related channel? Do phytocannabinoids similar to CBD also modulate 

Kv7 channels in this manner? Do these effects arise from a common binding 

site in all channels or does CBD (and other phytocannabinoids) bind to 

different sites in different channels? Which phytocannabinoid moieties 

underly these effects? 

 
To address these questions, this thesis covers the following aims: 
 

I. Description of phytocannabinoid effects on Kv7 channels, Paper I 
and III  

 
II. Identification of binding sites of CBD and other phytocannabinoids 

in Kv7.1, Kv7.1/KCNE1, Kv7.2 and Kv7.4, Paper I and II 
 

III. Identification of ligand determinants of phytocannabinoid effects, 
Paper III 
 

 
Moreover, the furtherance of these aims will provide insight into how clinically 

applied drugs (CBD and THC) act on physiologically relevant Kv7 channels, 

possibly providing new insights into mechanisms of action of effects and side 

effects. Insights gleamed into how CBD can discriminate between 

Kv7.1/KCNE1 and Kv7.2/Kv7.3 might be useful in the development of new 

subtype-selective drugs. 
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Methodology 

Experimental methods 

Recombinant protein expression 

To study membrane protein function and pharmacology, expression systems 

provide required substrates and molecular machinery for protein synthesis 

and membrane export. 

 

Xenopus laevis oocytes are a well-established platform for the purposes of 

electrophysiology (Bossi et al., 2007; Goldin, 2006; Terhag et al., 2010). 

Oocytes used in experiments for this thesis have either been obtained 

commercially through EcoCyte Bioscience (Germany) or through on-site 

surgery. On-site surgeries were regulated through permits (no. #1941 and 

#14515) granted by the regional ethics board in Linköping (Jordbruksverket). 

In brief, frogs were anesthetized, oocyte lobes were extracted through a 

lateral abdominal incision and the incision was sutured. Oocyte lobes are 

mechanically and enzymatically treated to yield singular oocytes. Oocyte 

treatment and frog surgery are described in more detail in (Börjesson et al., 

2010; Ottosson et al., 2015). Multiple measures to reduce animal suffering 

were implemented and were stipulated within the ethics permits: adequate 

anesthesia depth (observed through lack of response to pinching, and lack 

of self-rectification behavior after frogs were flipped), post-operative 

analgesia (topical), limitation of operation time (max. 4 hours including 

recovery from anesthesia), defined minimal recovery time between surgeries 

(2 months) and euthanasia (at the 6th surgery or when the humane endpoint 

through illness or surgery complications had been reached).  

 

Due to the large size of late-stage V-VI oocytes (~1mm), they are amenable 

to manual manipulation by micromanipulator-mounted equipment, such as 

injectors and electrode tips. Recombinant expression via RNA-injections of 

oocytes provides a versatile, easy-to-use system in which RNA is in-vitro 

synthesized from a DNA template before RNA is injected into the oocyte 

(Bossi et al., 2007; Goldin, 2006). This template codes for a membrane 

protein, here Kv7 channels or KCNE1, which is then introduced into the 

cytoplasm via a tapered borosilicate glass tip. The injected volume consists 

of RNA diluted in RNase-free water. The RNA can code for a single Kv7 

subunit which can co-assemble to homotetrameric channels, or a ratio of 

different RNA which can co-assemble to a population of heteromeric 

channels. Incubation time ranges from 1-5 days depending on channel type. 
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The DNA template, here contained either in pGEM or PXOOM plasmids 

(Jespersen et al., 2002), can be modified trough site-directed mutagenesis 

by purposefully designing miss-matched primer pairs that substitute one or 

more bases in a codon for a targeted protein residue (Zheng et al., 2004). By 

mutating prospective residues likely to interact with known ligands, it 

becomes possible to modify interactions between a ligand and its target 

protein and consequently impact the observed effect a ligand has on a 

protein. One striking example of this is the aforementioned mutation from 

tryptophan to leucine in Kv7.2-5 that abolishes RTG binding (Schenzer et al., 

2005). All Kv7 channels in this thesis are expressed as WT channels if not 

otherwise stated except Kv7.3, which had the Kv7.3 A315T mutation to 

enable channel trafficking (Gómez-Posada et al., 2010). 

 

Chinese Hamster Ovary (CHO)-cell lines were the other protein 

expression system used within this thesis. Used cell lines were stably 

transfected, meaning that the channel-coding DNA alongside a selection 

marker had been incorporated into the cell line’s genome (Kesidis et al., 

2020; Schütz et al., 2023). The CHO cell lines expressing Kv7.1/KCNE1, 

Kv7.2/Kv7.3 and Kv7.4 were commercially obtained through B’SYS GmbH 

(Switzerland). Cell culture of cell lines was carried out by SciLifeLab’s Nina 

Ottosson and Amaya Jauregi-Miguel (part of the Chemical Biology 

Consortium Sweden). Operating procedures have been described in 

(Ottosson et al., 2026). In brief, CHO cells were cultured adherently to the 

cell culture flasks with recommended medium and antibiotics under standard 

mammalian cell culture conditions (5% CO2, 37°C). Channel-expressing 

cells were enriched in the cell population through application of selection 

pressure (antibiotic) which is tied to the selection marker (resistance gene).  

 

Because of their small size (~17 µm diameter), (Pan et al., 2019), CHO cells 

cannot be used in conjunction with the two-electrode voltage-clamp (TEVC) 

technique (described below for Xenopus laevis oocytes). CHO cells can be 

patched through manual single-electrode patch clamping techniques and the 

planar patch clamp (APC) technique. The former suffers from low 

measurement throughput, as a practiced operator can measure 5-10 cells in 

a day (Milligan et al., 2009), while the APC system used within this thesis 

(Sophion QPatch II) is capable of measuring from 48 cells simultaneously 

within a single application protocol (Ottosson et al., 2026). To measure using 

the planar patch clamp system, CHO cells were detached from the culture 

flask and suspended in animal-component free medium until use. 
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Electrophysiology 

The two-electrode voltage-clamp technique (TEVC) in conjunction with 

the Xenopus laevis oocyte expression system is a well-established method 

to characterize the function of electrogenic membrane proteins (Bossi et al., 

2007; Goldin, 2006; Terhag et al., 2010). Borosilicate glass capillaries are 

heated and tapered to a sharp point. These glass tips are backfilled with 

aqueous high-molar potassium chloride solution and mounted on electrode 

holders containing silver chloride (AgCl)-wires (hereafter referred to as 

electrode tips), (Ogden, 1994).  The oocyte sits in an aqueous solution with 

predetermined electrolyte content (1 mM potassium ions) under constant 

perfusion to avoid accumulation of ions near the oocyte membrane and avoid 

depletion of ligand concentrations in small bath volumes. Trough impaling 

the oocyte with two electrode tips, an electronic control loop is created 

(Barbour, 2014; Ogden, 1994), (Figure 6): one electrode functions as a 

membrane potential sensor whilst the other may inject current. Through the 

use of operational amplifiers within the amplifier electronics, the membrane 

potential is continuously compared to the input signal for the set membrane 

potential, discrepancies between the set and sensed membrane potential are 

addressed through a correction signal that injects current until the set 

membrane potential is reached. This correction current is zero when the set 

membrane potential equals the sensed membrane potential. However, when 

ion currents across the oocyte membrane become active or the cell is losing 

ions through loss of membrane integrity, the correction current 

counterbalances these membrane currents to retain the set membrane 

potential. Hence, the recording of the correction current is an indirect 

representation of the ion currents passing across the membrane over time.  

 

Automated-patch clamp (APC) utilizes microfluidic systems to perform 

patch-clamping in a high-throughput manner. Whilst in manual patch-clamp, 

a singular electrode tip is advanced towards the cell until contact is 

established. In APC systems, detached cells are attracted through negative 

pressure to holes within an APC chip, hence why this technique is also 

known as planar-patch clamp (Milligan et al., 2009). For the purposes of 

ligand screening on voltage-gated ion channel cell lines, the whole-cell patch 

clamp configuration was used: after cells have been attracted to the holes 

and a seal with GΩ resistance has been established, the membrane was 

ruptured through application of another negative pressure protocol, thereby 

establishing the whole-cell configuration and providing electrical access to 

the intracellular compartment. In the APC system used within the thesis, the 

Sophion QPatch II system, controlled extracellular solution exchanges allow 
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the establishment of ligand concentration-response curves. The embedded 

AgCl microelectrodes on the intracellular and extracellular solution side allow 

patch clamping in a similar manner to the manual single-electrode whole-cell 

patch clamp technique (Figure 6), (Barbour, 2014; Milligan et al., 2009; 

Ogden, 1994). The membrane potential is measured through the electrode 

relative to the reference electrode. The same electrode injects current 

through a negative feedback loop that compares the membrane potential to 

a command voltage input (Barbour, 2014). 

 

 
Figure 6: Simplified illustration of setups and circuit schematics for voltage clamp with 

a voltage command (VC) in (Left) the TEVC setup with a Xenopus laevis oocyte 

(Ogden, 1994) and, (Right) the silicon chip used for APC with a CHO-cell (Barbour, 

2014). 

 

Analysis of Kv7 currents 

To determine Kv7 channel behavior, the cell is subjected to sequentially 

increasing test potential steps, starting each from the holding potential and 

ending in the tail current potential. The tail current within the framework of 

this protocol is directly proportional to the membrane potential-dependent 

channel opening probability. The tail current potential is chosen to reflect the 

reversal potential of chloride ions within this system (approx. −30 mV), 

(Barish, 1983). This mitigates the possible influence of endogenous currents 

during recording of the tail currents. To extract information from the recorded 

tail currents, currents at the start of the tail current potential pulse 
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(immediately after the transient membrane capacitance current) are plotted 

in respect to the membrane potential during the test pulse (Davies, 2013). 

This reflects the potential-dependent channel opening activity which can be 

fitted with a sigmoidal Boltzmann curve: 

 

G(V) = GMin + (GMax − GMin) / (1 + exp((V50 − V) / s)) 

 

Where G(V) represents the fitted current expressed as relative conductance 

in relation to potential V, GMax and GMin represent the top and bottom of the 

fitted curve, V50 represents the potential at the midpoint of the curve, at which 

50% of channels that can be activated, are open, and s represents curve 

slope. We quantified changes in terms of changes to voltage-dependency 

V50 (ΔV50) and changes to maximum conductance GMax (ΔGMax). These 

metrics were calculated by relating pre- and post-ligand application results 

for individual cells. ΔV50 reflects the shift of the voltage-dependency curve 

along the x-(voltage)-axis in mV. For changes to maximum conductance 

GMax, depending on ease of presentation, we have used ΔGMax(%) in which 

we express the change as addition or subtraction of % conductance change 

to the baseline current (Paper I, Paper II and this work), or as a ratio of GMax 

pre- and post-ligand application (Paper III).  

 

Pharmacology 

Concentration-response relationships give insight into ligand-protein 

interactions. These are performed by escalating the concentration of the 

tested ligand while quantifying the observed response; here, in terms of GMax 

and V50-effects. Data points reflecting effects at specific concentrations can 

then be fitted by the Hill-equation of the form (Neubig et al., 2003): 

 

E(C) = EMax / (1 + (EC50 / C)^n) 

 

Where E(C) represents the fitted effect (e.g. ΔV50) in relation to concentration 

C, EMax represents the top of the curve, the maximum achievable effect and 

thereby the ligand’s efficacy, EC50 represents the concentration at which 

50% of the maximum achievable effect is reached and thereby represents 

the ligand’s potency (IC50 in instances where this effect was inhibitory on 

GMax or EC50 for GMax increase and V50), n represents the Hill coefficient and 

slope, which if not otherwise stated is set to 1. For Paper III, a modified 

version of the Hill-equation was used that accounts with EMin for the bottom 

of the curve. 
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Next to mutagenesis of likely interacting residues, pharmacological 

competition experiments were another method, we used to ascertain likely 

binding sites. By saturating binding sites using one ligand and subsequently 

establishing a concentration response curve of another, a possible potency 

shift of the concentration response curve may indicate that both ligands 

share a binding site (Harding et al., 2026; Neubig et al., 2003). 

 

Statistics  

Experimental data is displayed as mean ± SEM. Sample sizes were aimed 

to be n ≥ 5, which was achieved in published works (Paper I and II), but fall 

short of this standard in some instances in unpublished (within this thesis) 

and to-be-published work (Paper III). Student’s t-test was used to test 

whether two groups had different means, or to test whether a sample had a 

mean different from 0. Welch’s t-test was used for groups with unequal 

variance. Data with more than two groups was analyzed using ANOVA and 

multiple comparison tests. Multiple comparison tests compared the mean of 

a control group to the means of other groups (Dunnet’s multiple comparison 

test) or the mean of every group to the mean of every other group (Tukey’s 

multiple comparison test). For groups with unequal variances, Welch’s 

ANOVA and Dunnet’s T3 test were used. Normal distribution of oocyte data 

was tested using the Shapiro-Wilk normality test for the largest data set in 

Paper I (Kv7.2/Kv7.3). For mammalian cell data, the Shapiro-Wilk test was 

used to test for normal distribution in every data set. If not stated otherwise. 

Statistical significances are drawn as asterisks; *: p ≤ 0.05, **: p ≤ 0.01, 

***: p ≤ 0.001, ****: p ≤ 0.0001. Data was analyzed using GraphPad Prism 9 

and 10. 

 

Protein and chemical structures 

Chemical structures were drawn using ACD/ChemSketch. Figures of protein 

structures were either taken from published Papers I and II or generated 

using the online tool 3dproteinimager (Tomasello et al., 2020) with structures 

from the Protein Data Bank (PDB). 

 

Synthetic chemistry, drugs and phytocannabinoids 

CBD was acquired from different vendors, including Sigma-Aldrich 

(Sweden), Chiron (Norway) and Cayman Chemical (USA) throughout the 
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course of the thesis work or synthesized in-house according to (Nguyen et 

al., 2022). CBD stocks used in the thesis projects had a purity of >98%. 

Acquisition of known psychotropic phytocannabinoids (THC and CBN) from 

Chiron (Norway) was done in collaboration with Henrik Gréen, Professor of 

forensic sciences at Linköping University. All other phytocannabinoids were 

purchased from Cayman Chemical (USA). Synthesis of semi-synthetic 

cannabinoids used in this thesis was carried out by Xiongyu Wu. 

 

Computational methods 

Methods used for binding site predictions 

Kv7 channel subunits consist of 650+ amino acid residues which make 

experimental investigation of putative binding sites via mutagenesis 

logistically unfeasible without underlying reasoning for which amino-acids to 

mutate. 

 

Coarse-grained molecular dynamics (MD) simulations simplify 

collections of atoms into beads, enabling up to a 1000x speed in sampling 

speed compared to all-atom simulations (Marrink et al., 2007). Through this 

approach, detailed information pertaining to ligand-protein interactions is 

lost, however, more aggregate interactions in the form steric (shape) and 

electrostatic complementarity are retained. As such what is lost in details, 

can be compensated for by what is gained in sampling several binding sites 

sufficiently and finding the most probable one. We used published Kv7.1 

(PDB: 6UZZ, Figure 7), Kv7.2 (PDB: 7CR2) and Kv7.4 (7VNP) structures 

that had been constructed through cryo-electron microscopy, embedded 

these in a phospholipid membrane (POPC), and simulated these together 

with CBD molecules. In each case triplicate 25 µs simulations were 

conducted. This allowed us to quantify the number of interactions with amino 

acid residues over simulation time, giving us a number of plausible 

interaction residue predictions for testing through experimental mutagenesis, 

(Abraham et al., 2015; Ingólfsson et al., 2014; Souza et al., 2021). 

 

Chai-1 is an AI-based prediction method for ligand-protein interactions 

(Boitreaud et al., 2024). Like the more well known AlphaFold models, Chai-1 

was trained on available protein structures and predicts protein structures 

and interactions with ligands through input of protein sequences and simple 

molecule structure information (SMILES). Predictions of Chai-1, like 

AlphaFold3 (Abramson et al., 2024), include the interface predicted template 

modelling (ipTM) confidence score for protein structures and ligands (Zhang 
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& Skolnick, 2004). Top-scoring predictions were tested through experimental 

mutagenesis (Figure 7). 

 
Figure 7: (Left) Coarse-grained simulation of Kv7.1 (PDB: 6UZZ) in conjunction with 

CBD; orange densities reflect the regions most visited by CBD. (Right) Top 50 binding 

pose predictions by Chai-1 of CBD in Kv7.1; more confidently scored predictions are 

colored in blue and less confidently scored predictions are in red. 

Molecular docking 

Molecular docking investigates ligand binding to a specific region of the 

protein. Molecular docking algorithms utilize scoring functions which account 

for intermolecular and intramolecular forces to produce likely binding poses 

optimized for binding free energy (Trott & Olson, 2010). Molecular docking 

treats the protein as a rigid structure, however poses can be further refined 

by using induced fit docking which gives residues within the docking box 

flexibility to adjust to the bound ligand (Sherman et al., 2006). 

All-Atom simulations 

All-atom MD simulates intermolecular and intramolecular forces for every 

atom of molecules of interest such as protein structural complexes, ligands, 

solvents and lipid membranes. Whilst a more resource-intensive method 

compared to coarse-grained simulations, it allows validation of ligand binding 

poses, and the in-detail investigation of structural rearrangements in 

response to ligand binding (Vanommeslaeghe et al., 2010).   

Kv7.1

Kv7.1
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Results 

Description of phytocannabinoid effects on Kv7 

channels 

Le Marois and colleagues (Le Marois et al., 2020) established that CBD 

inhibits Kv7.1/KCNE1, yet surprisingly, Zhang and colleagues (Zhang et al., 

2022) found that CBD activates Kv7.2/Kv7.3. These diametral effects on 

related channels raise questions on whether these effects are caused by 

distinct mechanisms, binding sites and/or molecular interactions and 

whether these observations can hold for other phytocannabinoids and Kv7 

channels. 

Three categories of CBD effects in Kv7 channels 

To answer questions on how CBD modulates different Kv7 channels, we 

undertook an extensive characterization of CBD effects on Kv7 channel 

subtypes expressed in Xenopus laevis oocytes. The characterization of 

effects was in terms of change to maximum conductance (%ΔGMax) and shift 

of the curve describing channel activation (ΔV50). This means +100% ΔGMax 

indicates a 2-fold increase of channel maximum conductance and -100% 

ΔGMax complete elimination of current. A general pattern emerged when 

looking at the predominant effects CBD had on tested channels. We used 

three categories to describe these patterns (augmentation, potentiation and 

inhibition). Augmentation described channels with a predominant GMax 

increase. Predominant meaning that channels could have also shown 

V50-effects, however their large GMax increase set them apart from other 

channels tested that showed V50-effects. For 10 µM CBD, we described 

Kv7.4/5 > Kv7.4 > Kv7.5 > Kv7.3/Kv7.5 as augmented channels, ordered in 

respect to the amount of augmentation (Figure 8). Potentiation described 

channels that showed negative ΔV50 but no large changes to GMax in respect 

to other tested channels. For 10 µM, we described Kv7.3 > Kv7.2 > 

Kv7.2/Kv7.3 as potentiated channels, ordered based on their amount of 

potentiation. Lastly, inhibition described channels that experienced 

decreases in GMax and positive shifts in V50. We described Kv7.1 and its 

heteromer Kv7.1/KCNE1 as inhibited channels, with Kv7.1 showing a greater 

GMax decrease than Kv7.1/KCNE1, and vice versa for positive ΔV50. This 

categorization coincided with evolutionary conservation between the α-

subunits of the channels, where Kv7.2-5 are closer related to each other than 

Kv7.1, and Kv7.2 to Kv7.3, and Kv7.4 to Kv7.5 respectively (Li et al., 2015), 
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(also see Figure 1) and raised questions of whether the different types of 

modulation arose through similarities in gating of these channels and/or 

similarities in their binding pockets. 

 

Kv7 channel responses to effective phytocannabinoids 

broadly mimic CBD-like modulation 

To answer whether CBD is unique or whether other phytocannabinoids could 

act similarly on Kv7 channels, we undertook a screening using an automated 

patch-clamp system. However, due to large number of phytocannabinoids 

(>100) and large number of channel subtypes (>9 incl. homotetramers and 

heteromers), restrictions due to economic feasibility were necessary. The 

categorization contained at least one well-modulated channel for a 

physiological system of interest: Kv7.1/KCNE1 (cardiac), Kv7.2/Kv7.3 

(neural), and Kv7.4 (auditory). For phytocannabinoids, we have limited 

ourselves to the two major phytocannabinoids (CBD and THC), and four 

phytocannabinoids that are similar in molecular structure to CBD or THC. 

(alkyl-chain length variants of CBD, and aromatized variants of CBD and 

THC). The reasoning being that we can gauge the tolerances of how 

changes to the CBD structure could affect phytocannabinoid effects within 

each pocket; more structurally similar rather than structurally distinct 

phytocannabinoids (e.g. cannabigerol is structurally more distinct, compare 

Figure 21) can provide pointers to which chemical moieties could be of 

importance for effects in channel subtypes. Our results showed that the 

selected phytocannabinoids which inhibit Kv7.1/KCNE1, inhibit 

Kv7.1/KCNE1 similarly to CBD in terms of ΔV50 and ΔGMax, ordered in terms 

of ΔGmax for 10 µM: CBND > CBD-C3 > CBD > THC > CBD-C7 > CBN; or 

ordered in terms of ΔV50 for 10 µM: CBD-C3 > THC > CBND > CBD > CBN 

> CBD-C7 (Figure 9). 
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Like CBD’s modulation of potentiated channels, phytocannabinoid effects 

predominantly modulate Kv7.2/Kv7.3’s V50 negatively: CBD > CBND > CBD-

C7 > CBD-C3 (Figure 9). However, in CBN, we saw a phytocannabinoid that 

did not affect Kv7.2/Kv7.3 (Student’s t-test v. 0: p=0.21). THC represented 

an interesting exception; THC is the only phytocannabinoid that shifted V50 

positively in contrast to CBD which shifted the V50 of Kv7.2/Kv7.3 negative 

the most. Lastly, phytocannabinoid modulation of Kv7.4 follows CBD’s 

pattern of mainly acting by increasing GMax: CBD > CBD-C7 > CBND > CBN 

with exceptions being THC (Student’s t-test v. 0, p=0.07) and CBD-C3 

(p=0.10). 

 

In summary, we aimed to investigate phytocannabinoid effects on Kv7 

channels and were able to propose that CBD’s effects can be subdivided into 

three categories: inhibition of Kv7.1 and Kv7.1/KCNE1 (ΔV50-right shift, 

ΔGMax-decrease), potentiation of Kv7.2, Kv7.3 and Kv7.2/Kv7.3 (ΔV50-left 

shift), and augmentation of Kv7.3/Kv7.5, Kv7.4, Kv7.4/Kv7.5 and Kv7.5 

(ΔGMax-increase). We conducted a screening of select CBD and THC-like 

phytocannabinoids showing that effective phytocannabinoids can also be 

categorized along the proposed categories with the notable exception being 

THC for potentiation (ΔV50-right shift) and CBD-C3 for augmentation (having 

a ΔV50-right shift instead). Having described the effect of CBD and similar 

phytocannabinoids, we next looked at how these effects arise from 

interactions of CBD within channels in each effect category.  

 

 

 
 
 
 
 
 
 
 
 
 
Figure 8: (Top) CBD modulation of Kv7 channels based on changes to voltage-
dependency (x-axis) and maximum conductance (y-axis) can be broadly subdivided 
into three categories: augmentation (blue), potentiation (green), and inhibition (red).  
Category borders were arbitrarily drawn. Channels were expressed in Xenopus laevis 
oocytes and measured using the TEVC method. Data published in Figure 1 of 
Paper I. Sample size: n=5-10. (Bottom) Representative current traces of 
Kv7.1/KCNE1, Kv7.2/Kv7.3 and Kv7.4 along with their conductance-potential 
relationships published in Paper I. 
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Figure 9: Phytocannabinoid modulation of Kv7.1/KCNE1, Kv7.2/Kv7.3 and Kv7.4 

follows similar patterns to CBD. Phytocannabinoids are plotted in terms of changes 

towards voltage-dependency (x-axis) and maximum conductance (y-axis). Category 

borders: augmentation (blue), potentiation (green), and inhibition (red), are retained 

in similar proportions to Figure 8. (Previous page, Top) Most phytocannabinoids are 

inhibitory in Kv7.1/KCNE1. (Previous Page, Bottom) Phytocannabinoid modulation of 

Kv7.2/Kv7.3 affects predominantly left-right axis shifts. (This Page) 

Phytocannabinoids affect Kv7.4 predominantly through ΔGmax. Channels were 

expressed in CHO-cell lines and measured using the APC method. Data is 

unpublished and included in Paper III. n=4-12 (except CBND: ΔV50 n=1 due to near 

max. −ΔGMax) 
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Identification of CBD binding sites in Kv7 channels 

Structure-based rational drug design aims to develop novel drugs based on 

the interaction of a known ligand with the structure of a pharmacological 

target (Huggins et al., 2012; Mandal et al., 2009). To allow such 

considerations for the CBD molecule in conjunction with Kv7 channels, 

establishment of binding sites and interacting Kv7 residues are required. 

Phytocannabinoid binding site in the inhibited Kv7.1 

channel 

Our earliest efforts to identify a CBD binding site in Kv7.1 relied on coarse-

grained simulations that predicted that CBD likely interacts with PD residues 

but did not allow us to pinpoint a specific site (Paper I). Chai-1, an AI-based 

method, allowed us to narrow our search to residues at the S5 and S6 of a 

singular Kv7.1 α-subunit. Hereby, Chai-1 predicted CBD-bound structures of 

Kv7.1 using the Kv7.1 sequence and CBD-structure as inputs, generating a 

large set of (100) predictions, which were ranked based on their ipTM-score 

(see Figure 7).  The top ranked Chai-1 prediction was used alongside an 

induced-fit molecular docking prediction for all-atom simulations. Poses 

adopted by CBD during the simulation of the induced-fit molecular docking 

prediction were then processed by clustering analysis to obtain a final 

predicted binding pose (Paper II). The predicted binding pose revealed that 

CBD likely bound within a gap between the S5 and S6 helices, which was 

formed through the space provided by G272 and A336 (Figure 10). 

Introducing bulkier residues to this site either reduced (G272C) or abolished 

(A336G) CBD’s inhibitory effect. Congruently, G272C also attenuated or 

completely removed inhibitory effects from CBND and THC respectively, 

indicating a common phytocannabinoid binding site in Kv7.1. Naturally, this 

raised the question of whether the Kv7.1/KCNE1 complex could also harbor 

this binding site. 
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Figure 10: Kv7.1 inhibition by phytocannabinoids was mediated by a common 

intrasubunit binding site. (Top) Predicted binding pose of CBD (yellow) to Kv7.1 

(PDB: 6UZZ). (Bottom) Kv7.1 S5-S6 interface mutants expressed in Xenopus laevis 

oocytes show ΔGMax changes for the phytocannabinoids CBD, CBND and THC. 

Statistical tests used: ANOVA and Dunnet’s multiple comparison against CBD WT 

response. Non-significant comparison outcomes not displayed for CBD. Student’s t-

test for CBND and THC responses WT versus mutant. Data published in Paper II, 

except for unpublished CBND and THC data. n=4-10. 

 
 

  

Kv7.1
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Binding sites of Kv7.1 and Kv7.1/KCNE1 might be distinct 

and mutually exclusive 

At the time of writing Paper II, empirical structures of Kv7.1/KCNE1 were not 

available to us, thus MD simulations and docking required the use of a 

Kv7.1/KCNE1 homology model, which was based on the Kv7.1/KCNE3 

structure. Similar to Kv7.1, coarse-grained simulations of Kv7.1/KCNE1 did 

not yield a precise prediction within the PD (information not shown or 

published). Surprisingly, the Chai-1 tool predicted a binding pocket that was 

distinct from what was seen for Kv7.1. When KCNE1 is bound, the CBD 

molecule binds to the interface of two Kv7.1 α-subunits and one KCNE1 

subunit (Figure 11 Top). By mutating likely interacting residues in KCNE1 to 

alanine, F53 and F57, a stronger effect was observed, possibly indicating 

that KCNE1 affected CBD binding (Figure 11 Bottom). Further, G272C did 

not impact inhibition by CBD in Kv7.1/KCNE1, which reduced inhibition by 

CBD in Kv7.1. Vice versa, S338 mutations in Kv7.1/KCNE1 clearly affected 

CBD modulation of the channel complex, while CBD action in Kv7.1 did not 

seem to be affected.  

 

Thus, we put forward that CBD is able to bind into two separate binding 

pockets in Kv7.1 and Kv7.1/KCNE1. Consequently, we also investigated 

whether both binding pockets were accessible in each channel. For the 

Kv7.1/KCNE1 pocket in Kv7.1, residues F335 and L266 sterically hinder 

CBD from binding in this pocket (Figure 10). Only with the addition of KCNE1, 

do these residues adopt a position that can accommodate the CBD molecule 

(Figure 11, Paper II supplementary Figure S10). For the Kv7.1 pocket in 

Kv7.1/KCNE1, we looked at the size of the pocket in the simulated channel 

under CBD-bound and KCNE1-bound conditions. We tracked the distances 

between G272 and A336 and found that, with or without CBD, the Kv7.1 

pocket remained open in the Kv7.1 channel. However, the distances in the 

Kv7.1 pocket showed greater variance in Kv7.1/KCNE1, and the Kv7.1 

pocket became completely shut when CBD was introduced to the 

Kv7.1/KCNE1 pocket (Figure 12). In conclusion, we proposed that there are 

two separate binding pockets in the PD of Kv7.1 and Kv7.1/KCNE1, which 

could be mutually exclusive. 
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Figure 11: KCNE1 introduced a novel binding site for CBD at the interface of two α-

subunits and KCNE1. (Top) Binding prediction of CBD in yellow to a model of 

Kv7.1/KCNE1 based on Kv7.1/KCNE3 (PDB: 6V01). Two Kv7.1 α-subunits are in 

blue and orange with KCNE1 in turquois. (Bottom) Mutagenesis outcome of Kv7.1 

and KCNE1 mutants of the Kv7.1/KCNE1 channel expressed in Xenopus laevis 

oocytes in terms of % ΔGMax decrease. Mutants with different outcomes to Kv7.1 with 

and without KCNE1 in Figure 10 are highlighted in a table. Data were analyzed using 

ANOVA and Dunnet’s multiple comparison test, mutant compared to WT CBD 

response. Non-significant comparison outcomes not displayed. Data published in 

Paper II. Data displayed as mean ± SEM. n=5-9. 
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Figure 12: (Top) Molecular dynamics simulations of the changes to the Kv7.1 

intrasubunit pocket size based on distance between S5 and S6 (blue arrows) when 

KCNE1 is not bound (left) and with KCNE1 bound (right) after CBD had been placed 

inside the pocket. (Bottom) Distance distributions measured thereof for Kv7.1 without 

KCNE1 (left) and with KCNE1 (right) with and without CBD. 

 

Two binding sites in the potentiated Kv7.2 channel 

We identified the RTG binding pocket of Kv7.2 through our coarse-grained 

simulations as a plausible binding site of CBD (Paper I). Molecular docking 

to the RTG-bound structure gave us two plausible binding poses for CBD 

(Figure 13 Top). Mutagenesis confirmed that CBD required interaction with 

residues within this pocket (WT: −4.5 ± 0.9, W236A: −8.8 ± 1, 

L299A: +1.2 ± 0.7, S303A: −1.2 ± 0.7). Nonetheless, mutant W236L did not 

reduce the effect of CBD unlike how it has been well established for RTG 

(Schenzer et al., 2005), which indicated that interactions of RTG and CBD in 

this pocket are distinct. While our work had relied on MD simulations and 

mutagenesis studies to indirectly infer CBD binding at this location 

(Figure 13 Top), work by (Ma et al., 2023) independently confirmed binding 

through their own mutagenesis studies, and more importantly, through a 

structure of Kv7.2 bound with two CBD molecules. One at our proposed site 

(termed CBDA) and one at another adjacent site (CBDB), which was still at 

the interface of the two α-subunits and contacted S1 of a third α-subunit 

(Figure 13 Bottom). Of note is how W236 is flipped to an upward position 

accommodating both CBD molecules, which we were not able to capture in 

our MD results, and hence also did not consider the possibility of two CBD 
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molecules binding, as this conformation would be required. To conclude, we 

found one plausible binding site for CBD in Kv7.2, the location of which was 

later confirmed by Ma and colleagues with the addition of another adjacent 

binding site, which we did not predict (Ma et al., 2023). 

 
 

Figure 13: Kv7.2 binding site predicted by MD and mutagenesis overlaps with cryo-

EM findings of Ma et al. (Top left) Molecular docking of two CBD poses (light purple) 

in the region of W236 of Kv7.2 with residues tested through mutagenesis (blue), 

(PDB: 7CR2). (Top right) Mutagenesis of Kv7.2 residues which are likely involved in 

CBD interactions in terms of ΔV50. Mutants expressed in Xenopus laevis oocytes. 

Data analyzed with ANOVA and Dunnet’s multiple comparison test. Non-significant 

comparison outcome not displayed. Data published in Paper I. n=5-7. (Bottom) 

Presentation of Ma et al.’s Kv7.2 cryo-EM structure (three α-subunits in orange, grey 

and transparent yellow) with two CBD molecules bound (8J01), CBDA in light purple, 

and CBDB in dark purple. Residues tested in Pökl et al. 2023 (Paper I) in blue, 

additional residues interacting with CBD molecules identified by Ma et al. in green. 
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Evidence of two binding sites in the augmented Kv7.4 

channel 

Like for Kv7.2, we used coarse-grained simulations with an available 

structure of Kv7.4 to predict that the CBD molecule would likely interact with 

residues at the RTG binding pocket (Paper I). We displayed two plausible 

binding modes within that site through molecular docking (one more parallel 

to W242, one more perpendicular towards the tryptophan, Figure 14 Top); 

we mutated possible CBD interacting residues (Figure 14 Bottom):  like for 

Kv7.2, we did not see a change for the predominant ΔGMax effect in Kv7.4 for 

the mutation of WRTG (W242) to the analogous residue in Kv7.1 (L). Unlike 

Kv7.2, we saw a decrease in GMax when mutating W242 to an alanine, which 

indicates that relevant interactions might not only be different between RTG 

and CBD but also between CBD along differently modulated Kv7 channels. 

Most of our tested residues for this site increased the observed effect, which 

we infer to mean that CBD binding and interactions with these residues play 

a role in CBD’s augmenting effect. Interestingly, when testing one of the 

other augmenting phytocannabinoids, CBND, we were able to completely 

remove CBND’s augmenting effect through mutation of W242 to A, hinting at 

a common phytocannabinoid site for CBND and CBD. We do not see the 

same level of augmentation increase as we saw with CBD for S309A, which 

taken together with CBND’s smaller effects on Kv7.4 WT hints at the 

phytocannabinoids engaging differently with residues within the site.  

 

Due to Ma and colleagues’ findings of two CBD molecules in Kv7.2, we also 

investigated the possibility of two adjacent sites in Kv7.4. As mentioned 

above, Ma and colleagues described a binding site (CBDA) which coincided 

with our predicted binding site for Kv7.2 and Kv7.4, however with the caveat 

that Kv7.2 W236 is flipped in an upward conformation. For Kv7.2, the CBDA-

molecule forms a hydrogen bond with L299 (S6) and sits below W236. The 

CBDB molecule, which sits directly above CBDA, forms hydrogen bonds with 

W236 (S5) and T296 (S6). CBDB interacts with L272 on the pore helix and 

with F104 on S1 (Figure 13 Bottom).  
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Figure 14: Evidence for a phytocannabinoid binding site in Kv7.4 corresponding to 

CBDA in Kv7.2. (Top) Molecular docking of CBD (light purple) to W242 of Kv7.4 

(7VNP). (Bottom) Mutagenesis data showing changes to maximum conductance in 

terms of % ΔGMax. Mutants expressed in Xenopus laevis oocytes. Data were analyzed 

with Welch’s ANOVA and Dunnet’s T3 multiple comparison test. Non-significant 

comparison outcomes not displayed. n=4-17. Data have been published in Paper I, 

except CBND data, which are unpublished. 
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F240A (S5) in Kv7.2 is a residue that would line both pockets of CBDA and 

CBDB but is in closer proximity to CBDA. We mutated F246A in Kv7.4, which 

is analogous to F240 in Kv7.2, and saw an increase of CBD’s GMax effect 

(Figure 15) Interestingly, mutation of Kv7.4 F246A reduced CBND’s GMax 

increase, the inverse result seen for CBD. We then mutated G302T in Kv7.4 

(analogous to T296 in Kv7.2, which forms a hydrogen bond with CBDB) but 

no change in GMax effect was observed. More interestingly, mutation of 

T278L (L272 in Kv7.2 on the pore helix shown, part of the CBDB pocket) 

resulted in a strong decrease of ΔGMax. Mutant F110A (analogous to Kv7.2 

F104A, part of the CBDB pocket) increased ΔGMax. Thus, ΔGMax changes 

seen in Kv7.4 T278L and F110A indicated the existence of a site to which a 

second CBD-molecule could be able to bind to, as seen in Kv7.2. 

Furthermore, mutants in this secondary site also affect augmentation by 

other phytocannabinoids. T278L eliminated CBD-C3’s GMax increase and 

strongly reduced CBD-C7’s GMax increase.  

 

To conclude, we have provided evidence that CBD molecules could bind in 

a similar manner in Kv7.4 as has been seen in Ma et al.’s structure of Kv7.2, 

occupying two sites CBDA and CBDB. Residues in this secondary site 

appeared also to be relevant for other phytocannabinoids. 

 
In summary, our work was able to identify two binding sites for CBD in the 

inhibited channels Kv7.1 and Kv7.1/KCNE1, which might be mutually 

exclusive. We found one binding site in the potentiated Kv7.2 channel, which 

was also found independently by another group using a different method, 

alongside another adjacent site. Lastly, we provided evidence that the two 

binding sites in Kv7.2 likely also exist in the augmented Kv7.4 channel. 
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Figure 15: Evidence for a secondary CBD binding site in Kv7.4 analogous to CBDB 

in Kv7.2. (Top) Presentation of Kv7.4 (7BYL, three α-subunits as orange, grey and 

transparent yellow) with highlighted residues tested for CBDA (blue) and CBDB 

(green). (Bottom) Mutagenesis data showing changes to maximum conductance in 

terms of % ΔGMax. Mutants expressed in Xenopus laevis oocytes. CBD data were 

analyzed through Welch’s ANOVA and Dunnet’s T3 multiple comparison, other 

phytocannabinoid data were tested using Student’s t-test with Welch’s correction. 

Non-significant comparison outcomes not displayed. n=4-17. Data are unpublished. 
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Phytocannabinoid features determinant for effects 

To develop novel selective ligands for specific Kv7 channel subtypes, 

determining which chemical moieties play a role in causing cannabinoid 

effects could allow us to narrow down structures that can discriminate 

between different Kv7 subtypes. Previously, we have looked at how changes 

through site-directed mutagenesis of the Kv7 channel structure are affecting 

CBD effects. Here, we investigated how specific changes to the chemical 

structure of CBD affect predominant effects on channels from each of our 

proposed categories. 

 

Impact of CBD alky-tail variations on subtype-selectivity 

CBD’s structure contains a 5-carbon atom long alkyl-tail that is shortened in 

the phytocannabinoid CBD-C3 and lengthened in CBD-C7 (Figure 16). We 

hypothesized that based on the binding pockets we have described above 

different sized alkyl-chains might utilize the space within the pockets 

differently. 

 

Lengthening the alkyl-tail results in a decreased GMax inhibition in 

Kv7.1/KCNE1 while CBD-C3 and C5 similarly inhibited GMax of Kv7.1/KCNE1 

(Figure 16). In contrast, there is a clear optimum for activation for CBD-C5 in 

Kv7.2/Kv7.3: lengthening the tail to C7 decreased the ΔV50 in Kv7.2/Kv7.3 

and shortening the tail to C3 decreased the ΔV50 in Kv7.2/Kv7.3. This pattern 

was also observed for the GMax effect in Kv7.4, lengthening the tail to C7 

decreased the GMax effect in Kv7.4 and shortening the tail to C3 turned the 

GMax effect inhibitory in Kv7.4. We inferred from this that there is a 

“Goldilocks-zone” for alkyl-tail length for CBD-like activation for the 

potentiated Kv7.2/Kv7.3 and augmented Kv7.4 channels but not for the 

inhibited Kv7.1/KCNE1. 

 

Impact of CBD chirality on subtype-selectivity 

CBD is a molecule with two chiral centers which are both removed when 

CBD’s second ring becomes aromatized, creating the planar molecule, 

CBND. We have tested CBND along with CBD’s mirror image, (+)-CBD to 

understand whether CBD’s chirality might impact effects seen in each of our 

effect categories.  
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Figure 16: Activated channels have a preferred phytocannabinoid alkyl chain length. 

(Top) Skeletal formulae of CBD-like phytocannabinoids with a 3-carbon alkyl-chain 

(cannabidivarin), 5-carbon alkyl chain (CBD), and 7-carbon alkyl chain 

(cannabidiphorol). (Bottom) Predominant phytocannabinoid effects for Kv7.1/KCNE1, 

Kv7.2/Kv7.3 and Kv7.4 in terms of maximum conductance change as % and changes 

to voltage-dependency of activation in mV. Channels were expressed in CHO cells 

and recorded via APC. Data were analyzed using ANOVA and Dunnet’s multiple 

comparisons test compared to CBD-C5. n=5-11. Data intended to be published in 

Paper III. 

 

 
Interestingly, a similar pattern emerged akin to our alkyl-tail variation 

experiments: Kv7.1/KCNE1 inhibition was not affected by the changes in 

chirality: CBD = CBND = (+)-CBD. However, the same was not observed for 

the activated channels Kv7.2/Kv7.3 and Kv7.4. For Kv7.2/Kv7.3, CBD 

remained the most potentiating (−14.3 ± 0.5 mV), while going to planar, 

(CBND: −9.5 ± 1.0 mV), and then towards its mirror image, ((+)-CBD: 

−3.8 ± 0.5 mV), decreased the effect (Figure 17).  Likewise, for Kv7.4, CBD 

CBD-C3 CBD-C5 CBD-C7
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increased GMax the most, while for CBND and (+)-CBD the GMax effects were 

reduced. In conclusion, the Kv7.1/KCNE1 tolerance to CBD changes is 

greater than for Kv7.2/Kv7.3 and Kv7.4. Activated channel types show a 

preference for a C5 alkyl-chain length and the standard CBD enantiomer. 

With this knowledge established, it is likely possible to exclusively target 

Kv7.1/KCNE1 by using CBD’s (+)-enantiomer. 

 
 
 

 
Figure 17: CBD’s chirality was determinative for effects in activated channels. (Top) 

Skeletal formulae of (−)-CBD, CBND and (+)-CBD with nonchiral (for CBND) and 

chiral bonds highlighted in red. (Bottom) Predominant cannabinoid effects for 
Kv7.1/KCNE1, Kv7.2/Kv7.3 and Kv7.4 in terms of maximum conductance change as 
% and changes to voltage-dependency of activation in mV. Channels were expressed 
in CHO cells and recorded via APC. Data were analyzed using ANOVA and Tukey’s 
multiple comparisons comparing all cannabinoids to one another. n=4-10. Data 
intended to be published in Paper III. 
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The CBD molecule is likely optimal for Kv7.4 activation 

Whilst we have identified changes to the CBD molecular structure that would 

allow discrimination between Kv7.1/KCNE1 versus Kv7.2/Kv7.3 and Kv7.4, 

we did not see ligands that could discriminate between Kv7.2/Kv7.3 versus 

Kv7.4. We speculate that this was caused by the greater similarity of 

Kv7.2/Kv7.3 and Kv7.4 pockets due to greater sequence conservation 

compared to Kv7.1/KCNE1. To investigate in more detail which moieties are 

causal for the effect we have seen in activated channels, we synthesized 

semisynthetic CBD-derivatives so as to deliberately change specific 

moieties. First, we attempted to replicate our findings on phytocannabinoids 

in Xenopus laevis oocytes for Kv7.4. We found that the observed GMax effects 

for 30 µM are qualitatively largely congruent with our findings in the CHO cell 

line: CBD > CBD-C7 > CBD-C3 > CBND > CBN > THC with the exception 

being CBD-C3, which is activatory in oocytes but inhibitory in the CHO-cell 

line (Figure 18). 

 

Next, we tested semi-synthetic cannabinoids by changing specific moieties 

in the CBD structure. We found that hydroxylating the alkyl-tail did not 

improve the Kv7.4 GMax effects: CBD > CBD-OHC2 > CBD-C4-OH, which is 

compatible with our previous finding of there being a goldilocks zone for 

alkyl-chain length for Kv7.4 activation (Figure 19). Further, to test the 

relevance of hydrogen bond formation of CBD’s hydroxy groups with the 

Kv7.4 channel for ΔGMax, we altered one of the hydroxy groups.  Firstly, by 

removing one hydroxy group (desoxy-CBD), we also removed most of the 

Kv7.4 GMax increase (+27 ± 7%). This indicates that hydrogen bond 

formation of both hydroxy groups was critical for achieving most of the CBD 

GMax activatory effect in Kv7.4. By replacing the OH-group with a weaker 

hydrogen bonding partner, a fluor atom, we tried to determine whether the 

GMax effect would decrease with the strength of the hydrogen bond. 

Surprisingly, the resultant ligand desoxy-CBD-F showed weak GMax inhibition 

(−9 ± 3%), possibly indicating that not only hydrogen bonding but also the 

specific geometry of -OH hydrogen bond formation plays a role in GMax 

activation. Lastly, by putting a methylene group between the hydroxy-group 

and the aromatic ring of CBD, we synthesized with CBD-CH2-OH a 

semisynthetic cannabinoid with no effect on GMax, indicating that the 

distances between hydrogen bonds formed CBD’s hydroxy groups are also 

critical for GMax activation. In conclusion, our data suggests that both alkyl-

chain interactions and hydrogen bond interactions are already well optimized 

in CBD for Kv7.4. 
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Figure 18: Phytocannabinoids do not achieve the same augmentation as CBD. 
Phytocannabinoid effects are quantified in terms of % change of maximum 
conductance. Skeletal formulae of phytocannabinoids are shown; differences 
between these cannabinoids and CBD are highlighted in red. Channels were 
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expressed in Xenopus laevis oocytes and recorded via TEVC. Data were tested using 
Student’s t-test compared to 0. n=4-8. Data are unpublished. 
 

 
In summary, using phytocannabinoids and various modifications of the CBD 

structure, we identified alkyl-chain length and chirality as being determinative 

for selectivity between the inhibited Kv7.1/KCNE1 and activated Kv7.2/Kv7.3 

and Kv7.4 channels. More in-detail modification of CBD yielded structures 

that could not activate Kv7.4 to greater or equal extend of CBD, indicating 

that CBD’s structure might already be well optimized for Kv7.4 activation. 
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Figure 19: Semi-synthetic cannabinoids do not achieve the same Kv7.4 augmentation 
as CBD. Semi-synthetic cannabinoid effects are quantified in terms of % change of 
maximum conductance. Skeletal formulae of semi-synthetic cannabinoids are shown; 
differences between these cannabinoids and CBD are highlighted in red. Channels 
were expressed in Xenopus laevis oocytes and recorded via TEVC. Data was tested 
using Student’s t-test compared to 0. n=5-8. Data is unpublished. 
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Discussion 
Overall aim of this work was to study how phytocannabinoids affect subtypes 

of the Kv7 channel family (Aim I); through which interactions with channel 

amino acid these effects arise from (Aim II); and ligand moieties responsible 

for these effects (Aim III).  

 

Aim I: Description of phytocannabinoid effects in Kv7 

channels 

We described how CBD’s effects on Kv7 channels could be broadly 

categorized into three categories based on effects on GMax and V50: 

augmentation (Kv7.4, Kv7.5, Kv7.4/Kv7.5), potentiation (Kv7.2, Kv7.3, 

Kv7.2/Kv7.3), and inhibition (Kv7.1, Kv7.1/KCNE1). These categories 

observed for channel subtypes also broadly hold for other phytocannabinoid 

effects for channels in each subcategory. Effective phytocannabinoids 

augment the Kv7.4 channel, potentiate the Kv7.2/Kv7.3 channel and inhibit 

the Kv7.1/KCNE1 channel. A notable exception is THC in Kv7.2/Kv7.3 which 

does not shift V50 to more hyperpolarizing potentials but shifts V50 to more 

depolarizing, excitatory potentials. 

 

An important question to consider is whether the phytocannabinoid effects 

observed in this thesis are of clinical relevance. Ghovanloo and colleagues 

argued based on behavioral studies in rats and mice that efficacious plasma 

concentration levels of CBD may range from 6.8 – 8.3 µM (Ghovanloo et al., 

2018). We have argued in Paper I based on human clinical trial data for 

Dravet-syndrome epilepsy that a subset of patients had plasma 

concentrations exceeding 1 µM CBD (Devinsky et al., 2018), and that 

patients might even have greater CBD concentration levels in neuronal 

tissue through lipophilic accumulation of CBD (Deiana et al., 2012).  CBD 

inhibited Kv7.1/KCNE1 with an IC50 of 14 µM (Paper I) in frog oocytes and 

2.38 µM in the mammalian cell line (Paper III). The latter would suggest that 

CBD inhibition of Kv7.1/KCNE1 could occur within humans in a clinical 

dosing regimen. However, adverse cardiac events have not been observed 

as drug-related side effects in clinical studies (Abdalla et al., 2026; Devinsky 

et al., 2018; Thiele et al., 2021; Thiele et al., 2018).  

 

Nonetheless, cardiac and cardiomyocyte studies of different species (dog 

(Topal et al., 2021), rabbit (Isaev et al., 2022; Le Marois et al., 2020; Topal 
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et al., 2021), guinea pig (Orvos et al., 2020), rat (Ali et al., 2015) have 

reported inconsistent action potential changes through CBD application.  

Whilst pharmacological inhibition of human cardiac ion channels has been 

reported by Le Marois and colleagues (Le Marois et al., 2020), (Nav1.5, 

Cav1.2, Kv11.1, Kv4.3, Kv7.1/KCNE1), as of the time of writing, no studies 

on how CBD affects the action potential shape of human iPSC-derived 

cardiomyocytes have been reported. Given CBD’s pharmacological 

promiscuity and divergent outcomes on cardiac action potential length 

depending on species and concentrations, an investigation on human iPSC 

cardiomyocytes would be necessary to elucidate CBD’s overall effect on the 

human cardiac action potential at clinically relevant concentration levels. Like 

for CBD, no serious adverse cardiac-related events for THC have been 

observed in clinical studies (Ahmed et al., 2014; Jicha et al., 2015; 

Mohammad Aghaei et al., 2024). However acute increased heart rate is a 

known side effect of THC (Jicha et al., 2015; Mohammad Aghaei et al., 

2024), and cannabis smoking is associated with an increased risk of atrial 

fibrillation (Lin et al., 2022; Mahmoud et al., 2026).  

 

Activation of Kv7.2/Kv7.3 could provide a clear causative mechanism of 

CBD’s antiseizure action (Zhang et al., 2022). We found an EC50 of 1.6 µM 

for Kv7.2/Kv7.3 expressed in the mammalian cell lines (Paper III), and EC50 

of 3 µM and 7 µM for the Kv7.2 and Kv7.3 homotetramers respectively 

expressed in frog oocytes (Paper I). This stands in contrast with the reported 

EC50 of 214 nM for Kv7.2/Kv7.3 by Zhang and colleagues (Zhang et al., 

2022) but could be explained by their more extensive attempts at removing 

lipophilic materials, which could bind CBD, from their measurement set-up. 

This uncertainty of CBD-binding to lipophilic materials in measurement 

setups could systemically underestimate potencies for channels tested in 

other studies. Alongside with the uncertainty of the effective concentration 

in-vivo, the large of number of known targets (Nav, Cav, Kv and TRP 

channels, see Introduction), and uncertainty regarding measured potency 

values, identification of one dominant or multiple antiseizure mechanisms 

remains difficult. Another intriguing aspect of Kv7.2/Kv7.3 modulation by 

phytocannabinoids is our finding of Kv7.2/Kv7.3 inhibition by THC, which as 

we discussed in more detail in Paper III, could serve as an explanation for 

THC’s well documented anxiogenic effects (Sharpe et al., 2020).  

 

Of the tested minor phytocannabinoids, CBD-C3 (also known as 

cannabidivarin) has been shown to have antiseizure effects in rat models 
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(Stone et al., 2020). CBD-C3 showed small activatory effects on Kv7.2/Kv7.3 

and even small inhibitory effects in Kv7.4 (in our mammalian cell data), 

indicating that antiseizure effects could likely be mediated by other pathways, 

in part through the activation of TRPV1 (Iannotti et al., 2014; Stone et al., 

2020). 

 

Regarding Kv7.4, our data suggests that CBD could be a potential candidate 

drug to treat loss-of-function Kv7.4 variants (associated with DFNA2) and 

possibly treat age and noise-related hearing loss, which are associated with 

reduced Kv7.4 expression (Peixoto Pinheiro et al., 2022; Peixoto Pinheiro et 

al., 2021; Wu et al., 2020). However, little is currently known about the effect 

of phytocannabinoids on hearing. Zheng and colleagues found that 

combination of CBD/THC reversibly worsened trauma-induced tinnitus in 

rats, which could indicate that combined effects of CBD/THC do not 

counteract hyperexcitability in hearing (Zheng et al., 2015). 

 

Aim II: Identification of CBD and other phytocannabinoid 

binding sites in Kv7s 

We identified binding sites within the potentiated Kv7.2, augmented Kv7.4 

and inhibited Kv7.1 and Kv7.1/KCNE1 channels (Figure 20). We provided 

evidence that CBD and other phytocannabinoids are likely to bind to a S5-

S6 intrasubunit pocket in Kv7.1 (Site I). However, when KCNE1 is bound, 

this site is likely to close and another site at the interfaces between KCNE1 

and two Kv7.1 α-subunits becomes capable of receiving a CBD molecule 

(Site II). For the Kv7.2 channel, we identified a binding site at the PD subunit 

interface, overlapping with the RTG-binding pocket (Site II). The existence of 

this site was later affirmed by independent work from Ma and colleagues 

through mutagenesis work and a cryo-EM structure, showing two CBD 

molecules binding within the RTG-site (Site II, III), (Ma et al., 2023). For the 

Kv7.4 channel, we identified the RTG-binding site as the putative binding 

pocket, the analogous site in Kv7.2 (Site II). We investigated whether Kv7.4 

could harbor two CBD molecules like Kv7.2 by mutating Kv7.4 residues that 

were analogous to pocket-lining residues for the secondary CBD site in 

Kv7.2. Based on our data, we suggest that Kv7.4 could harbor a secondary 

CBD site like Kv7.2 (Site III).  
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Figure 20: Schematic of two Kv7 α-subunits with three binding locations of CBD 

highlighted in red (Site I), purple (Site II) and green (Site III) 

 

Kv7 channels possess three binding locations for CBD, and possibly also for 

other phytocannabinoids. Site I exists at an intrasubunit pocket of S5-S6 and 

exists in Kv7.1, however when KCNE1 is present, Site I becomes 

inaccessible by reducing the distance between S5 and S6. In Kv7.2 and 

Kv7.4, Site I is not present as space allotted by G272 and A336 in Kv7.1 is 

occupied by C/V and G respectively. Site II exists in Kv7.1/KCNE1, Kv7.2 

and Kv7.4 and conforms to the RTG binding site. Site II is inaccessible in 

Kv7.1 due to steric clashes with F335 and L266, but upon KCNE1 binding 

both residues undergo outward movement that then allow CBD binding. Site 

III is above the RTG-binding site and exists in Kv7.2 and likely in Kv7.4 but 

not in Kv7.1: residues important for CBD interactions in Kv7.2 such as W236 

(S5), T296 (S6) and F104 (S1), are distinct in Kv7.1, L266 (S5), C331 (S6) 

and L134 (S1). These important residues for Site III are conserved between 

Kv7.2 and Kv7.4, W242 (S5) and F110 (S1), but not G302 (S6). Interestingly, 

while T296 in Kv7.2 (G302 in Kv7.4) shows to engage in hydrogen bond 

formation in Ma and colleagues’ structure (Ma et al., 2023), their 

mutagenesis work for Kv7.2 (like our work for Kv7.4) showed no significant 

differences between WT and mutant effects. 

 

CBD binding to Sites I and II gives rise to inhibition in Kv7.1 and 

Kv7.1/KCNE1. Residues in and around Site I in Kv7.1 have been implicated 

I

II

III
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in the modulation of Kv7.1 by other ligands, such as inhibition by quinidine 

and L-7 (Yang et al., 2013), and activation by R-L3 (Seebohm et al., 2003). 

The regulatory complexity can be further seen in how ML277 binding in Kv7.1 

spans Site I and Site II (without KCNE1) and enhances electromechanical 

coupling (Chen et al., 2022; Ma et al., 2022). The precise mechanism as to 

how CBD can inhibit Kv7.1 and Kv7.1/KCNE1 through these sites remains 

elusive, however binding locations and observed effects (reduction in GMax 

and shift of V50) would suggest that inhibition is at least in part carried through 

interference in the electromechanical coupling of the channels rather through 

action on the pore directly. Sites II and III give rise to both augmentation in 

Kv7.4 and potentiation in Kv7.2, which appears peculiar given the high 

conservation between the channels. For potentiation, the mechanism behind 

the V50-shifting through RTG, which also binds in Site II, lends itself as a 

possible explanation: despite binding at the pore, RTG exerts its effects 

upstream by increasing the mobility of the VSD (X. Li et al., 2021). 

 

Augmentation arises possibly as a phenomenon in addition to but not instead 

of potentiation. Evidence for this is that mutations in Site I (see Paper I: 

W242L) and Site II (G302T, data not shown) show potentiation as an add-on 

effect. A possible mechanism could relate to the differences in how PIP2 

interacts with augmented and potentiated channels, and how these 

interactions might be influenced by CBD. Whilst there is no difference in PIP2 

potency for Kv7.2 and Kv7.4 channels (Li et al., 2005), Kv7.4 is more 

susceptible to muscarinic PIP2-depletion compared to Kv7.2/Kv7.3 

(Hernandez et al., 2009). Structurally, two PIP2-binding sites have been 

resolved in Kv7.4: one site interacting with S3, S4 and the S4-S5 linker, the 

second site at the VSD-PD interface bridging S4 and S5 of two α-subunits 

(Zheng et al., 2022). Interestingly, only the second PIP2 site has been 

resolved thus far in Kv7.2 structures (Ma et al., 2023; Zhao et al., 2026), 

which could indicate that the first PIP2-site might be relevant to Kv7.4 

augmentation by CBD. Another possible mechanism could relate to the low 

maximal opening probability and unitary conductance of Kv7.4 compared to 

other Kv7 channels (Li et al., 2004). CBD forcing Kv7.4 channels to adopt a 

similar maximal opening probability and/or unitary conductance to other Kv7 

channels might explain the great increase in maximum channel conductance 

upon CBD binding. 
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Aim III: Molecular determinants of phytocannabinoid 

effects 

We have identified two structural features of the CBD-molecule that are 

determinative for affecting the Kv7.1/KCNE1 versus the Kv7.2/Kv7.3 and 

Kv7.4 channels: alkyl-chain length and chirality. Furthermore, we have tested 

natural and synthetic variations of the CBD ligand structure to determine 

which ligand changes Kv7.4 augmentation would tolerate. Yet, none of the 

modifications produced a ligand with an equally strong activating effect, 

indicating that CBD’s molecular structure is likely already optimal to bind 

within the Kv7.4 pockets. 

 

These findings, in addition to our findings in Aim II, highlight the differences 

between the Kv7.1/KCNE1 versus Kv7.2/Kv7.3 and Kv7.4 binding pockets. 

The Kv7.1/KCNE1 pocket has likely a more flexible geometry than 

Kv7.2/Kv7.3 and Kv7.4 as KCNE1 is part of its structure. A large number of 

Kv7.1 and KCNE1 mutations which can modulate Kv7.1/KCNE1 channel 

function without losing KCNE1-Kv7.1 binding have been described (Cui et 

al., 2025; Erlandsdotter et al., 2023; Li et al., 2014). The recently published 

structures of Kv7.1/KCNE1 required additional modifications to the channel 

(fusion or cysteine bridge mutations) for KCNE1 to be retained at its Kv7.1 

site, hinting at the transient nature of Kv7.1-KCNE1 binding (Cui et al., 2025; 

Zhong et al., 2025). Phytocannabinoid inhibition of Kv7.1/KCNE1 does not 

require the same hydrogen bond interactions as activation of Kv7.2/Kv7.3 

and Kv7.4: through cyclization of one of CBD’s two hydroxy groups to a 

heterocycle in THC, a hydrogen bond donor is lost. Despite this loss, THC 

remains a (less potent) inhibitor of Kv7.1/KCNE1, but activation in 

Kv7.2/Kv7.3 and Kv7.4 is lost. Whilst Kv7.4 activation is optimal for a 5-

carbon alkyl-tail and the (−)-enantiomer of CBD, the presence of two 

hydrogen bond donors in a specific geometry is critical for Kv7.4 activation, 

as seen in THC, CBD-CH2-OH, desoxy-CBD and desoxy-CBD-F. Therefore, 

further modifications to the phytocannabinoid structure would lend 

themselves towards the discovery of novel Kv7.1/KCNE1 inhibitors, rather 

than Kv7.2/Kv7.3 or Kv7.4 activators. 

 

The (+)-enantiomer of CBD could function as a starting molecule to develop 

novel selective Kv7.1/KCNE1 for pharmacological research. However, not 

unlike CBD, (+)-CBD is promiscuous and activates TRPV1 and inhibits the 

fatty acid amide hydrolase (FAAH) enzyme and anandamide membrane 
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transporter (AMT) with similar potency (Rao et al., 2025). Further, (+)-CBD 

unlike CBD acts on the CB1 and CB2 receptors in the high nanomolar range 

(842 nM and 203 nM, respectively), (Rao et al., 2025). Nonetheless, (+)-CBD 

and other enantiomers could be useful tools to disentangle CBD’s direct 

action on membrane proteins from indirect effects such as increasing 

membrane stiffness (Ghovanloo et al., 2021). 

 

Limitations 

While our work in oocytes and CHO-cell lines is qualitatively largely 

congruent, we observed differences for CBD-C3, which acts as an inhibitor 

for Kv7.4 in the CHO-cell line and as an activator for Kv7.4 expressed in 

Xenopus laevis oocytes. Firstly, the TEVC technique in oocytes retains 

native cytosolic molecules and pathways during measurements (Terhag et 

al., 2010), while these are more susceptible to wash-out through the 

intracellular solution in APC whole-cell patch clamping. Therefore, one could 

speculate that CBD-C3 could also act via other targets that may have 

downstream effects on the Kv7.4 channel, such as enzymes affecting PIP2 

concentrations. Secondly, lipid membrane composition between oocytes and 

CHO cells are unlikely to be similar, i.e. ligands partitioning into the 

membrane, and accessing the binding sites might be substantially different 

between both expression systems. Membrane composition could therefore 

also be explanatory for the quantitative differences we observe between 

CHO cells and oocytes. This might also be explanatory for other ligands, 

such as resin acids that show differences in potency between both systems 

(Ottosson et al., 2015). 

 

Another limitation is the interpretation of CBD mutagenesis data without 

supporting MD simulations. Whilst mutagenesis studies with other ligands 

usually decrease ligand efficacy or potency by eliminating critical interactions 

between the ligand and the channel (as seen in RTG), (Schenzer et al., 

2005), mutagenesis studies with CBD in our channels and also in other 

channels yield less clear results: some examples in our hands are the 

increase of augmentation when residues are mutated in Kv7.4 (Paper I) and 

the increase of CBD’s potency when Kv7.1 and KCNE1 residues were 

mutated (Paper II). In rat TRPV2, the CBD site is similarly located at the PD 

subunit interface of two α-subunits, S6’-S5-S6. However, mutation of that site 

resulted in increasing activation by CBD (Pumroy et al., 2019). CBD binds in 

the bacterial channel NavM structure inside the pore below the selectivity 
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filter, however a single-point mutation from threonine to alanine, did not 

remove CBD’s inhibitory effect on the channel completely (Sait et al., 2020). 

CBD’s resilience to mutagenesis of its binding sites could arise through 

reliance on lipophilic interactions rather than hydrogen bonding for binding. 

Hence, lack of effect after mutations does not necessarily indicate the 

absence of a phytocannabinoid from the site. 

 

Future perspectives 

In this work, we have limited ourselves to a number of phytocannabinoids 

that are structurally similar to CBD (see Introduction and Figure 21). Yet, a 

great number of phytocannabinoids with unique structural features could be 

further tested in conjunction with Kv7 channels. In particular, cannabigerol 

has been shown to have great target promiscuity (activation of the GPCR 

α2-adrenergic receptor, and inhibition of Nav1.8), suggesting that 

cannabigerol might also be able to bind Kv channels (Nachnani et al., 2021). 

In regard to structural insights, Kv7.4 and Kv7.1/KCNE1 cryo-EM structures 

have become recently available, validation of our proposed sites in these 

channels is a future possibility. Understanding which pathways are critical for 

the effect of CBD and promiscuous ligands like it, will continue to pose a 

challenge that likely can only be resolved through common frameworks of 

data collection such as the IUPHAR/BPS Guide to Pharmacology database 

(Harding et al., 2026). 

 

 
Figure 21: Structures of phytocannabinoid families not included within this thesis. 
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