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“Vor der Wirkung  

glaubt man an andere Ursachen  
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cyro-EM Cryogenic electron microscopy 
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Kv Voltage-gated potassium channels 

KvAP Voltage-gated potassium channels of Aeropyrum Pernic 
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M / Met Methionine 
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Abstract   

 

The regulation of electrical stimuli is a key element of cellular communication within all living 

organisms. Centre of this regulation are the membrane spanning ion channels, that allow ion 

currents essential for neuronal activity and electrical signal propagation through an organism. 

The mechanisms that underlie the opening or closing of their selective pores (gating) is very 

diverse and differs among the distinct ion channel families. This work investigates the gating 

control of potassium channels of the tandem of two-pore-domain (K2P) channel family with a 

special focus on the relation of structural properties and the regulation of channel activity by 

pharmacological and physiological stimuli.  

By screening all functional expressing mammalian K2P channels (12 in total), this work reveals 

that most K2P channels are regulated by negatively charged lipids, such as PIP2 and Oleoyl-

CoA. The response to those lipids, however, varied strongly within the K2P channel family. 

However, with few exceptions, similar effects were observed for members of the individual 

subgroups, with TREK, TALK and THIK channels being activated and TWIK, TASK and 

TRESK channels being inhibited by either one or both tested lipids. Outstanding were the 

results for THIK-1 as the polyanionic lipids were the first potent physiological activators 

identified for this subfamily. Furthermore, Oleoyl-CoA led to a very strong activation (>100-

fold) of TALK-2 channels, removing an intracellular constriction identified within this work. 

In addition, this study provides evidence, that PIP2 stabilizes the closed conformation of an 

intracellular gate found in TASK-1 and TASK-3 channels.  

To study the relation of these gating processes with the structural properties of the investigated 

K2P channels, compounds such as open channel blocker (i.e. TPA, A1899, AVE0118) as well 

as negatively charged activators (i.e. BL-1249, ML67-33, DCPIB) or registered drugs such as 

ONO-RS-082, 2-APB or Norfluoxetine were screened within this work. Additionally, 

mutagenetic analyses of gating critical residues as well as cysteine modifying MTS-reagents 

were deployed to study the involvement of the C-terminal domain in channel gating and to 

investigate the intracellular pore accessibility of K2P channels. Even though hypothesised in 

previous studies, here it is shown for the first time, that TREK-1 and TRAAK channels are 

activated by the engagement of the C-terminal domain with the lipid bilayer. Further, it is shown 

that TALK-2 and TRESK channels comprise a state dependent pore accessibility, suggesting 

that these channels possess a lower cytoplasmatic gate, similar to the recently discovered 

intracellular gates in TASK-1 and TASK-2 channels.  
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Finally, this work presents a novel classification of K2P channels upon their gating regulation. 

It includes K2P channels possessing a lower intracellular gate and an upper voltage-gate at the 

selectivity filter (i.e. TASK-1, TASK-2, TASK-3, TALK-2, TRESK) and K2P channels that 

are strictly gated at the selectivity filter (i.e. TREK-1, TREK-2, TRAAK and TWIK-1). 
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Zusammenfassung 

 

Die Regulation elektrischer Signale bildet das Schlüsselelement zellulärer Kommunikation in 

allen lebenden Organismen. Zentrum dieser Regulation sind in die Membran eingebettete 

Ionenkanäle. Diese erlauben die Regulation von Ionenströmen über die Membran und sind 

essentiell für die neuronale Aktivität und die Weiterleitung elektrischer Signale durch den 

Organismus. Die Mechanismen, welche dem Öffnen oder Schließen der ionenselectiven Pore 

(‘gating’) zugrunde liegen sind divers und unterscheiden sich stark innerhalb der verschiedenen 

Ionenkanalfamilien. Diese Arbeit erforscht die ‘gating’ Kontrolle der K2P Kanalfamilie und 

legt einen besonderen Fokus auf den Zusammenhang zwischen der Proteinstruktur und der 

Regulation der Kanalaktivität durch pharmakologische und physiologische Stimuli.  

In dieser Arbeit wurde die Wirksamkeit der negative geladenen Lipide PIP2 und Oleoyl-CoA 

für alle funktionell exprimierenden K2P Kanäle (insgesamt 12) getestet. Die Wirkung war dabei 

sehr unterschiedlich innerhalb der K2P Kanalfamilien, jedoch konnten ähnliche Effekte für die 

Mitglieder der einzelnen Subfamilien beobachtet werden. Dabei wurden TREK, TALK und 

THIK Kanäle durch die polyanionischen Lipide aktiviert, wohingegen TWIK, TASK und 

TRESK Kanäle inhibiert wurden. Besonders interessant war dabei, die PIP2 und Oleoyl-CoA 

Aktivierung des im Gehirn exprimierten THIK-1 Kanals, da diese Aktivierung einen bisher 

unbekannten Regulationsmechanismus innerhalb dieser Kanalsubfamilie darstellt. Weiter 

konnte gezeigt werde, dass TALK-2 Kanäle ebenfalls sehr wirksam durch Oleoyl-CoA aktiviert 

werden (> 100-fach) und dabei ein in dieser Arbeit identifizierts, intrazelluläres ‚Gate‘ geöffnet 

wird. Umgekehrt konnte gezeigt werde, dass PIP2, die geschlossene Konformation eines 

intrazellulären ‚Gates‘ in TASK-1 und TASK-3 Kanälen stabilisiert. 

Um weiter die Verbindung von ‘gating’ Prozessen mit den strukturellen Eigenschaften der K2P 

Kanäle zu erforschen, wurden verschiedene chemische Stoffe, wie Kanalblocker (z.B. TPA, 

A1899, AVE0118) sowie die Klasse der negative geladenen Aktivatoren (z.B. BL1249, ML67-

33, DCPIB) oder registrierte Medikamente wie ONO-RS-082, 2-APB oder Norfluoxetine in 

dieser Arbeit getestet. Zusätzlich wurden mutagenetische Analysen ‘gating’-relevanter 

Aminosäuren durchgeführt. Außerdem wurden Cystein modifizierende MTS-Reagenzien 

eingesetzt, um die Beteiligung der C-terminalen Domaine an der Schaltung des Kanals, sowie 

die Zugänglichkeit der intrazellulären Kanalpore zu erforschen.  

Im Zuge dessen konnte hier zum ersten Mal experimentell gezeigt werden, dass TREK-1 und 

TRAAK Kanäle durch das verankern der C-terminalen Domaine an die Lipiddoppelschicht 
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geöffnet werden. Außerdem konnte gezeigt werden, dass die Poren der TALK-2 und TRESK 

Kanäle in Abhängigkeit ihrer Kanalaktivität zugänglich sind, was auf die Anwesenheit eines 

intrazellulären ‘Gates’ hindeutet. Ähnliche ‘Gates‘ wurden für TASK-1 und TASK-2 Kanäle 

kürzlich beschrieben. Anhand der hier gemachten Beobachtungen und bereits bestehenden 

Veröffentlichungen wurde eine neue Klassifizierung der K2P Kanäle erstellt, bei welcher die 

Mitglieder der K2P Familie in zwei Kategorien geteilt wurden. Die erste Gruppe wird 

ausschließlich am Selektivitätsfilter geschaltet, während die zweite Gruppe ein oberes 

‚Selektivitätsfiltergate‘ und ein unteres intrazelluläres ‚Gate‘, besitzt. 

Zusammenfassend hebt diese Arbeit die polymodale Regulation der K2P Kanäle hervor und 

präsentiert außerdem eine neue Klassifizierung der K2P Kanäle anhand ihrer strukturellen 

Schaltmechanismen.  
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1. Introduction 

 

The communication by electrical activity of cells among each other is a basic property of living 

organisms. The membrane spanning ion channels represent the key element of this sophisticated 

cross-talk by the tight regulation of ion fluxes across the membrane. The resulting ion currents 

are essential for neuronal activity and allow the propagation of electrical signals through the 

hole organism (Hille 2001). In plants, they are essential for cell growth and control the cellular 

response to external stimuli, such as light, humidity or temperature (Hedrich 2012). In humans, 

their functionality is i.e. coupled to the proper coordination of muscles and neuronal activities, 

but also modulate a large number of key processes and signal transductions in all kinds of cells 

(Hille 2001). Thus, they enable us to move, think and feel.  

Among the very diverse spectrum of ion channels, the potassium (K+) selective channels are 

the largest group of ion channels and are found in all kinds of eukaryotic, eubacterial and 

archaeal organisms (Miller 2000). Thereby, K+ channels share the common property of 

selectivity for K+ over the smaller Na+ ions. However, the regulation mechanisms that underly 

the opening or closing of their selective pores (gating) is very diverse and differs among the 

members of this ion channel family (Doyle et al. 1998). Upon their transmembrane topology, 

there are two broad classes of K+ channels, the six-transmembrane-helix voltage gated (Kv) 

channels and the two-transmembrane-helix inward-rectifier (Kir). However, several variations 

within this architecture contribute to a large diversity within this family. For example, the Ca2+-

activated K+ channels share a large similarity with the Kv subtype, but possess an additional 

transmembrane segment near the amino (N) terminus of the primary sequence. Furthermore, 

the two-pore potassium (K2P) channels consist of two tandem pairs of K+ channel sequences, 

that are mainly formed by two Kir-type sequences (Lesage, Guillemare, et al. 1996; Miller 

2000). The letter, are in the centre of the present work, with a focus on the regulation of their 

gating mechanisms by pharmacological and physiological stimuli. 

 

1.1 Members of the K2P channel family 

 

Two pore domain potassium (K2P) channels are a widespread channel superfamily found in 

animals and plants. In mammals, they play an important role in cellular excitability, signalling 
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pathways and the transduction of external stimuli (Enyedi and Czirják 2010; González et al. 

2012, 2015; Renigunta, Schlichthörl, and Daut 2015). 

In 1996, TWIK-1 (tandem of pore domains in a weak inward rectifying K+ channel) was the 

first two-pore domain potassium channel to be discovered within the human genome (Lesage, 

Guillemare, et al. 1996). Since then 14 further genes were identified to encode for this class of 

ion channels (Ashmole, Goodwin, and Stanfield 2001; Chavez et al. 1999; Decher et al. 2001; 

Duprat et al. 1997; Fink et al. 1996; Girard et al. 2001; Kim, Bang, and Kim 2000; Kim and 

Gnatenco 2001; Lesage, Terrenoire, et al. 2000; Lesage, Maingret, and Lazdunski 2000; Rajan 

et al. 2000, 2001; Reyes et al. 1998; Salinas et al. 1999; Sano et al. 2003). As their family name 

suggests, characteristically, all 15 members share a similar molecular topology (that will be 

discussed in more detail in section 1.2) of four transmembrane domains (TM1 to TM4) and 2 

pore loops (P1 and P2) in tandem (Figure 1). On the basis of their sequential similarities and 

functional properties homomeric K2P channels were further divided into 6 subfamilies, namely 

TWIK, TREK, TASK, TALK, THIK and TRESK (Figure 1 A) (Gada and Plant 2019; Honoré 

2007).  

 

Figure 1 – The Two pore domain potassium channel family. Phylogenetic tree of the two pore 

domain potassium (K2P) channel family in humans (based on ClustalW alignments of the IUPHAR 

accession numbers for each clone (Enyedi and Czirják 2010)) and a following description of their trivial 

name, gene name and their division into subfamilies by shared properties. On the right, the topology 

model of the K2P channels depicts the relatively short N-terminal domain (N) that is connected from the 

cytosol to the first (TM1) of the four membrane spanning domains (TM1 to TM4). TM1 and TM2, as well 

as TM3 and TM4 are connected by a pore loop (P1 and P2, respectively) that form the tetrameric 

selectivity filter of the ion channel upon dimerization (lower figure). TM2 and TM3 are connected by an 
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intracellular linker. The C-terminal domain looms deep into the cytosol. The cap structure is built by the 

ascending and descending P1 areas arising into the cytosol.  

 

Additionally, several heterodimers in- and outside of their subgroups were identified by 

biomolecular methods in in vitro experiments, but were also found in mammalian tissue, shown 

in the following table: 

 

Table 1 – Heteromeric K2P channels 

Monomers Method used for identification Reference 

TREK-1 / TREK-2 

Single molecule pull down (SiMPull), 

photobleaching analysis of GFP tagged 

channels, electrophysiology with con-

catemers. 

(Levitz et al. 2016) 

TREK-1 / TRAAK 

SiMPull, photobleaching analysis of GFP 

tagged channels, Co-immunoprecipitation 

CO-IP, electrophysiology (ephys) with 

concatemers, Co-expression with 

dominant negative TRAAK. 

(Blin et al. 2016; Levitz et al. 

2016) 

TASK-1 / TALK-2 

Single molecular imaging (pancreatic 

QGP-1 cell line), BiFC, (HEK293 cells), 

FRET, ephys (co-expression of dominant-

negative TALK-2 and TASK-1 and 

concatemers. 

(Suzuki et al. 2017) 

TWIK-1 / TREK-1 

Co-IP, BiFC, membrane yeast two-hybrid, 

proximity ligation assay, ephys (co-

expression in astrocytes). 

(Hwang et al. 2014) 

TWIK-1 / TREK-2 Co-IP. (Hwang et al. 2014) 

TWIK-1 / TRAAK Co-IP. (Hwang et al. 2014) 

TWIK-1 / TASK-1 (-3) 
FRET, (cerebellar granule neurons, CHO 

cells) ephys (co expression). 
(Gada and Plant 2019) 

THIK-1 / THIK-2 

FRET, proximity ligation assay, ephys 

(Co-expression, Single channel 

recordings concatemers), (MDCK cells, 

Xenopus laevis oocytes. 

(Blin et al. 2014) 

TASK-1 / TASK-3  
Co-IP, ephys (concatemers, co-

expression dominant negative TASK-1), 

(Berg et al. 2004; Czirják and 

Enyedi 2002) 
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(HEK293 cells, rat brain slices – 

hypoglossal motoneurons) 

TRESK / TREK-2 

Ephys (concatemers, co-expression, 

single channel recorings), HEK293 cells, 

Xenopus laevis oocytes, trigeminal 

ganglion (TG) neurons 

(Lengyel et al. 2020) 

TRESK / TREK-1 

SiMPull, ephys (concatemers, co-

expression, dominant negative TRESK) 

Xenopus laevis Oocytes, TG neurons 

(Royal et al. 2019) 

SiMPull: Single molecule pull down, Co-IP: Co-immunoprecipitation, Ephys: Electrophysiological, TG: trigeminal ganglion, FRET: 

Fluorescence resonance energy transfer BiFC: bimolecular fluorescence complementation, GFP: green fluorescent protein.  

 

1.2 Structure and gating mechanisms of K2P channels 
 

K2P channels consist of two homo- or heteromeric subunits. Each of them provides a relatively 

short cytosolic N-terminal domain (N-term) that is connected to the first of the four membrane 

spanning domains (TM1 to TM4). TM1 and TM2, as well as TM3 and TM4 are each connected 

by a pore loop (P1 and P2, respectively) that form the tetrameric selectivity filter of the ion 

channel upon dimerization (Lesage, Reyes, et al. 1996; Lopes, Zilberberg, and Goldstein 2001). 

In contrast to tetrameric potassium channels, like Kv or Kir channels, those pore loops are not 

identical, thus forming an asymmetric selectivity filter (see section 1.2.1). Characteristically, 

the P1 loop is larger than the second 

P2 loop, as depicted in the topology 

model in figure 1. This about 55 

amino acid long extension into the 

extracellular room forms another 

characteristic structure found in K2P 

channels, the cap structure. This 

structure is built by the two helices 

E1 and E2 (of each monomer) from 

the anterior ascending and 

descending area in P1 that arise into 

the extracellular matrix (Figure 2). 

Most of the K2P channels possess a 

conserved cysteine at the apex of 

Figure 2 – Structure of K2P channels on the example 

of TREK-2 K2P channels (PDB Entry: 4BW5). A) 

Cartoon view, depicting cap helices E1 and E2, 

Transmembrane domains TM1-TM4, N- and C-terminal 

domains and the selectivity filter (SF). B) surface view, 

showing the two-sided extracellular entrance of the 

potassium pathway.     
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their cap structure that forms a covalent bond between each subunit, thereby holding the 

monomers in place. However, members of the TASK, THIK and TRESK subfamily do not 

inherit this bonding cysteine but share a hydrophobic core region, that is constituted of highly 

conserved residues at the two monomers within the K2P channel family (Brohawn, del Mármol, 

and MacKinnon 2012; Miller and Long 2012). Furthermore, it was shown that the two helices 

are interacting in a coiled-coil conformation, where the E1 and E2 of each subunits are crossed, 

so that E1 interacts with E2 of the other monomer, also referred as domain swapping (Goldstein 

et al. 2016). Even though, the cap structure that extends about 35 Å above the membrane 

represents a very characteristic feature among the K2P channel family, little is known about its 

function. However, early on the discovery of this channel class, it was observed that K2P 

channels show resistance to extracellularly applied blockers, such as tetraetylammonium (TEA) 

that were used to block Kv channels right above the extracellular mouth of the SF. This suggest 

a protective function from extracellular molecules blocking the ion pathway. Due to the cap, 

this pathway is split into two funnels that join right before the SF. Thereby, several residues 

that cover the wall of each pathway are negatively charged as well as two residues at the C-

terminal end of E2. Those residues are positioned right above the SF, causing an increase of the 

local potassium concentration right over the selective pore (Brohawn et al. 2012; Miller and 

Long 2012). The following TM2 and TM3 are connected by an intracellular linker and the long 

C-terminal domain adjacent to TM4 looms deep into the cytosol. Figure 2 resumes the discussed 

structures on the example of the TREK-2 crystal structure (PDB Enrty: 4BW5), however, it is 

noteworthy that the C-terminal domain was truncated for crystallisation. In the following 

sections, gating mechanisms arising from the different structures found in K2P channels are 

discussed in more detail.  

 

1.2.1 Ion selectivity and filter gating of K2P channels 

 

The bacterial channels KcsA, MthK and KvAP as well as the mammalian Kv, Kir or K2P 

channels all conduct selectively potassium ions from one side to the other side of the membrane. 

Crystallographic studies suggest a highly conserved mechanism for ion selectivity and gating 

mechanisms for all K+ channels (Doyle et al. 1998). Thereby, potassium channel activity is 

thought to be regulated at two conserved gates. A lower intracellular ‘helix bundle crossing’ 

gate that regulates the accessibility of potassium ions to a second selectivity filter gate (C-type 

gating) that resides within the membrane, close to the extracellular side. Some Kv channels 
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possess a third gating mechanism, referred as N-type inactivation, were an accessory peptide as 

part of the N-terminal domain of the ion channel is employed to auto-inhibit the ion current by 

clogging the inner pore cavity (Hoshi, Zagotta, and Aldrich 1990; Yellen 2002). However, to 

understand ion selectivity, the extreme favourable interaction of K+ ions (and other positively 

charged ions) with water has to be considered. In the vicinity of K+ ions water molecules 

reorient with their negatively charged end facing towards the positively charged ion.  

Instead of a narrow pore through the full thickness of the plasma membrane, the general 

architecture of K+ channels is characterized by a large pore that is accessible from the 

intracellular side and allows the access of water and hydrated K+ ions into the permeation 

pathway. Furthermore, K+ channels possess four pore helices, which all represent dipoles due 

to the dipole alignment of their hydrogen bonds. Due to the orientation of the negative pole 

pointing to the core of the intracellular cavity, ions within the cavity are electrostatically 

stabilized near the narrow SF (Doyle et al. 1998; Roux and MacKinnon 1999; Zhou et al. 2001). 

The SF of ion channels comprises a series of polar oxygen atoms that mimic the hydrogen cage 

of an ion surrounded by water. Thereby, the size of this assembly is highly critical to the 

selectivity of the channel. In potassium channels it adopts exactly the structure that is built by 

the water molecules surrounding a K+ ion. Thus, each K+ ion within the selectivity filter is 

coordinated (as in water) by two groups of four oxygen atoms that origin from the backbone 

carbonyl oxygen atoms of the 4 pore loops of the assembled protein subunits (P1 and P2 in each 

dimer of K2P channels). In accordance, in sodium selective channels the filter adopts the more 

compact structure that is found surround Na+ ions. Once within the selectivity filter, K+ ions 

line behind each other with a space of about 7 Å at the canonical positions S1 – S4. The mutual 

electrostatic repulsion between each K+ ion leads to a destabilisation of the ions within the 

selective pore, thus preventing an overly tight binding that would slow ion permeation (Doyle 

et al. 1998; Morais-Cabral, Zhou, and MacKinnon 2001; Zhou et al. 2001). The pore helices as 

well as the residues of the SF are conserved among the tetrameric K+ channels with canonical 

signature residues TXGYGDX (X refers as space holder for any amino acid). The dehydrated 

K+ ions are thereby (as already said) coordinated by the carbonyl oxygen atoms of the residues 

as well as the side chain of the threonine. The second glycine of the pore motifs are oriented in 

a ring, where the carbonyl oxygens are pointing towards the extracellular solution. This highly 

electronegative ring attracts K+ ions and therefore assists in dehydration (or hydration) of K+ 

ions at the extracellular entry of the SF (Zhou et al. 2001). Thereby, all pore domains of the 

tetramers are identical and very sensitive to mutational changes (Doyle et al. 1998). By contrast, 
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the dimeric K2P channels comprise 2 pore domains per subunit, that possibly differ in their SF 

sequence.  

 

Figure 3 – Selectivity Filter in TWIK-1 K2P channels and Kv1.2 channels (Miller and Long 2012). 

‘A – C) Conformation of amino acids comprising the selectivity filter from P domain 1 (A) and P 

domain 2 (B) compared with the selectivity filter of Kv1.2 (C) (PDB ID 2R9R). Two subunits are shown 

from the side, with the extracellular solution located above. The filter sequence is labeled in single-letter 

amino acid code (D, Asp; G, Gly; H, His; I, Ile; L, Leu; T, Thr; V, Val; Y, Tyr). Amino acids are drawn as 

colored sticks (yellow, carbon; blue, nitrogen; red, oxygen; and green, sulfur), and K+ ions are depicted 

as green spheres […]’ (Figure 3, A, B, C) (Miller and Long 2012). 

 

The SF motif in K2P channels therefore shows greater variation and possesses only two 

conserved residues (TXGXXX). The threonine, however is conserved in P1 and P2 suggesting 

a crucial role for K2P channel gating. At the second position in P1 and P2 is usually an 

isoleucine or valine found. Only the TWIK-1 channel possesses a threonine at this site, which 

might play a role for Na+ conductance of TWIK-1 channels under low K+ concentrations (Ma, 

Zhang, and Chen 2011). The following residues are GYG and GFG in P1 and P2, respectively. 

Only TWIK channel differ again, possessing a leucine instead of the phenylalanine in P2. The 

non-conductive K2P channel TWIK-3 (KCNK7) even replaces the second G of the P2 motif by 

a glutamate, which might be the origin of its non-functionality (Salinas et al. 1999). However, 

the final position in P2 is conserved again (aspartic acid, D) among all K2P channels. The 

interaction of this D with the Y in P1 of the neighbouring subunit was shown to be crucial for 

ion selectivity and conductance (Chapman, Krovetz, and VanDongen 2001). In P1, the last 

position differs among the K2P channel family. While TREK/TRAAK and TALK channels 

possess an asparagine at this position, TASK channels as well as TWIK-1 bear a histidine. 

Notably, this histidine comprises the extracellular proton sensor of these channels, thus 

protonation of the histidine lead to a conformational change of the selectivity filter into a non-

conductive state (Morton et al. 2003; Plant et al. 2012; Rajan et al. 2000).  
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Due to the lack of an intracellular gate in TREK channels, the SF gate was proposed as primary 

gate in K2P channels (Piechotta et al. 2011; Rapedius et al. 2012). It was hypothesised that the 

voltage sensitivity of the channels originates from the movement of three to four ions into the 

electric field of an inactive SF, resulting in a conformational change that allows ion conductance 

(Schewe et al. 2016). This mechanism is tightly coupled to the electrochemical potential. Upon 

all voltages negative to the reversal potential the SF is ion-depleted and therefore inactive. At 

voltages positive to the reversal potential an increasing fraction of the ion channels adopt the 

inactive, but now ion occupied state. This ion occupied state rapidly converts into the active 

outwardly permeating state. Upon inversion of the driving force, the SF only transiently 

conducts currents as this state is not stable due to a distinct SF occupancy, and finally adopts 

the initial, structurally distinct, ion depleted and inactive state. This model of a check valve 

system allows an ion flux only in the outward direction and prevents ion conduction to the 

intracellular site.  

 

Figure 4 – Model of voltage gating in K2P channels (Schewe et al. 2016). ‘[…] A) Illustration of the 

electrochemical driving force (i.e., Δµ = Vm  Erev.) dependence of K2P gating with a positive Δµ, leading 

to activation but inactivation for a negative Δµ. B) Cartoon of the proposed mechanism of flux coupled 

gating depicting that for a negative Δµ (i.e., all voltages negative to the Erev.) the filter is ion-depleted 

and inactive (SFion-depleted). For voltages positive to Erev., the channels start to activate as an 

increasing fraction of the channels populate the inactive but now ion occupied state (SFion-occupied) 

that rapidly converts into the active outwardly permeating state (SFions-outward). Upon inversion of the 

driving force (i.e., for potentials negative to the Erev.), the SF only transiently conducts inward currents 

as this state is not stable (SFions-inward) and finally adopts the initial, structurally distinct, iondepleted, 

and inactive state (SFion-depleted)‘ (Figure 6, E, F, letters exchanged for A, B, description S1-S4 was 

added) (Schewe et al. 2016). 

 

Thereby, mutation of the SF motif threonine (TXGXXX) that presents the S4 binding site for 

K+ ions, leads to a reduction of the ion occupancy at the S1 and S4 site of the selectivity filter, 

resulting in a loss of voltage gating.  

S1 

S4 
S3 
S2 
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Figure 5 – Selectivity Filter occupancy in TRAAK K2P channel (Schewe et al. 2016). ‘[…] A-B) MD 

simulations performed on TRAAK show relative ion occupancies for the ion binding sites S1–S4 (A) and 

their change (B) upon mutation of either one (single T103C) or both positions (double T103C), leading 

to a loss of binding to S1 and S4‘ (Figure 2 G, H, letters exchanged for A, B) (Schewe et al. 2016). 

 

By contrast, replacement of K+ by Rb+ or Cs+ ions increase the ion occupancy at the S1, S3 and 

S4 sites, and thus, accelerate voltage dependence of the channels. This becomes visible by the 

voltage dependent increase of the tail current amplitudes that are reflecting the slope of a rising 

Po, depicted in figure 6. Also shown in figure 6 (C), this increase of ion occupancy observed in 

MD simulations, is reflected by a competition of the QA ion TPA and Rb+ ions for the same 

(S4 – threonine) binding site.  

 

Figure 6 – Ion-Flux gating is sensitive to the permeant ion species. ‘[…] A) Voltage-evoked TRAAK 

currents with 120 mM K+
ext. and various intracellular ions (120 mM) as indicated. B) MD simulations 
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performed on TRAAK show the relative ion occupancies for the S1–S4 sites with Rb+ and Cs+ 

permeation in comparison to K+ permeation (black dotted line). C) The IC50 for TREK-1 channel 

inhibition by TPA was determined for the respective voltages in symmetrical K+ and with intracellular 

Rb+ replacing K+; data are as mean ± SEM’ (publication Figure 3 E, F, G – exchanged for letters A, B, 

C) (Schewe et al. 2016). 

 

However, it was shown frequently that TREK/TRAAK channels convert from strict outward 

rectification to a leak mode upon channel activation (i.e. by cellular lipids such as arachidonic 

acid or upon acidification) suggesting that those stimuli somehow converge to the selectivity 

filter (Schewe et al. 2016). How this conversion exactly takes place among the different K2P 

channel members is still illusive. However, crystallographic studies suggest intracellular 

movements of the TM2 and TM4 as well as the proximal C-terminal domain to be highly 

important for gating regulation in K2P channels, which will be discussed in the following 

section.  

 

1.2.2 Intracellular gating mechanisms 

 

As mentioned in the previous section, potassium channels possess a central cavity, right below 

the selectivity filter facing the cytoplasm. In many K+ channels the access of water and 

molecules to this pore cavity is regulated by a second gate made from flexible pore lining 

transmembrane helices. This ‘helix-bundle-crossing’ gate is controlled by a hinge glycine that 

allows the inner helices to bend and thus to constrict or delate the pore entrance. In contrast to 

the fourfold symmetric Kv or Kir channels, K2P channels only form bilateral symmetric pore 

cavities upon dimerization, due to their overall structure with 4 TMs and 2 pore loops in tandem. 

Hence, the pore lining helices TM2 and TM4 are asymmetrical and share only low amino acid 

identity. However, the hinge glycine (controlling the helix-bundle-crossing gate in other 

channels) is present as well in both pore lining helices TM2 and TM4, but with a shifted position 

in TM4 by two residues. This suggests the presence of a similar mechanism in K2P channels 

and indeed, TASK-3 channels show a reduction in channel activity if this residue is replaced 

by alanine (Ashmole et al. 2009). Furthermore, mutations of conserved residues at TM2 and 

TM4 (N133, A237) in TASK channels lead to an increase (or decrease, respectively) of the 

open probability (Po) of the channel. Therefore, these residues are believed to play an important 

role for intracellular gating mechanisms, and thus, the functionality in TASK channels 
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(Ashmole et al. 2009). Consistently, a genetic mutation of the TM4 residue (A237N) within the 

KCNK9 gene (TASK-3), causes a loss-of-function of the channel and is associated with the 

development of the Birk-Barel syndrome, causing mental retardation, hypertonia, hyperactivity 

and syndromic facies (Šedivá et al. 2020). In addition, the amino acid stretch VLRFLT in 

TASK-3 (VLRFMT in TASK-1, respectively) that is located between the lower pore entrance 

in TM4 and the cytoplasmatic C-terminal domain was identified as regulation site for gating 

stimuli such as anaesthetics or GPCR induced inhibition and is often referred as halothane 

response element (HRE) (Talley and Bayliss 2002; Wilke et al. 2014). Interestingly, the recently 

published crystal structure of the TASK-1 K2P channel reveals a closed intracellular gate that 

is formed by this amino acid stretch on TM4 (VLRFMT) of each subunit, which lies across the 

entrance of the pore cavity. In accordance, mutations to alanine within this gate at any position 

(except for valine) lead to an increase of channel activity, indicating that these mutations lead 

to an opening of the lower constriction of the so called ‘x-gate’. This constriction (if not 

mutated) exhibits a radius of 0.8 Å (Rödström et al. 2020). This structure is quite unusual, when 

compared to the crystal structure of other K2P channels. For example TREK-2 comprises a 

large radius of 7.5 Å at the entrance to its vestibule, even when the channel is found in its 

inactive state (Dong et al. 2015).  

This unusual conformation is suggested to be caused by bends of TM4 (at the residues L241 

and N250) on both sites of the HRE, resulting in this narrow x shaped constriction. The interface 

of this constriction is lined by the residues L244, M247 and the methyl group of T248. The 

stabilization of the bended helices is thought to be a result of the interaction of the hinge residue 

L241 that is pulled away from the helical axis due to the insertion of its sidechain into a 

hydrophobic pocket and its interaction with the residue R245. As previously indicated, 

mutations of either residues to alanine lead to a destabilisation of the x-gate (Rödström et al. 

2020). Interestingly, the residues N133 and A237, that were found to be critical for channel 

activity in TASK-3 channels (see above, (Ashmole et al. 2009)), were also identified in the 

crystal structure as stabilizing elements of the x-gate, thus a mutation of N133 to alanine, leads 

to an increase of channel activity in TASK-1 as well. The opening of the constriction 

supposedly involves a relaxation of the x-gate extended helix, resulting in a straightening of the 

M4 helix, adopting a similar conformation as it is found in other K2P channels (Figure 8, 

(Rödström et al. 2020)). However, this was not verified in experiments, yet.  
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Figure 7 – TASK-1 K2P channel structure with intracellular x-gate (Rödström et al. 2020). ‘A) 

Cartoon showing the structure of TASK-1, with chain A in gold, chain B in purple and potassium ions in 

green, viewed from the membrane. B) Superposition of the structures of TASK-1 (gold and purple) and 

TREK-2 (down state (PDB: 4XDJ)) (yellow and blue). C) Radius and hydrophobicity of the TASK-1 

pore25. AU, arbitrary units. D - E) The X-gate enclosing the vestibule and fenestrations (depicted with 

semi-transparent surfaces), viewed from the membrane plane (D) and rotated 90° (E). F) Electrostatic 

surfaces of TASK-1 and TREK-2 (PDB: 4XDJ) shown as a cross-section perpendicular to the membrane 

and seen from below […]’ (Figure 1, a – f, letters exchanged by capital letters A-F) (Rödström et al. 

2020). X-gate and the resulting constriction, that is not found in TREK-2 is highlighted in red.  
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Figure 8 – Model of conformational change to the open structure in TASK-1 channels (Rödström 

et al. 2020). ‘A-B) Model of TASK-1 with M4 adopting a straight α-helical conformation (in red and blue) 

aligned with the TASK-1 structure shown from the side (A) and below the membrane (B). C) Open and 

closed models of TASK-1 viewed from below the membrane […]‘ (Extended data figure 7 a-c, letters 

have been exchanged by capital letters)(Rödström et al. 2020). 

 

As already implied, the TREK/TRAAK channel family is believed to possess a widely open 

vestibule entrance, independently of the state of channel activity. This was probed in TREK-1 

channels by pore accessibility assays, where open channel blockers like quaternary ammonium 

ions (QAs), were proven to have a state independent access to the channel pore cavity (Piechotta 

et al. 2011). This was supported by the introduction of a pore cysteine that was then 

consequently modified independently to the state of channel activity by the reactive QA 8-

(Tributylammonium)octyl methanethiosulfonate (MTS-TBAO) compound. This reagent 

covalently binds to the pore cysteine, thus permanently blocks ion flux. The rate of this 

permanent MTS-TBAO block was very similar in the open and closed state of the channel, 

suggesting that the pore lining helices do not constrict or dilate during channel gating (Rapedius 

et al. 2012). This suggests, that there is no lower gate found in TREK-1 channels and that all 

stimuli altering the channel activity converge directly to the selectivity filter. Up to date, this 

conversion is poorly understood. Currently, it might be best explained by the model of an up- 

and down state conformation, were movements of TM4 and possibly the proximal C-terminal 

domain (CTD) towards the membrane lead to a stabilisation of the SF gate and enhance channel 

activity, whereas movements away from the membrane into the cytosol lead to channel closure 

(Brohawn, Campbell, and MacKinnon 2014; Lolicato et al. 2014). Still, the involvement of the 
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CTD in this membrane interaction was not experimentally verified yet. The involvement of the 

TM2 and TM4, however, is backed by the crystal structures of the TREK-2 K2P channel, that 

were produced with and without the TREK channel inhibitor Fluoxetine, also known as the 

antidepressant Prozac (Dong et al. 2015).  

 

 

Figure 9 – Up- and down structure of TREK-2 K2P channels (Dong et al. 2015). ‘A) TREK-2 overall 

fold viewed parallel to the plane of the membrane, with views of (A) the up-state 3.4 Å structure, with 

chains A and B in yellow and purple; B) the down-state 3.9 Å structure, with chains A and B in orange 

and blue; C) a superposition of the states […]‘ (Figure 1 A-C) (Dong et al. 2015). 

 

This study revealed, that the lower sections of the TM2, TM3 and TM4 helices are projecting 

further into the cytoplasm in the down-state and move upwards to the membrane engaging the 

conductive up-state conformation. Furthermore, the inhibitor Fluoxetine (indicated in Figure 

10 A), binds within a side fenestration that is only accessible in the downstate conformation. 

Thus, it stabilizes the non-conductive state of the channel when it is bound within the 

fenestration, preventing an upward movement of the TMs (Dong et al. 2015). These side 

fenestrations, are lateral openings at the interface between TM2 of one subunit and TM4 of the 

other subunit of the dimer and are found so far in all crystallised K2P channels (Brohawn et al. 

2012; Dong et al. 2015; Li, Rietmeijer, and Brohawn 2020; Lolicato et al. 2017; Miller and 

Long 2012; Rödström et al. 2020). 
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Figure 10 – Norfluoxetine binding site within the TREK-2 site fenestration (Dong et al. 2015). ‘A) 

Overall fold of the TREK-2 down state shown with the 5 Å anomalous difference map for the Br-

fluoxetine/TREK-2 complex shown in pink (contoured at 4.5s), indicating the location of Brfluoxetine in 

the fenestration. B) Chemical structure of Br-fluoxetine. Norfluoxetine lacks the methyl group on the 

nitrogen. C) Cross section of a surface view of TREK-2 in the down state, colored by hydrophobicity 

[green (most hydrophobic) through yellow to blue (least hydrophobic)]. Yellow sticks represent Lip3. D) 

Complex of TREK-2 with norfluoxetine. Norfluoxetine is shown in light blue, dark blue, red, and orange 

for carbon, nitrogen, oxygen, and fluorine atoms, respectively […]‘ (Figure 2 A - D) (Dong et al. 2015). 

 

Further, it was proposed that the fenestrations are filled with the hydrophobic tails of membrane 

phospholipids and that their interaction with the cleft lining helices TM4 and TM2 might 

specifically influence channel gating (Brohawn, Campbell, et al. 2014; Lolicato et al. 2014). 

Interestingly, it was shown that the (earlier mentioned) hinge glycine residue, that is found in 

most potassium channels plays an important role for the establishment of an up- or down 

configuration, respectively. Thereby, it has been suggested, that the TM2 and TM4 helices are 

able to bend around this glycine residue, shifting the TM4 from the down to the up state 

configuration (Dong et al. 2015; Lolicato et al. 2014).  

In contrast to the findings that support a lack of a lower gate within the TREK subfamily, the 

recently published cryo-electron microscopy structure of the TASK-2 channels suggest the 

existence of a gateable lower constriction (Li et al. 2020). The key role in this study plays a 

lysine residue (K245) at TM4, that reportedly changes its conformation in response to pH 

alterations (more section 1.3.1.1, Figure 13). Thereby, it is suggested that it is blocking ion 

permeation by pointing into the entrance of the intracellular vestibule under acidic conditions. 
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The resolved structure, that was produced under alkalic conditions, however, comprises the 

lysine in an upward facing position, that is rotated in an angle of 90°, thus clearing the K+ 

pathway (Li et al. 2020).  

However, even though crystallographic as well as experimental data strongly suggest especially 

the involvement of the TM2 and TM4 helices in channel gating of all K2P channels, it is still 

unclear how their movements are regulated and how they are transducing those structural 

changes to the selectivity filter gate. However, until now, the experimental and computational 

data suggest two distinct mechanisms that are mainly characterised by the lack or existence of 

a lower pore constriction in TREK or TASK-1 and TASK-2 channels, respectively. 

 

1.3 Regulation of K2P channels 

 

The distribution of homo- and heteromeric K2P channels within the human body is ubiquitous 

and in accordance their regulation is remarkably versatile. K2P channels of the TREK/TRAAK 

subfamily that are i.e. expressed in nociceptive neurons of the dorsal root ganglia (DRG), 

respond to mechanical stretch and membrane pressure (Aryal et al. 2017; Brohawn, Campbell, 

et al. 2014; Clausen et al. 2017). Furthermore, they are sensitive to thermal stimuli and activated 

by internal and external acidification. The letter is thought to play a role in neuroprotection 

during ischemia. Additionally, studies in knockout-mice suggest that TREK channels are 

involved in pain perception and the regulation of neural activity as it is important for patients 

suffering under depression (Bayliss and Barrett 2008; Honoré 2007; Maingret et al. 2000; Noël 

et al. 2009; Pereira et al. 2014; Schneider et al. 2014). TASK-1 and TASK-3 are oxygen sensing, 

acid inhibited channels found in chemoreceptor cells of the carotid body (Buckler 2015). 

Furthermore, mutations within the KCNK3 gene encoding for TASK-1 were identified in 

patients suffering from pulmonary arterial hypertension (PAH), promoting their role in 

systemic and pulmonary vasculature by controlling i.e. the Ca2+ homeostasis, vascular tone or 

cellular proliferation (Ma et al. 2013). The pancreatic TALK-1 channels that is alkaline 

activated, like its subfamily members TALK-2 and TASK-2, are associated with β-cell glucose-

stimulated insulin secretion, thus its malfunction is thought to play a key role in diabetes (Graff 

et al. 2020). The halothane sensitive channels of the THIK subfamily are found in the kidney, 

trigeminal ganglion (TG) neurons, microglia, as well as in the heart and atrial. They are 

proposed as novel drug targets for patients with atrial fibrillation or heat failure, as their down 
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regulation was observed within the tissue of such patients (Blin et al. 2014; Kang, Hogan, and 

Kim 2014). The Ca2+ activated TRESK channel also found in TG neurones as well as in sensory 

ganglion neurons are thought to be involved in sensory transduction and nociception. In 

example a frame shift mutation (F139WfsX24) within the KCNK18 gene leads to a loss of 

function of the encoded TRESK channel and was identified to cause severe migraine (Andres-

Bilbe et al. 2020; Lafrenière et al. 2010). However, all dose outlined regulation mechanisms 

and their consequent implications for the well function of the human body only cover a little 

proportion of the versatile stimuli that regulate this diverse channel family. Physiological and 

pharmacological stimuli that are examined in this present study are discussed in more detail in 

the following sections.  

 

1.3.1 Physiological regulation of K2P channels 

 

This section outlines the physiological stimuli acting on potassium channels that are studied 

experimentally in this work. First the regulation of K2P channels by changes in pH and second 

the distribution of signalling lipids such as PIP2 and Oleoyl-CoA and their impact on channel 

activity.   

 

1.3.1.1 pH regulation 

 

Except for THIK-1 and THIK-2 all remaining 10 K2P channels that are measurable in 

heterologous expression systems show pronounced sensitivity to alterations in pH values of 

their surroundings (Lesage and Barhanin 2011; Rajan et al. 2001).  

 

 

TREK-1, TREK-2, TRAAK  

 

Extracellular pH (pHo) changes to more acidic pH values leads to a current decrease in TREK-

1 channels. The apparent pKa recorded at 0 mV is 7.35 and 7.32 at 50 mV, showing that the 

inhibiting effect of H+ is not voltage dependent. In contrast intracellular acidification promotes 

channel activation. Thereby, the residue E306 (in this study, due to different sequence counting 

referred as E321) was proposed as intracellular proton sensor and the residue H126 as 

extracellular sensor (Sandoz et al. 2009). A replacement by alanine, mimicking the protonated 
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state, renders the channel activation. Interestingly, TREK-2 is activated by both, intracellular 

as well as extracellular acidification, with a pKa of 7.3.  The 

conserved histidine 151 (TREK-1 H126) functions also as pH 

sensing domain, however with the opposite effect on channel 

activity. This oppositional effect was explained by Sandoz et 

al. (2009) by the differential electrostatic interaction partners 

of the H+ sensing histidine in TREK-1 and TREK-2.  While in 

TREK-1 two of the interacting residues are negatively charged 

(D263, E265) and therefor attracted by the protonated histidine 

upon acidification, the corresponding residue in TREK-2 is 

positively charged (R293) and probably undergoes electrostatic 

repulsion. Crystallographic studies of TREK-2 by Dong et al. 

(2015) also confirm H151 (in this study counted as H156) as 

proton sensor that is located between the ECD and pore helix 1 

of the transmembrane domain next to the pore region. 

However, they propose the residues E98 (E103, resp.) and 

A174 (A179, resp.) as interacting partners, shown in Figure 11 

(Dong et al. 2015). TRAAK is inhibited by acidic pHo and the 

histidine found in TREK-1 and TREK-2 is also conserved in 

this channel (here H85) and was equally identified as proton 

sensor (Sandoz et al. 2009). In contrast to TREK-1, TRAAK 

channels are opened by intracellular alkalinisation and the 

homolog residue of the intracellular TREK-1 proton sensor 

(TRAAK: E286, TREK-1: E321 (E306)) was shown to be not 

involved in pH regulation (Kim et al. 2001).   

 

TASK-1, TASK-3  

TASK-1 and TASK-3 channels are strongly inhibited by external acidification. TASK-1 has a 

pKa value of 7.3, as well as the equally inhibited TASK-1/TASK-3 heterodimers (Czirják and 

Enyedi 2002; Duprat et al. 1997). TASK-3 has a lower pKa of 6.0 – 6.7 and is fully active at 

pH 7.4 (Rajan et al. 2000). 90 % of the TASK-1 current is recorded at a pHo 7.7 and less than 

10 % of the current remains at pHo 6.7. 

Figure 11 – The extra-

cellular pH sensor in TREK-

2. A) The external pH sensor 

region centered on His156. B) 

The sensor histidine (His156, 

green) is located between the 

extracellular domain (EC) 

(pale blue) and pore helix 1 

(PH1) of the TMD adjacent to 

the pore region (Figure S12 A, 

B. in Dong et al. 2015, PDB 

Entry: 4BW5) 
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A voltage dependence of the pH sensitivity was not 

observed, however a pKa shift to 6.8 was observed in high 

K+ solution (100 mM) for TASK-1 channels, suggesting a 

competition of H+ and K+ ions for the same binding side 

(Morton et al. 2003). Shown in crystal structure, histidine 

98 and its interaction partner Q209 were proposed as 

proton sensor, both extracellularly adjacent to the 

selectivity filter, shown in Figure 12 (Rödström et al. 

2020). Intracellular sensitivity to pH changes is not yet 

reported.  

 

TASK-2, TALK-1, TALK-2 

TASK-2, despite of its name, belongs to the alkaline 

activated TALK subfamily. Accordingly, all three 

channels are activated by extracellular alkalisation. The 

pKa of TASK-2 was determined for extracellular pH 

changes at 8. TALK-1 and TALK-2 show a maximal 

channel activity at pHo >10, thus their sensitivity is even 

more shifted to alkalic values (Decher et al. 2001; Girard 

et al. 2001; Reyes et al. 1998). TALK-2 and TASK-2 are also activated by alkaline pHi values. 

Thereby, the residue K245 in TASK-2 was identified as putative pH sensor, as its mutation to 

alanine supposedly abolishes its sensitivity towards alkaline stimuli (Niemeyer et al. 2016). 

Crystallographic studies supported this hypothesis, as this residue was observed to undergo a 

conformational change upon alkalisation. As shown in Figure 4, the residue faces into the 

intracellular mouth of the channel at acidic pH 6.5 and rotates by ~90° upon intracellular 

alkalisation at pH 8.5. In this position it is pointing towards a proline at TM2, resembling the 

deprotonated state of the lysine. Supposedly, the pKa shift from 10.5 to lower values necessary 

for a deprotonation of the residue, is facilitated by the hydrophobic bottom face of TM2. 

Extracellularly, the residues R224 and N82 were further identified as pH sensing domain, 

depicted in Figure 13 (Li et al. 2020).  

Figure 12 – The extracellular pH 

sensor in TASK-1. A) TASK-1, 

with chain A in gold, chain B in 

purple, K+ ions in green. B) The 

pH-sensor residue, His98, the 

surrounding residues and the 

selectivity filter. Figure 1A and 

S2c, Rödström et al. 2020, PDB 

entry: 6RV2 
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Figure 13 – The pH sensor in TASK-2 channels. A) Cartoon depicting the conformational changes of 

the extracellular pH sensing residues (R224, N82) and the intracellular K245 under high pH (turquoise, 

open channel) and low pH (purple, closed channel). B) TASK-2 channel structure at the open (turquoise) 

and closed (purple) state. The inset shows the bottom view of the pore cavity, that is narrowed upon 

acidification and widened upon alkalization, due to conformational changes of K245. C) Higher 

resolution of TM2 and TM4, depicting the interaction of K245 and P124 at TM4. D) Conformation of the 

residues 243-246 at the open and closed state, and shown as overlay. Figures are copied from Figure 

5 (A) Figures 3 a-f (B, D) and Extended Data Figure 6 (C) from (Li et al. 2020). 
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TWIK-1 

Within the TWIK channel family only TWIK-1 shows sensitivity towards external pH changes. 

Due to sumoylation of the lysine 274, TWIK-1 channels expressed in the granule cell layer are 

silent at the cell surface. Upon desumoylation, TWIK-1 becomes active and becomes sensitive 

to pH changes, similar to the TASK channels (Plant et al. 2012; Rajan et al. 2005). Thereby, 

extracellular acidification leads to current inhibition with a pKa of 6.7 underlying the same 

histidine dependent mechanism as it is observed for TASK-1 and TASK-3 (Lesage, Guillemare, 

et al. 1996; Lopes et al. 2001; Rajan et al. 2000, 2005). Accordingly, a replacement of the 

histidine 122 residing within the first P-loop to asparagine leads to pH insensitivity of the 

channel. Notably, TWIK-1/TASK-1 heteromeric channels expressed in cerebellar granule 

neurons were shown to be silenced due to sumoylation of the TWIK-1 subunit. A 

desumoylation also leads to channel activation that is yet again inhibited by external 

acidification (Plant et al. 2012). Interestingly, it was observed that under subphysiological 

extracellular potassium concentrations, that i.e. occur during pathological hypokalaemia, 

TWIK-1 channels switch their ion selectivity and become permeable to external Na+ ions. 

Similarly, an inward Na+ conductance by TWIK-1 was also observed upon external 

acidification which may contributes to cardiac arrythmias (Ma et al. 2011).       

 

TRESK 

TRESK channels are sensitive to external and internal pH changes. However, their activity 

changes by external pH variation is not as pronounced as observed for other K2P channels (i.e. 

TREK or TASK). Thereby, extracellular acidification leads to channel inhibition of about 20 

% at pH 5.6, while alkalisation to 8.9 results in channel activation by 20 % when compared to 

a basal current at pH 7.3. By contrast, intracellular acidification results in a potent channel 

inhibition (60 % at pH 5.6) and alkalisation to a current increase in respect to the physiological 

pH at 7.3. Thus, the TRESK channel is more sensitive to intracellular than to extracellular pH 

changes (Sano et al. 2003).   

 

1.3.1.2 Regulation of K2P channels by lipids 

 

Membrane proteins such as ion channels are often regulated by lipids. This regulation occurs 

to be either linked to changes of the physical characteristics of the lipid bilayer in which the 
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proteins are incorporated or by changes of the hydrophobic interaction between the membrane 

protein and the lipid bilayer. Additionally, the binding of the lipid to a specific site of the ion 

channel might also alter the gating properties of an ion channel or leads to an increase or 

decrease of ion permeability. Finally, a regulation might also occur indirectly by the activation 

of signalling pathways (i.e. PKC signalling pathway), where arising metabolites than act on the 

gating mechanisms of an ion channel (Chemin et al. 2007; Decher et al. 2010; Meves 2008; 

Wilke et al. 2014). It was shown, that the mechanosensitive TREK/TRAAK subfamily is 

sensitive to lipids such as phospholipid phosphatidylionositol-4,5-bisphosphate (PIP2) or 

arachidonic acid (Chemin et al. 2005; Lesage, Terrenoire, et al. 2000), however a systematic 

study of all K2P channels is still missing.  Within this study the effect on K2P channel activity 

upon intracellular exposure to polyanionic lipids such as PIP2 and the long-chain coenzyme A 

(CoA) ester Oleoyl-CoA was examined and are therefore discussed in more detail in the 

following section.  

 

PIP2 

Polyphosphoinositides such as PIP2, are derivatives of the phospholipid phosphatidylinositol 

(PI) that are reversibly phosphorylated. This phosphorylation occurs at the inositol ring of the 

amphiphilic molecule mediated by several cytoplasmatic lipid kinases adding phosphates to the 

hydroxyl groups on the inositol positions 3, 4 or 5. Accordingly, dephosphorylations at those 

sites are mediated by lipid phosphatases. In lipid bilayers, the negatively charged headgroup 

faces towards the cytoplasm and the nonpolar hydrophobic fatty acid tails are embedded in the 

cytoplasmatic leaflet of the lipid bilayer (Dickson and Hille 2019). Despite its relatively low 

abundance of about 1 % in cellular membranes compared to other phospholipids, PIP2 plays an 

important role in cell signalling. Present in all eukaryotic plasma membranes it is involved in a 

variety of essential cellular processes such as endo- and exocytosis, the adhesion of the actin 

cytoskeleton and the lipid bilayer, as well as the here discussed regulation of ion channels 

(Aikawa and Martin 2003; Huang 2007; Logan and Mandato 2006; Raucher et al. 2000; Shukla 

et al. 2019). Characteristically, PIP2 possesses two hydrophobic tails that are usually stearic and 

arachidonic fatty acids, however they are variable in different species or tissues. The highly 

negative headgroup with an electrostatic charge of -3 at physiological pH 7.2 (van Paridon et 

al. 1986; Toner et al. 1988) is especially important for the interaction with membrane proteins, 

were i.e. a cluster of basic residues can bind the phospholipid (McLaughlin and Murray 2005). 

Usually, PIP2 is found restrictedly within the inner leaflet of the plasma membrane, where it is 
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often found clustered, thus increasing the local concentration of the phospholipid (Ingólfsson 

et al. 2014). Down regulation of PIP2 at the plasma membrane is mediated by two main 

pathways (i) by phospholipase C (PLC) mediated hydrolysis and (ii) by dephosphorylation 

through PI(4,5)P2-5-phosphatases (Dickson and Hille 2019; Liu and Bankaitis 2010). 

Within the K2P channel family several members are regulated by either PIP2 directly or by a 

metabolite emerging from the PLC mediated PIP2 depletion. I.e. members of the 

TREK/TRAAK as well as the TASK subfamily have been shown to be regulated by the 

intracellular application of PIP2 as well as by its endogenous appearance within the 

cytoplasmatic leaflet of the examined cells (Chemin et al. 2005; Lopes et al. 2005).  

 

Oleoyl-CoA 

Long-chain acyl-CoA esters (LC-CoA) such as Oleoyl-CoA play a key role within the cellular 

fatty acid metabolism. Thereby, LC-CoA represents the metabolizable form of cellular long 

chain fatty acids. Via carnitine, acyl-CoA esters are transferred into the mitochondrial matrix, 

were they serve as substrates for the β-oxidation. Within the heart long-chain fatty acids 

represent the main metabolic substrates. An accumulation of LC-CoA esters within the cytosol 

was described under hypoxic conditions, were its further metabolization is impaired due to a 

reduced β-oxidation (Larsson et al. 

1996). Furthermore, LC-CoA plays 

an important role as signalling 

molecule. It was shown in previous 

studies, that elevated concentrations 

of Oleoyl-CoA regulate ion channel 

activity (Liu et al. 2001; Rapedius et 

al. 2005; Shumilina et al. 2006). As 

indicated in Figure 14, cardiac KATP 

channels show a potent channel 

activation by Oleoyl-CoA and an 

inhibition by free fatty acids, linking 

the myocardial energy metabolism to 

changes in electrical activity of the heart (Liu et al. 2001). Similarly, K2P channels might be 

regulated by Oleoyl-CoA, which is studied in greater detail in this work (see section 3.1.3). 

Figure 14 – Schematic diagram of the long chain fatty 

acid metabolim and KATP channel activity in cardiac 

tissue (Liu et al. 2001, Figure 7). CoA = Co enzyme A, 

LC = long chain, (+) activation, (-) inhibtion 
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1.3.2 Pharmacological regulation of K2P channels 

 

Since their discovery 25 years ago, the role of K2P channels has emerged from poorly gated 

leak channels to highly regulated, voltage dependent K+ channels. Due to their versatile 

regulation and function in physiological and pathophysiological processes within the human 

body, K2P channels have gained recognition as pharmacological targets. Thereby, several drugs 

have been identified to act on the different family members in a very versatile manner. This 

includes general and local anaesthetics, neuroprotectants, antidepressants as well as 

antipsychotics or cytostatic drugs. While i.e. TREK-1, TREK-2 as well as TASK-1, TASK-3 

and TRESK channels are activated by volatile anaesthetics such as halothane or isoflurane 

(Heurteaux et al. 2004; Huang, Yu, and Fan 2008; Patel et al. 1999; Talley and Bayliss 2002), 

THIK-1 and THIK-2 channels show current inhibition by those substances (Rajan et al. 2001). 

In addition, the local anaesthetics lidocaine and bupivacaine were proven to inhibit TREK-1, 

TASK-1 as well as TASK-2 channels (Kindler et al. 2003; Nayak et al. 2009; Punke et al. 2003). 

Psychoactive substances such as the antidepressants fluoxetine (registered as ‘Prozac’) and its 

derivative norfluoxetine (NFx), chlorpromazine or haloperidol, that is i.e. deployed as 

therapeutic for acute and chronic schizophrenia are TREK-1 inhibitors (Kennard et al. 2005; 

Thümmler, Duprat, and Lazdunski 2007). By contrast, the mood stabilizers Lithium chloride, 

gabapentin, valproate and carbamazepine were shown to be TREK-1 activators, but ineffective 

for the closely related TREK-2 channels (Kim et al. 2017).  

As already discussed, K2P channels are expressed within several tissues among the human 

body. Therefore, it is from great importance to determine their sensitivity not only to new 

developed substances, but also to already registered drugs. I.e. major side effects that are 

typically triggered by antipsychotics are symptoms such as parkinsonism or dystonia as well as 

weight gain, diabetes or cardiovascular disorders (Miyamoto et al. 2005). As K2P channels 

were shown to play an important role in a number of those disease (i.e. TALK-1 in diabetes or 

TASK-1 in PAH (Graff et al. 2020; Ma et al. 2013)) it is highly important to determine not only 

the effect of therapeutics, but also to study their cross reactivity among ion channels.  

For instance, a group of small molecules (i.e. BL-1249, ML33-66, NS11021) all of which are 

carrying a negatively charged tetrazole or carboxyl group were shown to potently activate not 

only most of the K2P channels, but also voltage gated hERG channels and Ca2+-activated BKCa 

channels (Bentzen et al. 2007; Pope et al. 2018; Schewe et al. 2019; Zhou et al. 2005). 

Interestingly, it was hypothesized that this cross-reactivity occurs due to a shared gating 
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mechanism among those channels. It was shown that these negatively charged activators 

(NCAs) bind below the selectivity filter (SF) and thereby attract K+ ions to bind within the pore 

cavity. This increases the ion occupancy at the S1 and S4 site of the SF, altering the 

conformation of the filter into its active, ion conductive state (Schewe et al. 2016, 2019). This 

mechanism was supported by the observation, that all NCA responsive channels, were also 

activated by Rb+ ions, which are as well increasing the ion occupancy at those SF sites. 

Accordingly, mutations known to reduce the S1 and S4 occupancy, abolish the Rb+ as well as 

the NCA activation of these channels. Furthermore, this observed current increase (due to the 

NCA binding) was antagonised by quaternary ammonium ions (QAs), such as tetrapentyl- 

(TPA) or tetrahexylammonium (Schewe et al. 2019). Those compounds were proven to block 

the ionic current by their binding deep within the inner pore cavity of potassium channels. As 

their binding site resides directly under the SF, the pore cavity must be freely accessible to this 

blocker (Armstrong 1971). Therefore, QAs, often referred as open channel blockers, have 

emerged as important tools to study the inner pore structure of ion channels. In example, QA 

ions have been deployed to study the pore structure of K2P channels. Thereby, TREK-1 

channels show a state independent block by TPA via the permeation pathway, thus the inner 

pore of the channel allows the binding of TPA even in the closed state (i.e. at alkalic pH) of the 

channel (Piechotta et al. 2011; Rapedius et al. 2012) (see section 1.2.2). These observations 

point out, that pharmacological studies do not only serve for medical applications, but also 

allow an insight into gating mechanisms of the targeted channel.  

In this work, the antidepressant NFx, the spasmolysant 2-aminoethoxydiphenylborat (2-APB), 

which was proven to activate TREK/TRAAK channels (Beltrán et al. 2013), ONO-RS-082 a 

registered antidote for pulmonary arterial hypertension that is i.e. acting on TASK-1 channels 

(Ma et al. 2013) as well as the NCAs (like BL1249) and the QA (TPA) were used to study the 

relationship between gating stimuli and the structural regulation of K2P channels.  
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2. Material and Methods 
 

2.1 Materials 
 

2.1.1 Chemicals  
 

All used chemicals were obtained from Merck ((Sigma Aldrich) Darmstadt, DE), Roth 

(Karlsruhe, DE), Serra (Heidelberg, DE), Tocris (Bristol, UK), Cayman Chemicals (Michigan 

USA), Axon Medchem (Groningen, NL), Toronto research chemicals (Toronto, Canada), 

Biomol (Hamburg, DE) or were synthesized by Marc Nazaré (FMP, Berlin, DE). If not 

indicated otherwise all solutions were prepared in deionized water (ddH2O). 

 

2.1.2 Buffers and Solutions 
 

Frequently used buffers and solutions used for oocyte preparation and electrophysiological 

experiments were listed in the table below: 

Table 2 – Composition of buffers and solutions 

Solution Composition 

DNA, RNA synthesis 

LB (SOC) medium  
2 % trypton, 0,5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 
10 mM MgSO4 und 20 mM glucose (Thermo Fisher Scientific) 

LB plates 1 L LB (SOC) medium + 15 g agar and 100 µg µl-1 ampicillin 

1 x TEA buffer 40 mM Tris-acetate, 1 mM EDTA (pH 8) 

DNA-loading buffer 
90 % formamide, 10 mM EDTA (pH 8), 0.05 % bromphenol blue, 0.05 % 
xylene cynol FF 

Oocyte preparation 

Narcotic solution 6.25 g Tricaine, 250 mL NaHCO3 0.5 M, 5 L H2O 

OR2 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2x6H2O, 5 mM HEPES, pH 7.2 

ND96 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1mM MgCl2, 5 mM HEPES  

Oocyte storage solution 
54 mM NaCl, 30 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4, 0.41 mM 
CaCl2, 0.33 mM Ca(NO3)2, 7.5 mM TRIS, pH 7.2 adjusted with 
NaOH/HCl (+100 µg/mL Strep/100U/ml Pen) 

Electrophysiology 

K+ pipette solution 
120 mM KCl, 10 mM HEPES, 3.6 mM CaCl2, pH adjustment with 
KOH/HCl (pH 7.4, pH 10) 

Rb+ pipette solution 
120 mM RbCl, 10 mM HEPES, 3.6 mM CaCl2, pH adjustment with 
RbOH/HCl (pH 7.4) 

K+ bath solution 
120 mM KCl, 10 mM HEPES, 2 mM EGTA, 1 mM Pyrophosphat,  
pH adjustment with KOH/HCl (pH 5 to pH 10) 

Rb+ bath solution 
120 mM RbCl, 10 mM HEPES, 2 mM EGTA, 1 mM Pyrophosphat,  
pH adjustment with RbOH/HCl, (pH 7.4) 



40 
 

2.2.3 Compounds and reagents 

 

Used compounds and reagents, as well as storage and usage information were listed in the 

following table: 

 

Table 3 - used compounds and reagents  

Abbreviation Storage 
Stock 
concentration 

Final concentration, usage Provider 

channel regulation (physiological) 

Oleoyl-CoA 
(18:1) 

 - 20 °C 2 mM, DMSO 
10 µM, K+ bath solution, RT (room 
temperature) 

Merck (Sigma 
Aldrich) 

PIP2  - 20 °C 1 mM, DMSO 10 µM, K+ bath solution, RT 
Merck (Sigma 
Aldrich) 

Poly Lysine  - 20 °C 30 mg / ml 30 µg / µl, K+ bath solution, RT 
 Merck (Sigma 
Aldrich) 

BSA RT - 5 mg / ml, K+ bath solution, RT 
 Merck (Sigma 
Aldrich) 

DiC8 DAG  - 20 °C  10 mM, DMSO 20 µM, K+ bath solution, RT 
 Merck (Sigma 
Aldrich) 

channel regulation (pharmacological) 

2-APB  - 20 °C 100 mM, DMSO 1 - 2000 µM, K+ bath solution, RT 
Merck (Sigma 
Aldrich) 

Drofenine  - 20 °C  20 mM, DMSO 1 - 2000 µM, K+ bath solution, RT 
Merck (Sigma 
Aldrich) 

BL-1249  - 20 °C 50 mM, DMSO 50 µM, K+ bath solution, RT Tocris 

NS11021  - 20 °C  50 mM, DMSO 50 µM, K+ bath solution, RT  Tocris 

ML67-33  - 20 °C  50 mM, DMSO 50 µM, K+ bath solution, RT 
 FMP (Marc 
Nazaré) 

DCPIB  - 20 °C  50 mM, DMSO 10 µM, 50 µM, K+ bath solution, RT  Tocris 

ONO-RS-082  - 20 °C  50 mM, DMSO 0.1 - 50 µM, K+ bath solution, RT Cayman Chemicals 

NFx  - 20 °C  10 mM, DMSO 0.01 - 100 µM, K+ bath solution, RT 
Merck (Sigma 
Aldrich) 

open channel blocker 

TPA  - 20 °C 100 mM, H2O 

0.001 - 1 mM, K+ bath solution pH 5, 
7.4 and 10, Rb+ bath solution, 0.2, 
0.5, 1 mM 2-APB solution, K+ pipette 
solution pH 10, RT 

Merck (Sigma 
Aldrich) 

TbutA  - 20 °C 100 mM, H2O 0.001 - 1 mM, K+ bath solution, RT 
Merck (Sigma 
Aldrich) 

A1899  - 20 °C  10 mM, DMSO 10 µM, K+ bath solution, RT  Tocris 

AVE0118  - 20 °C  20 mM, DMSO 10 µM, K+ bath solution, RT  Axon Medchem 

cystein modification 

MTS-ET  - 20 °C - 

20 µM in K+ bath solution, 20 µM 
DiC8 solution or 1 mM in K+ / Rb+ 
bath solution, 0.2, 0.5, 1, 2 mM 2-
APB, 50 µM BL-1249, 3 µM ONO-
RS-082, 4 µM Oleoyl-CoA solution.  
RT, use within 5 minutes! 

Toronto  
Reasearch 
Chemicals  
& Biomol 
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MTS-TBAO  - 20 °C 20 mM, DMSO 
100 µM, K+ / Rb+ bath solution, 1 mM 
2-APB solution, RT 

Toronto Reasearch 
Chemicals  

Decyl-MTS  - 20 °C 200 mM, DMSO 
50 µM in K+ bath solution, 10 µM 
DCPIB solution or 100 µM in K+ bath 
solution pH 5 and pH 7.4 

Toronto  
Reasearch 
Chemicals  

 

2.1.4 DNA templates, mutations and plasmid vectors 

 

The used vectors and DNA templates as well as the introduced mutations that were examined 

within this study are listed in the table below:  

 

Table 4 – Used DNA templates, mutations and vectors 

Gene name  Protein Name NCBI Reference Sequence Organism Mutation Vector 

KCNK2 TREK-1  NM_172042.2 human WT  pFAW 

NM_172041.2 rat WT pSGEM 

G186C pSGEM 

K316C pSGEM 

K317C pSGEM 

T318C pSGEM 

K319C pSGEM 

E320C pSGEM 

E321C pSGEM 

V322C pSGEM 

F325C pSGEM 

R326C pSGEM 

S348C pSGEM 

KCNK10 TREK-2  NM_138318.2 human WT pFAW 

KCNK4 TRAAK AF_247042.1 human  WT pFAW 

T264C pFAW 

M268C pFAW 

L271C pFAW 

KCNK3 TASK-1 NM_002246.2 human WT pFAW 

KCNK5 TASK-2 NM_003740.3 human WT pFAW 

K245A pFAW 

K245C pFAW 

KCNK9 TASK-3 XM_011517102.1 human WT pFAW 

KCNK17 TASK-4 / TALK-2 NM_031460.3 human WT, transcript 
variant 1  pSGEM 

L264A pSGEM 

L145C / L264A pSGEM 

TALK-2  EU978944.1 human WT, transcript 
variant 2 pFAW 

L145C pFAW 
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Q266C pFAW 

F285C pFAW 

K261E pFAW 

K261C pFAW 

KCNK16 TALK-1 NM_032115.4 human WT pFAW 

KCNK13 THIK-1 NM_022054 human WT pFAW 

KCNK12 THIK-2 NM_022055.1 human 

R11A / R12A / 
R14A / R15A / 
R16A / A155P / 
A383P pFAW 

KCNK18 TRESK NM_181840.1 human WT pFAW 

KCNK1 TWIK-1 NM_002245.3 human I293A / I294A pFAW 

pFAW pSGEM 

 
 

 
 

AmpR: Ampicillin resistance, ORI Origin of replication, UTR untranslated region, fw: forward, rev reverse, LacO: Lac operon, bGH: bovine 

growth hormone polyadenylation signal, CoIE1: colicin E1, SV40 (MmPV1): Macaca mulatta polyomavirus1, CMV: cytomegalovirus, nt 

nucleotides  

 

Notably, the channels THIK-2 and TWIK-1 were not expressed as WT channels as their cell 

surface expression is reduced due to ER retention signal sequences within their gene. Therefore, 

those genes were mutated as indicated in the upper table 4, were these residues were replaced 

by alanine or proline, resulting in an increase of measurable currents in inside out patches. 

 

2.2 Methods 

 

2.2.1 DNA amplification, mutagenesis and cRNA synthesis 

 

A list of DNA templates, plasmid vectors and solutions used in this study is found in the section 

2.1 Materials. DNA amplification, mutagenesis and cRNA synthesis was primarily performed 

by our lab technicians Michaela Unmark and Dr. Hariolf Fritzenschaft. The mutant TASK-4 

L26A and TASK-4 L264A / L145C were provided by Susanne Rinné (Institute of Physiology 

and Pathophysiology, Vegetative Physiology, Philipps-University of Marburg, 35037 Marburg, 

Germany). 
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2.2.1.1 Polymerase chain reaction (PCR) 

 

Amplification of DNA sequences in vitro was performed by polymerase chain reaction (PCR) 

with the settings presented in the following table: 

 

Table 5 – PCR settings and sample composition 

Step Process Temperature 

[°C] 

Time 

[s] 

Repeats  Sample 

composition 

For 50 µl 

[µl] 

1 
Initial 

denaturation 
95 120  DNA-template 

0.2 (~0.2 - 

1 ng µl-1) 

2 Denaturation 95 30 

18 to 30 

cycles of 

step 2 – 4 

Primer fw & rev 

(each) 1.5 

(~0.05 – 

0.1 µM) 

3 Annealing 50 - 58 30 - 45 Pfu-polymerase 
1 (0.025 U 

µl -1) 

4 Elongation 72 
120 / 

kb 

1x Pfu reaction 

buffer (from 

provider) 

5 

5 Final elongation 72 300  dNTPs 1.5 

6 Storage 4   H2O 39,3 

 

Amplification products were controlled for correct chain length by agarose gel electrophoresis 

and purified using the NucleoSpin purification kit (Macherey-Nagel, Düren, DE). 

 

2.2.1.2 Site-directed mutagenesis  

 

In particular, the introduction of point mutations into K2P channel sequences was performed 

by site-directed mutagenesis using the ‘QuickChange’ protocol (QuickChange II, Stratagene, 

La Jolla CA, USA).  Thereby, two complementary primers carrying the desired mutation at 

their center were designed for the full PCR amplification of the circular template plasmid using 

Pfu polymerase (Promega, Madison, WI, USA). A following digest using the DpnI restriction 

enzyme that cuts only the methylated parental template DNA was performed for one hour. For 

inactivation of DpnI, samples were kept at 80°C for 15 min. 5 µl of the unmethylated DNA 

carrying the point mutation was then used for transformation.  
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2.2.1.3 Transformation of Escherichia coli (E. coli) 

 

For the transformation 5 µl of the DNA sample were added to 50 µl of competent E. coli (DH5α) 

cells and incubated on ice for 10 minutes. A heat shock was performed for 45 s at 42°C and 

then returned on ice. Next, 500 µl of SOC liquid medium was added and cells were incubated 

for one hour at 37°C on a shaker. Subsequently, cells were sedimented at 8000 g for 5 min. 400 

µl of the supernatant was discarded and cells were resuspended in the remaining 100 µl SOC 

medium. Following, they were plated on Luria-Bertani (LB) plates supplemented with 100 µg 

ml-1 ampicillin and incubated over night at 37°C.  

 

2.2.1.4 Plasmid preparation 

 

For plasmid preparation 5 to 15 single clones were harvested from the LB plate obtained from 

the transformation. Single clones were picked and transferred to 5 mL LB medium to obtain 10 

– 25 µg DNA (‘Mini prep’) or to 50 mL LB medium supplemented with ampicillin (100 µg 

mL-1 to obtain 125 – 500 µg plasmid DNA (‘Midi-Prep’). Following, samples were incubated 

overnight (~16 hours).  

DNA isolation by alkaline lysis and following purification was performed using commercial 

DNA extraction kits (NucleoSpin, Macherey-Nagel, Düren, DE). Finally, the plasmid length 

and integrity were controlled by agarose-gel electrophoresis and DNA-concentration was 

determined photometrically (NanoDrop, Thermofisher Scientific, Waltham, MA, USA).  

 

2.2.1.5 Complementary RNA (cRNA) synthesis 

 

Complementary RNA containing a 7-methylguanosincap (cRNA / m7g-RNA) was generated 

following the instruction of the AmpliCap-Max T7 (pFAW vector) and SP6 (pSGEM vector) 

High Yield Message Maker Kits (Cellscript, Madison, WI, USA). The plasmid DNA was 

linearized by MluI digestion and purified by the DNA purification kit (NucleoSpin, Macherey-

Nagel, Düren, DE). Thereby, the DNA-sequence is transcribed complementary into RNA and 

polyadenylated at the 3’UTR of the linearized vector. Following a phenol-chloroform 

precipitation RNA was stored in ddH2O at -20 °C (long term storage at -80 °C). cRNA-

concentration was determined photometrically at 260 nm (NanoDrop, Thermofisher Scientific, 

Waltham, MA, USA) and verified by agarose gel electrophoresis. 
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2.2.1.6 Agarose gel electrophoresis 

 

Analysis and control of the generated DNA or cRNA products used in this study was done by 

agarose gel electrophoresis. Therefore, 0.8 - 1 % agarose (w/v) was solved in boiling TEA 

buffer. For subsequent visualization of the separation, Roti gel stain (1:10’000, Carl Roth, 

Karlsruhe, DE), was added to the solution before gel polymerization. The fluorescent Roti gel 

stain intercalates in the DNA and allows their visualization via UV illumination (360 nm, 

ChemiDoc, Biorad, Hercules, CA, USA. DNA samples were mixed with 6x loading buffer, to 

the RNA samples and formamide was added for denaturation (Ambion Gel Loading Buffer II, 

Thermo Fischer Scientific, Waltham, MA, USA). Subsequently, the agarose gel was placed in 

a TEA buffer filled gel chamber and loaded with the samples that were then electrophoretically 

separated applying constant 120 mV. To predict the fragment length of the separated samples 

a 1 kB DNA ladder was loaded additionally to the gel (GeneRuler 1 kb DNA Ladder, Thermo 

Fischer Scientific, Waltham, MA, USA).    

 

2.2.2 Electrophysiology  

 

All electrophysiological experiments in this thesis were done using inside out macro size 

patches of stage V-VI oocytes (Dumont 1972) of the South African clawed toad, Xenopus 

laevis, purchased from Fort Atkinson, WI, USA and accommodated at the animal breeding of 

the Christian-Albrechts University. 

 

2.2.2.1 Xenopus laevis oocyte preparation and RNA expression 

 

For the egg extraction, adult females were anesthetized using Tricain (0.2 % in 50 mM 

NaHCO3) and kept on ice. After the extraction of around 2 cm³ of ovary tissue animals were 

stitched up using sterile absorbable surgical strings (Glycolon, Resorba Medical GmbH, 

Nürnberg) and kept in a shaded box until they recovered from the narcotic. Afterwards they 

were returned to the animal breeding. 

Meanwhile, the ovary tissue was reduced to smaller pieces and incubated at RT for one hour 

with 2 µg ml-1 collagenase type II (Biochrom GmbH, Berlin) solved in OR2 solution (table 2). 

Subsequently, eggs were washed several times using ND96 solution (table 2) to stop the 

collagenase reaction and stored at 17°C. 
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For the heterologous protein expression oocytes were defolliculated manually using fine 

forceps and injected with about 50 nl of the K2P channel specific cRNA [2 – 4 ng µL-1]. Glass 

capillaries for the injection were pulled using a Sutter Instrument P-1000 micropipette puller 

(Novato, CA, USA) and broken sharply at the platin filament of a micro forge (Narishige 

Scientific instrument, Tokyo, Japan). After the injection oocytes were kept separated in 24-well 

plates at 17°C for 2 to 14 days.   

 

2.2.2.2 Patch clamp 

 

All electrophysiological measurements were obtained from macro size inside out patches using 

an EPC10 amplifier (HEKA electronics, Lamprecht, DE). A bath electrode was installed as 

reference electrode and currents were sampled at 10 kHz and filtered at 3 kHz. Therefore, thick 

walled borosilicate glass pipettes were pulled in a Sutter Instrument P-1000 micropipette puller 

(Novato, CA, USA) and their tip was melted using a micro forge (Narishige Scientific 

instrument, Tokyo, Japan). Subsequently, the pipette resistance was about 0.2 – 0.6 MΩ. 

Pipettes were filled with pipette solution (Table 2) containing in all measurements 120 mM 

potassium and was adjusted to pH 7.2, if not indicated otherwise. The intracellular solution was 

applied using a multi barrel pipette (Figure 15) that was made from 6 double barrel theta glass 

capillaries stuck together. This allows the exchange of 12 different (bath)solutions to the same 

patch. At standard conditions the bath solutions contained 120 mM potassium and was adjusted 

to pH 7.4. If necessary, pH was adjusted (pH 5 – pH 10) and / or compounds and modifying 

reagents (Table 3) were added.  

If not indicated otherwise, measurements in this study were done using either ramp protocols 

pulsing voltages from -80 to +80 mV with a duration of 1 s and in intervals of 9 s, continuous 

pulses at +40 mV or rectangle pulses with a duration of 0.3 s from a holing potential at -80 mV 

ranging from -100 to +100 mV in 20 mV steps.  
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Figure 15 – Patch clamp experimental setup. The perfusion system to the left is connected to a multi 

barrel pipette, that allows a quick solution exchange. The bath electrode is connected to the patch clamp 

amplifier and functions as reference electrode to the chloride silver wire within the patch pipette. The 

silicon tube allows the application of pressure for patch sealing, after the attachment of the patch pipette 

to the cell membrane. Subsequently, inside out patches are generated by a rapid up movement using 

the micro manipulator that is connected to the amplifier.  

 

Some figures presented in this study are planned to be published within this year and include 

experimental measurements of former and current lab members. The concerning Figures and 

the contribution of other authors is listed in the following table: 

 Table 6 – Experimental contribution of other lab members 

Figure channel, number of experiments Experimenter 

19 A - PIP2 regulation of K2P 
channels 

TALK-2: 6 Dr. Marcus Schewe 

21 A - Oleoyl-CoA regulation of 
K2P channels 

TALK-2: 13 (incl. Figure 21 B), TRESK: 5, 
TREK-1: 4 (incl. Figure 22 A) 

Björn Jürs 

23A - 2-Aminoethoxydiphenyl 
borate regulation of K2P channels 

TREK-1: 21 (incl. Figure 23 B), TREK-2:12, 
TALK-2: 4 (incl. Figure 23 B), TASK-1: 4, 
TASK-2: 11, TASK-1: 4, THIK-1: 13, THIK-
2: 10, TRESK:10 

Dr. Marcus Schewe 

TALK-2: 9 (incl. Figure 23 B) Björn Jürs 

27 B - Tetrapentylammonium 
(TPA) accessibility in K2P channels. 

TREK-1: 50, TREK-2: 16, TRAAK: 17, TALK-
1: 7, TALK-2: 6, TASK-2: 4, TASK-1: 10, 
TASK-3: 50, TWIK-1: 5, THIK-1: 11, THIK-
2: 11, TRESK: 50 

Dr. Marcus Schewe, 
Jan Langer, Björn 
Jürs 

27 F - Tetrapentylammonium 
(TPA) accessibility in K2P channels. 

TALK-2: TPA in K+: 6, TPA in 2-APB 1 mM: 
4, TPA in 2-APB 0.2 mM: 7, TPA in 2-APB 
0.5 mM: 5, TPA in Rb+: 6 

Björn Jürs 

38 C - ONO-RS-082 dose response 
curve of TASK-1 

TASK-1: 9 Marcus Schewe 
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2.2.3 Data recording and analysis  
 

Electrophysiological data were recorded using PatchMaster (Version: v2x73.5, 21.05.2015) 

from HEKA Elektronik Dr. Schulze GmbH, Lambrecht Germany and were further analyzed 

using the belonging FitMaster tool (Version: v2x73.5, 21.05.2015). Data were than exported as 

itx files and statistically and graphically processed using Igor Pro 6.3.7.2 (32-bit release). The 

relative activation or inhibition of a channel current is shown relative to the basal current I0: 

 Fold change (relative activation %):        
𝐼

𝐼0
  (∙ 100) 

Inhibition (%):       (100 − (
𝐼

𝐼𝑜
)) ∙ 100 )  

Dose-response curves were analyzed using the implemented fit function (HillEquation) in Igor. 

Hill Equation:     𝑓(𝑥) =  𝑏𝑎𝑠𝑒 +
(𝑚𝑎𝑥−𝑏𝑎𝑠𝑒)

{
𝑥ℎ𝑎𝑙𝑓

𝑥
}

𝑟𝑎𝑡𝑒  

Where max: the control current in ampere, base: the inhibited current in ampere, X: the 

concentration of the inhibitor, xhalf: the concentration of half-inhibition and rate: is the Hill 

coefficient.  

The Pymol Molecular Graphic System (Version 2.4.1, Schrödinger, LLC, https://pymol.org) 

was used for visualization of crystal structures and flagging of relevant amino acids. Image 

processing was done using the Inkscape vector graphic program (Version 1.0.1 (3bc2e813f5, 

2020-09-07, https://.inkscape.org, open source). 

 

 

 

 

 

 

 

 

https://pymol.org/
https://.inkscape.org/
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3. Results 
 

This section presents first the physiological and pharmacological regulations of K2P channels 

examined in this work and followingly, presents the results of the investigated gating 

mechanisms of these channels and their gating regulation by those stimuli. 

Except for TWIK-2, TWIK-3 (KCNK7) and TASK-5, all K2P channels are measurable in 

heterologous expression systems. Notably, TWIK-1 and THIK-2 channels used in this study, 

do not reflect measurements of the original WT gene, but contain mutations that increase their 

surface expression (see section 3.1.5). 

If not indicated otherwise, all measurements are done using inside out patches from Xenopus 

laevis oocytes and are recorded at room temperature under symmetric K+ concentrations (120 

mM), using the following pulse protocols: (i) Ramps -80 to +80 mV with a duration of 1 second 

and intervals of 9 s (ii) continues pulses of +40 or -80 mV or (iii) rectangle pulses -100 to +100 

mV in 20 mV steps, starting from a holding potential at -80 mV with a duration of 300 ms.  

 

3.1 Physiological regulation of K2P channels 
 

Two pore domain potassium channels are widely distributed in human cellular tissues. Their 

activity is influenced by a broad range of physical and chemical stimuli like temperature, 

membrane stretch or pH alterations as well as cellular metabolites such as long chain fatty acids 

or membrane lipids. The latter (pH and lipids) are examined in this section. 

 

3.1.1 Intracellular pH regulation 
 

Regulation of K2P channels by alterations in pH is well known. Thereby, it was shown 

extensively that channels of the TREK/TRAAK subfamily, as well as the channels of the TASK 

and TALK families are inhibited by extracellular acidification (except for TREK-2 that is 

activated by acidic pHo) (Decher et al. 2001; Dong et al. 2015; Duprat et al. 1997; Girard et al. 

2001; Rajan et al. 2000; Reyes et al. 1998; Sandoz et al. 2009) (see section 1.2.2.1). Although, 

the regulation mechanisms by extracellular pH changes are well established, the pH regulation 

from the cytoplasmatic site stays illusive.  
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To further study the intracellular pH regulation in TASK and TALK channels, current responses 

to varying pH values ranging from pH 6 to pH 10 were measured in patch clamp experiments. 

Therefore, inside out patches of Xenopus laevis oocytes expressing either TASK-1, TASK-2 or 

TALK-2 WT channels were measured applying Ramp pulses from -80 to +80 mV, as shown in 

Figure 16 A to C. For comparison the TREK-1 current response to intracellular acidification at 

pH 5 is shown in Figure 16 D. As depicted in the pH response curves, TASK-1, TASK-2 as 

well as TALK-2 are predominantly closed at acidic pH and show a strong activation by 

intracellular alkalisation compared to physiological pH at 7.4. While, the current increase of 

the TASK-1 and TALK-2 channels show their highest slop between pH 9 and 10, currents of 

the TASK-2 channels seam to gradually saturate with increasing pH, yielding an EC50 at around 

pH 8.5.   

 

 

Figure 16 – Intracellular pH sensitivity of TASK and TALK channels. A-C) Activation of TASK-1, 

TASK-2 and TALK-2 channels by intracellular alkalisation shown as pH response curves of TASK-1 (A), 

TASK-2 (B) and TALK-2 (C) WT channels ranging from pH 6 to pH 10. Measured in Ramps from -80 to 

+80 mV with a duration of 1 s using inside out patches of Xenopus laevis oocytes under symmetrical K+ 
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(120 mM) conditions (inset) and normalised to I max (at pH 10) at +40 mV. D) Example trace of TREK-

1 WT currents at pH 7.4 (black) and pH 5 (orange). Measured as in A. 

 

Since the residue K245 was recently proposed as intracellular proton sensor in TASK-2 

channels (Bustos et al. 2020; Li et al. 2020) we mutated the putative proton sensing lysin to the 

residues alanine and cysteine and repeated the pH response experiment using these TASK-2 

K245A and K245C mutants. Figure 17 A and B show the resulting pH response curves of the 

mutant channels (turquoise) compared to the wild type (black). Thereby, the response curves 

of both mutants show a shift to more acidic values with midpoints around pH 7. While the 

mutation to alanine also causes an overall decrease in pH sensitivity (visible as a flattening of 

the response curve and illustrated in the example traces in Figure 17 C), the cysteine mutant 

remains sensitive to acidification as well as to alkalisation (Figure 17 D), rising questions about 

the functionality of this residue as proton sensor in TASK-2 channels. Notably, basal currents 

at pH 7.4 of the mutant K245C and K245A currents are increased compared to the WT currents 

(Figure 17 E), indicating that this site, is important for channel gating. 
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Figure 17 – Intracellular pH sensitivity of TASK-2 K245A and K245C mutant. A) Activation of TASK-

2 K245A mutant (turquoise) and TASK-2 WT (black) channels by intracellular alkalisation shown as pH 

response curves ranging from pH 5 to pH 10. (C) Normalised current to I max (at pH 10) at +40 mV. B) 

TASK-2 K245C (turquoise) and WT (black) as in A). D) Example trace of TASK-2 K245C measured 

under increasing pH values as indicated. E) Bar plot (mean ± SEM) comparing the basal currents of 

WT, K245A and K245C at pH 7.4 and +40 mV, showing a current reduction for K245A (0.02 ± 0.005, 

nA, n = 5) and an increase for K245C (0.8 ± 0.34 nA, n = 5) compared to WT currents (0.74 ± 0.23, n = 

9). 

 

As TALK-2 is a close relative to the TASK-2 channel, we additionally mutated the homolog 

lysine at position 261 in the TALK-2 channel to the negatively charged glutamic acid to test 

weather this mutation would abolish or reduce the pH sensitivity in this related channel. As 

depicted in Figure 18 A and B, the pH sensitivity for the TALK-2 K261E mutant (turquoise) 

stays very similar to the wild type, suggesting that this residue is not the proton sensor in TALK-

2 channels either. Interestingly, this mutation also causes a current increase in the TALK-2 

channel, as shown in the bar plot (Figure 18 C) and therefore might be an important site for the 

regulation of channel activity. 

 

 

Figure 18 – Intracellular pH sensitivity of TALK-2 K261E mutant. A) Activation of TALK-2 K261E 

mutant (turquoise) and TALK-2 WT (black) channels by intracellular alkalisation shown as pH response 

curves ranging from pH 6 to pH 10. Measured in Ramps or cont. pulses under symmetrical K+ (120 mM) 

conditions and normalised to I max (at pH 10) at +40 mV. B) Example trace of TALK-2 K261E mutant 

measured at cont. +40 mV under symmetrical K+ concentrations and decreasing pH values from 10 to 

6 as indicated. E) Bar plot (mean ± SEM) comparing the basal currents of WT and K261E at pH 7.4 and 

+40 mV, showing a current increase for K261E (0.37 ± 0.01 nA, n = 5) compared to WT currents (0.11 

± 0.06, n = 178). 
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3.1.2 Regulation of K2P channels by phosphatidylinositol 4,5-bisphosphate 

(PIP2) 

 

The phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) plays a crucial role as 

physiological regulator of ion channel activity and therefore excitability of nerves (Chemin et 

al. 2005; Huang 2007; Lopes et al. 2005).  

Here, we tested the direct effect of PIP2 for 12 K2P channels applying 10 µM PIP2 to the 

cytoplasmatic site of the channels in inside out patches. As depicted in Figure 19 A, the 

responses to this signalling lipid varied strongly within the K2P channel subfamilies, as well as 

in the efficacy on the particular subtype members. In accordance with previous reports, a very 

robust channel activation within the TREK/TRAAK subfamily was observed with a fold 

activation of 17.1 ± 2.85, 10.87 ± 2.85 and 113.56 ± 24.35 for TREK-1, TREK-2 and TRAAK, 

respectively. Thereby, the activated currents displayed a nearly linear current voltage (I-V) 

relationship (Figure 20, A / B / C). Members of the THIK subfamily were also activated by 

PIP2, with a strong activation for THIK-1 (19.33 ± 2.32) and a weaker activation for THIK-2 

(3.91 ± 0.60), however, both displaying again linear I-Vs (Figure 19 B and 20 H). Within the 

TALK subfamily PIP2 caused only a ~2-fold activation for TALK-1 and TALK-2. However, 

the effect of the third subfamily member, TASK-2, was more complex, displaying a biphasic 

response to PIP2. As shown in Figure 19 D, in many patches TASK-2 currents showed a strong 

rundown and the application of 10 µM PIP2 caused initially a robust activation. However, the 

activation ceased and finally dropped below the starting level, resulting in 82.80 ± 2.77 % 

current inhibition. In patches lacking rundown, PIP2 application caused an inhibition only. In 

contrast, application of a lower PIP2 concentration (0.1 µM) did not produce inhibition, but 

reversed an observed rundown. These findings suggest two distinct regulatory mechanisms in 

TASK-2 with low PIP2 concentrations stabilizing the basal channel activity via an activatory 

site and higher PIP2 levels causing inhibition, possibly via a distinct inhibitory site.   

In the TWIK subfamily only TWIK-1 expressed functionally, but lacked PIP2 sensitivity and a 

similar outcome was observed for TRESK channels (Figure 20 F / I).   

Finally, the TASK subfamily, were only TASK-1 and TASK-3 are expressed functionally, both 

channels show a marked inhibition (80.00 ± 1.95 % and 60.83 ± 10.36 %) by PIP2 (Figure 20, 

C and Figure 20 G). 
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Figure 19 - PIP2 regulation of K2P channels. A) Activation (blue) and inhibition (orange) of K2P 

channels (ordered in respect to the dendrogram (Enyedi and Czirják 2010)) by PIP2 (10 µM) measured 

in Ramps as shown in B/C/D and analysed at +40 mV, as mean ± SEM, n as indicated above each bar. 

Fold activation: TREK-1: 17.07 ± 2.85, TREK-2: 10.87 ± 3.96, TRAAK: 113.56 ± 24.35, TALK-2: 1.5 ± 

0.14, TALK-1: 2.03 ± 0.03, TASK-2: 2.44 ± 0.29 (initially) & 82.80 ± 2.77 % inhibition (followingly), THIK-

1: 21.45 ± 1.67, THIK-2: 3.91 ± 0.60 WT channels. Current inhibition [%]: TASK-1: 80.0 ± 1.95 %, TASK-

3: 60.83 ± 3.92 %, TWIK-1: 1.07 ± 0.31 and TRESK: 6.87 ± 1.14 % were not notably affected (grey). 

n.e. = no expression, channels showing insensitivity were marked in grey. B-C) Ramp traces (right) and 

time curse at +40 mV (left) of the PIP2 (10 µM) activated THIK-1 (B) and PIP2 inhibited TASK-1 (C) K2P 

channels. D) Ramp trace and analysed currents at +40 mV of TASK-2 channels showing either a current 

rundown (left/right) over time or not (middle). The application of low concentrated PIP2 (0.1 µM) rescues 

channel rundown (right) but produces no inhibition (middle); 10 µM PIP2 also rescues rundown if present 

(left), but leads to a following inhibition of the channel. If no rundown is present 10 µM lead to inhibition 

only (middle). 

 

In summary, 10 of the 12 investigated K2P channels changed their activity in response to PIP2, 

with only TWIK-1 and TRESK lacking a clear PIP2 sensitivity. Members of the TREK, THIK 

and TALK subfamilies were activated, but with TASK-2 only initially, whereas members of 

the TASK subfamily were inhibited.   
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Figure 20 - PIP2 regulation of K2P channels. A - I) Ramp traces (-80 to +80 mV) using inside out 

patches of Xenopus laevis oocytes (right) and corresponding time curse at +40 mV (left) of the PIP2 (10 

µM) activated TREK-1 (A), TREK-2 (B), TRAAK (c), TALK-1 (D), TALK-2 (E), THIK-2* (Mbr mutant), and 

PIP2 inhibited TASK-3 (G) K2P channels. TWIK-1* (I293A/I294A mutant) (F) and TRESK (I) are not 

affected by PIP2. 

 

3.1.3 Regulation of K2P channels by Oleoyl-CoA 
 

Further, the lipid sensitivity of the 12 expressed K2P channels was explored by testing the 

polyanionic lipid Oleoyl-CoA, that represents a common cellular long chain fatty acid 

metabolite.  

Here, the effect of 10 µM Oleoyl-CoA (18:1) was applied to inside out patches from Xenopus 

laevis oocytes and the current response was recorded using a Ramps protocol, as shown in 

Figure 21 & 22. To demonstrate the time curse of the Oleoyl-CoA regulation and the performed 

washout (using bovine albumin serum (BSA)) measurements at +40 mV were plotted over time 

(Figure 21 & 22). For further comparison, regulation effects at +40 mV were normalised to the 

basal current, shown in Figure 21 A.  

Similar to the PIP2 application, 10 µM Oleoyl-CoA caused strong activation of the TREK 

subfamily members, with a fold activation of 14.64 ± 3.42, 6.17 ± 1.19 and 39.79 ± 15.46 for 
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TREK-1, TREK-2 and TRAAK, respectively. These effects were readily reversible upon 

extraction of Oleoyl-CA from the membrane (Figure 21 B, 22 A, B). THIK channels were also 

potently activated roughly comparable to the PIP2 effect (THIK-1: 27.24 ± 2.31, THIK-2: 12.99 

± 0.42). Interestingly, in the TALK subfamily, a massive activation of about 95-fold was 

observed for the TALK-2 channel while TALK-1 was only moderately activated (4.35 ± 0.46) 

(Figure 21 B, 22 C). TASK-2 channels were inhibited by 10 µM Oleoyl-CoA by 89.91 ± 2.5 

%. Notably, unlike PIP2, Oleoyl-CoA did not reactivate TASK-2 channels after rundown. 

TWIK and TRESK channels, that were both insensitive to PIP2, were inhibited by Oleoyl-CoA. 

Within the TASK subfamily, only TASK-3 was inhibited by 38.51 ± 5.45 % upon Oleoyl-CoA 

application, while TASK-1 was insensitive (Figure 21 A, 22).  

 

 

Figure 21 - Oleoyl-CoA regulation of K2P channels A) Activation (blue) and inhibition (brown) of K2P 

channels by Oleoyl-CoA (10 µM), measured in Ramps and analysed at +40 mV as shown in B/C (mean 

+/- SEM, n as indicated). Strong activation for TREK-1: 14.65 ± 3.42, TRAAK: 39.79 ± 15.46, TALK-2: 

94.33 ± 13.82, THIK-1: 27.24 ± 2.31 and THIK-2: 12.99 ± 0.42. Weak activation for TREK-2: 6.17 ± 0.19 

and TALK-1: 4.35 ± 0.46 and TASK-1: 2.3 ± 0.21. Current inhibition [%] for TWIK-1: 52.31 ± 11.88 %, 

TASK-2: 89.91 ± 2.50 %, TASK-3: 38.51 ± 5.45 % and TRESK: 73.11 ± 4.49 %. B) Example traces of 

Oleoyl-CoA activated TRAAK and TALK-2 channels. C) Example traces of Oleoyl-CoA inhibited TASK-
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2 and TWIK-1 channels. Measured as described in A. Washout was performed using 5 mg/ml BSA. 

*measurements of other lab members were included in figure A and B. For more detail see Table 6. 

In summary, with the exception of TASK-1, all tested K2P channels changed their activity upon 

Oleoyl-CoA application and the subfamily response profile (activation vs. inhibition) in general 

resembled that of PIP2. However, exceptions to this notion were seen for the strongly Oleoyl-

CoA activated TALK-2 channels, that only showed a rather weak PIP2 response and TWIK-1 

and TRESK channels that showed clear Oleoyl-CoA inhibition but lacked PIP2 sensitivity.  

 

Figure 22 - Oleoyl-CoA regulation of K2P channels A-H) Example traces of K2P channels activated 

(blue) or inhibited (brown) by 10 µM Oleoyl-CoA, basal current is indicated in grey and washout was 

performed using 5 mg / ml BSA (orange). Measurements were done using inside out patches of Xenopus 

laevis oocytes and measured in Ramp protocols as shown on the right (A-H) and analysed at +40 mV 

and plotted over time (left, A-H).   

 

3.2 Pharmacological regulation 

 

3.2.1 2-Aminoethoxydiphenyl borate and Drofenine activate TALK-2 K2P 

channels 
 

The compound 2-aminoethoxydiphenyl borate (2-APB) was shown to serve as an activator for 

several ion channels including the channels of the TREK/TRAAK K2P subfamily (Beltrán, 
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2013). Here, a similar behavior for the TALK-2 channel was observe that becomes potently 

activated in a dose-dependent manner by 2-APB yielding an EC50 of 648 ± 99 µM, shown in 

Figure 23 B and 23 C.   
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Figure 23 - 2-Aminoethoxydiphenyl borate regulation of K2P channels. A) Fold activation of K2P 

channels at +40 mV by 1 mM 2-Aminoethoxydiphenyl borate (2-APB, inset C) measured in Ramps and 

continues pulses at + 40 mV as shown i.e. in C, D, E. B) 2-APB dose response for TALK-2 (black) and 

TREK-1 (grey), yielding an EC50 for TALK-2 WT channels of 648 ± 99 µM. C - E) Example traces of 2-

APB (blue) regulation in Ramps (left, 1 mM 2-APB) and continues pulses at +40 mV (right, 2-APB 1 – 

2000 µM) of TALK-2 (C), TALK-1 (D) and TASK-2. For comparison Rb+ (120 mM, red) or pH 10 

(turquoise) were applied as indicated. *Measurements of other lab members were included in figure A 

and B, see Table 6. 

 

As other K2P channels were screened for current activation by 2-APB, shown as fold activation 

upon 1 mM 2-APB at +40 mV in Figure 23 A, we observed that this activating effect stayed 

restricted to the TREK/TRAAK subfamily and the examined TALK-2 channel. Whereas 

TWIK-1, TASK-1, TASK-3 and TRESK showed a current inhibition, THIK-1 and THIK-2 as 

well as the TALK subfamily members TALK-1 (Figure 23 D) and TASK-2 (Figure 23 E) 

showed none or only moderate activation. Interestingly, as shown in Figure 24, the 

spasmolysant Drofenine, a structurally related compound, also activated TALK-2 channels, 

whereas TALK-1 channels were unaffected. This observation suggests, that TALK-2 and 

TALK-1 are regulated differently, event though, they belong to the same subfamily. Especially 

in regard to the regulation of a potential intracellular gate, this becomes interesting. Therefore, 

see section 3.3.2.3. 
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Figure 24 - Drofenine regulation of TALK channels. A) Fold activation of TASK-2, TALK-1 and TALK-

2 channels at +40 mV by 1 mM Drofenine measured in Ramps as shown i.e. in D, E, F.  B) Drofenine 

dose response curves for TALK-2 (grey, filled) and TALK-1 (black) showing an inhibiting effect for TALK-

1, while TALK-2 is activated with rising concentrations. C) Plotted Drofenine dose response curve of 

TALK-1 at +40 mV, measured in Ramps as shown in E. D - F) Example traces of 2-APB (blue) regulation 

in Ramps using 1 mM Drofenine of TASK-2 (D), TALK-1 (E) and TALK-2 (F). For comparison Rb+ (120 

mM, red) or pH 10 (turquoise) were applied as indicated.  

 

3.2.2 Regulation of TALK channels by negatively charged activators  

 

Negatively charges activators (NCAs) like BL-1249 are known to activate K2P and other ion 

channels by stabilizing the conductive state of the selectivity filter (Schewe et al. 2019). Figure 

25 A demonstrates this large increase of current for the TALK-2 channel when treated with 50 

µM BL-1249 (dark blue), that is even 6 times higher than the previously described activation 

by 1 mM 2-APB (light blue). In accordance, other NCAs like NS11021, ML67-33 or DCPIB 

also activate TALK-2 channels up to 110-fold when applied with a concentration of 50 µM. 

However, the related TALK-1 channel shows an overall weaker activation that is seen only as 

5-fold current increase for NS11021 and DCPIB and a 30-fold increase for ML67-33 compared 

to the basal potassium current at pH 7.4 (Figure 25 B, C, D).  

 

Figure 25 - Regulation of TALK channels by NCAs. A) Example trace of TALK-2 WT channels at +20 

mV, activated by Rb+ (red) 1 mM 2-APB and 50 µM BL-1249. B-D) Fold activation of TALK-1 and TALK-

2 channels at +40 mV by 50 µM of NS11021 (B), ML67-33 (C) and DCPIB (D), measured in Ramps -80 

to +80 mV. 
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3.3 Gating mechanisms in K2P channels 

 

3.3.1 Selectivity filter gating in TALK, TASK and THIK channels 

 

As described in previous studies, TALK-2 channels are activated by rubidium ions (Rb+) that 

are stabilizing the ion occupancy at the selectivity filter and thus evoke the opening of the ion 

flux gate (Schewe et al. 2019). Figure 26 A shows the resulting increase of the voltage 

dependent outward current as well as an increase in tail current amplitude that arises when Rb+ 

is applied to the cytoplasmatic site of the channel. Thereby, rectangle pulses ranging from -100 

to +100 mV where applied to an inside out patch and measured in symmetric potassium (black) 

or after intracellular substitution with Rb+ (red). The voltage dependent increase of the tail 

current amplitude that is reflecting the slope of a rising open probability (Po) is shown in Figure 

26 F. Thereby, intracellular substitution with Rb+ leads to a slightly stronger current 

rectification in comparison to symmetric K+ concentrations. The deactivation time after 

repolarization from a rectangle pulse to +100 mV was analyzed as exponential fit of the tail 

current amplitude, yielding about 0.5 ms in symmetric K+ and 2 ms upon intracellular Rb+ 

substitution (Figure 26 D). 

The observed potentiation of outward currents did only occur upon intracellular Rb+ 

substitution. When applied extracellularly, voltage dependence was shifted slightly to more 

negative potentials and tail currents were diminished (Figure 26 A, black, right). A rise of 

inward currents was not observed when K+ was substituted by Rb+ (Figure 26 A, right, black, 

red) suggesting that only an outward ion-flux is possible, while inward movement of ions lead 

to channel closure.  

The current response of TASK-1, TASK-2 and THIK-1 channels to intracellular Rb+ 

substitution was characterized by a poor (or slower) ion conductance, where outward currents 

where decreased compared to K+ currents (Figure 26 B, C). Furthermore, the tail current 

amplitude, shown in Figure D was not increased as it is observed for TALK-2. While the 

TALK-2 channels showed a 15-fold increase of their tail currents in response to Rb+ at +100 

mV, TASK-1, TASK-2 and THIK-1 channels showed an unaltered or reduced amplitude 

yielding a fold change of 0.6 ± 0.08 (n = 10), 0.33 ± 0.05 (n = 10) and 0.99 ± 0.05 (n = 3), 

respectively. The TASK-1 deactivation time (upon repolarization after a rectangle pulse to +100 

mV (Figure 26 D) was about 2 ms in symmetric K+ and slightly faster upon intracellular Rb+ 

substitution (1 ms). As visible in the current voltage (I-V) curves TALK-2, TASK-1 and THIK-

1 were all relatively open at negative potentials (Figure 26 F, G, H, grey).  
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Figure 26 – Selectivity filter gating in K2P channels. A) TALK-2 current responses to rectangle 

pulses ranging from -100 to +100 mV in symmetrical K+ (120 mM [Kint] / 120 mM [Kext]) (black) or after 
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K+ replacement by Rb+ at the intracellular (red), extracellular (black) or both sides (brown). B) TASK-1 

current responses measured as in A, in symmetrical K+ (black) or after intracellular K+ replacement by 

Rb+ (red). C) THIK-1 current responses measured as in A, in symmetrical K+ (black) or after intracellular 

K+ replacement by Rb+ (red). D) Upscaled tail currents from measurements in A for TALK-2 and TASK-

1, THIK-1 and TASK-2, indicated as grey box. E) Fold change of tail current amplitudes (mean ± SEM, 

n as indicated) after intracellular Rb+ application at +100 mV of TASK-1 (0.6 ± 0.08, n = 10), TALK-2 

(14.6 ± 2.58, n = 10) TASK-2 (0.33 ± 0.05, n = 10) and THIK-1 (0.99 ± 0.05, n = 3) channels. F - H) I-V 

curves of TALK-2 (F), TASK-1 (G) and THIK-1 (H) WT channels indicating currents at the end of a 

depolarizing step (-100 to +100mV, in 20 mV steps, gray boxes) and the corresponding tail current 

amplitude upon repolarization to -80 mV (black circles), red circles indicate tail currents upon intracellular 

Rb+ substitution, values as mean ± SEM, n as in Figure E. 

 

However, TALK-2 channels showed a pronounced rectification upon positive voltages. In 

contrast, the I-V curves of THIK-1 and TASK-1 channels were almost linear, with THIK-1 

being even more open at negative potentials. The THIK-1 tail current amplitudes at negative 

voltages -100 to -60 mV were non-existent. Upon less negative (-40 to 0) and positive values, 

tail currents became visible and increased step wise, indicating that the open probability 

increased correspondingly with higher voltages. However, when compared to other K2P 

channels such as TALK-2 (Figure 26 F) or TASK-1 (Figure 26 G) this increase was quiet poor, 

indicating that THIK-1 currents are only weakly voltage dependent. The deactivation time upon 

repolarization was 4 ms in symmetric K+ and upon intracellular Rb+ substitution after a pulse 

to +100 mV. Thus, a Rb+ substitution did not alter the size of the tail current amplitudes nor 

changed the time of deactivation. In respect to the Rb+ conductance TASK-2 channels behaved 

very similarly to TASK-1 channels and are therefore not shown in detail. However, the tail 

current amplitude of these channels was larger and the deactivation time was slow (~12 ms) 

(Figure 26 D). After K+ substitution with Rb+ tail currents were strongly decreased and faster 

deactivated (~ 4 ms), shown in Figure 26 D. This suggest that the application of Rb+ ions reduce 

the Po of TASK-2 and enhance channel deactivation. 

 

3.3.2. Intracellular gating mechanisms 
 

3.3.2.1 Intracellular pore blocker accessibility  

 

In order to study the inner pore structure of potassium channels, QA ions, such as 

Tetrapentlammonium (TPA), have been used extensively in the past (Camino et al. 2000; 
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Piechotta et al. 2011; Rapedius et al. 2012). Applied to an excised inside-out patch from 

Xenopus laevis oocytes TPA causes a fast, reversible current block of the TREK-1 and other 

K2P channels by the occupancy of their freely accessible inner pore cavity (Rapedius et al. 

2012). As illustrated in Figure 27 B this approach holds true for eleven of the twelve tested K2P 

channels in this study. But to our surprise, the TALK-2 K2P channel showed an unexpected 

insensitivity towards this open channel blocker. Figure 27 A shows example traces measured 

in Ramps from -80 to +80 mV of TRAAK, TASK-3, TASK-2 and TALK-2 channels. While 

potassium currents of the TRAAK, TASK-3 and TASK-2 channels are blocked about 80 – 90 

% by 1 mM TPA (grey), the TALK-2 channel shows no current alterations. As depicted in the 

Cartoon (Figure 27 C), this observation contrasts the common understanding of the state 

independent pore accessibility in K2P channels (such as TREK-1), suggesting the presence of 

a lower pore constriction or some other mechanism preventing the binding of TPA ions to the 

channel pore.  
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Figure 27 – Tetrapentylammonium (TPA) accessibility in K2P channels. A) Example traces 

measured in Ramps, showing a reduced current amplitude after application of 1 mM TPA (grey) 

compared to currents at pH 7.4 (black) for TRAAK, TASK-3 and TASK-2 channels. TALK-2 currents are 

unaltered. B) Residual current after 1 mM TPA application tested on 12 K2P channels, measured as in 

A. (TREK-1: 6.68 ± 0.62, n = 50; TREK-2: 8.9 ± 2.48, n = 16; TRAAK: 18.68 ± 2.41, n = 30; TALK-1: 

28.7 ± 2.08, n = 12; TALK-2: 99.11 ± 3.56, n = 32; TASK-2: 11.12 ± 2.3, n = 18, TASK-1: 15.96 ± 2.48, 

n = 20, TASK-3: 0.84 ± 0.16, n = 50; TWIK-1 17.6 ± 4.18, n = 5; THIK-1 14.13 ± 1.93, n = 11, THIK-2 

13.45 ± 1.28, n = 11, TRESK 1.17 ± 0.29, n = 50). D) TALK-2 residual current after TPA application at 

basal conditions (grey, 99.11 ± 3.56, n = 32), upon intra- and extracellular pH 10 activation (turquoise, 

109.32 ± 4.25, n = 7; 78.39 ± 2.06, n = 12), Rb+ activation (red, 74.63 ± 2.77, n = 11) and after channel 

activation by 1 mM 2-APB (8.30 ± 1.22, n = 12). E) Dose dependent TPA inhibition (gray, 1, 10, 100, 

1000, 2000 µM) of TALK-2 upon previous 2-APB (1 mM) activation, measured at continuous +40 mV. 

F) TPA dose response curves of TALK-2 channels at basal conditions (sym. K+, 120 mM, black), after 

Rb+ activation (red) and upon activation by 2-APB applied in 3 concentrations (0.2, 0.5, and 1 mM, blue). 

*contribution of other lab members in figure B, F, more detail see table 6. 

 

As described previously, TALK-2 channels are activated by Rubidium ions (Rb+) that are 

stabilizing the ion occupancy at the selectivity filter and thus evoke the opening of the ion flux 

gate ((Schewe et al. 2016), Figure 26 A). Assuming, that this filter gate activation does not 

involve major structural changes of the inner channel pore, we observed with no surprise that 

the previously described TPA insensitivity remained at high levels (74,63 ± 2.77 %) after Rb+ 

activation. Furthermore, previous activation of the TALK-2 channel by intra- and extracellular 

alkalization (pH 10) did also not increase TPA sensibility (Figure 27 D). In the very contrast, 

activation upon 1 mM 2-APB led to a highly increased TPA sensitivity comparable to other 

K2P channels (Figure 27 D). As shown in Figure 27 E, this gain of TPA sensitivity is dose 

dependent. Here, WT TALK-2 channels were activated previously by 1 mM 2-APB and then 

subsequently blocked by increasing TPA concentrations (0.001 – 2 mM). In Figure 27 F, we 

demonstrate that this dose dependence is shifted in correlation to the previously applied 2-APB 

concentration (0.2, 0.5 and 1 mM). The higher the applied 2-APB concentration, and thus the 

activation of the channel, the merrier is the TPA block.  

 

3.3.2.2 Gating at the C-terminal domain in TREK channels 

 

Due to the lack of an intracellular gate, gating stimuli in TREK-1 and other K2P channels are 

thought to converge directly to the selectivity filter. Yet, how this conversion is processed 

remains unclear. However, it is suggested in crystal structure studies (Dong et al. 2015) that 
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TREK-2 channels are found in at least two distinct states. A more conductive up-state and a 

less conductive downstate, as illustrated in Figure 28 A. Thereby, the lower sections of the M2, 

M3 and M4 helices are projecting further into the cytoplasm in the down-state and are moved 

further up into the membrane in the up-state conformation. Furthermore, Norfluoxetin (NFx), 

registered as the antidepressant Prozac (indicated in Figure 28 A), binds within a side 

fenestration that is only accessible in the downstate conformation. Thus, stabilizing the less 

conductive state of the channel, visible as a dose dependent NFx inhibition of TREK-1 WT 

channels in Figure 28 D.  

However, the C-terminal domain, that was mostly removed for crystallization, is believed to 

play an important role for the modulation of channel activity. Thereby, protonation due to pH 

changes, lipid interactions (i.e. with PIP2) or other posttranslational modifications could favor 

an incorporation of the C-terminus to the plasma membrane and by that stabilize the more active 

up state. 

To test the involvement of the proximal C-terminal domain in TREK-1 channel activation, a 

cysteine modification assay was performed. Therefore, several mutants with introduced 

cysteine residues at the proximal C-terminal domain (K316C to V322C, F325, R326 and S348) 

were created and the lipophilic reagent Decyl-MTS was applied to the cytoplasmatic site of the 

channel. As illustrated in Figure 28 B, the lipophilic Decyl-MTS reagent was expected to seek 

an incorporation into the membrane. Thereby, it should function as anchor like structure, when 

bound to the modified cysteine residues, thus forcing the C-terminal domain to move upwards 

and thereby stabilize the conductive up state.  
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Figure 28 – Up- and down states in TREK channels. A) Christal structures of TREK-2 in the up 

(conductive) and down (non-conductive) state conformation (PDB Entry: 4BW5 and 4XDK). Binding of 

Norfluoxetin within the site fenestration, that is only accessible in the downstate conformation, visible in 

the surface illustration on the right, is shown in red. B) TREK-1 crystal structure (PDB Entry E306AX 

with membrane from Steven Tucker, Oxford University, UK) in its putative up state, orientated with direct 

view at the narrow side fenestration (left), embedded into a membrane and turned by 30° (right). The 

chemical structure of the cysteine modifying MTS-Decyl reagent and its expected anchor like behavior 

after its binding to an introduced cysteine at the C-terminal domain are indicated, (dimensions are 

enlarged for better visibility and do not reflect real proportions). C) TREK-1 WT, measured at continues 

+ 40 mV or in Ramps, showing that 100 µM of Decyl-MTS (orange) does not alter currents at pH 7.4 
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(black) nor at pH 5 (turquoise). 1 mM TPA (gray) was applied to test the patch quality. D) Dose 

dependent inhibition of TREK-1 channels by Norfluoxetin (0.001 – 100 µM). 

 

Strikingly, this was observed for 8 of the 10 tested residues. While WT channels showed no 

reaction to the reagent (Figure 28 C), the mutants K317C, T318C, K319C, E320, V322C, 

F325C, R326C and S348C were activated irreversibly (up to 150-fold) within seconds after 

Decyl-MTS was applied to the patch (Figure 29 A-H). Notably, application of the central cavity 

blocker tetrapentylammonium (TPA) led to a full current inhibition before and after activation 

with Decyl-MTS (Figure 29 A – F). However, activation by acidic pH 5 (turquoise, Figure 29 

A, C, E, D, G) was altered, leading only for the mutant K317C (A) to a further current increase, 

whereas the decyl-MTS activated currents of the mutants K319C, E321C, V322C and R326C 

were decreased about 40 %. Interestingly, mutation at the putative proton sensor E321 (Honoré 

et al. 2002) and at the putative phosphorylation site S348 ((García et al. 2020), there referred 

as S333) led to a gain of function, thus further activation of the already highly conductive 

channels was only weak compared to the other mutants (Figure 29 E, H).  
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Figure 29 – C-terminal activation by Decyl-MTS modification in TREK-1 channels. A-H) Example 

traces of TREK-1 mutants K317C, T318C, K319C, E320C, V322C, F325C, R326C, S348C measured 

in inside out patches at continues +40 mV, in symmetric K+ at pH 7.4. 1 mM TPA (gray) or K+ solution 

exchange to pH 5 (turquoise).  was applied before and after activation with 100 µM Decyl-MTS.  

 

Interestingly, the residues K316C and E320C showed a current inhibition when treated with 

100 µM Decyl-MTS (Figure 30 A, B). Thereby, the basal potassium current at pH 7.4 was not 

notably altered by Decyl-MTS application. The response to pH 5, however, was reduced after 

the modification (Figure 30 A and B, left current trace). This modification induced inhibition 

of the channel became more visible, shown in the right current trace, where Decyl-MTS was 

applied at previously pH 5 activated currents, measured in continues -80 mV and symmetric K+ 

concentrations (Figure 30 A and B right current trace).  

 

Figure 30 – Current inhibition by C-terminal Decyl-MTS modification in TREK-1 channels. A-B) 

Example traces of TREK 1 K316C (A) and E320C (B) mutants. Measured in inside out patches at 

continuous -80 mV in symmetric K+ concentrations at pH 7.4 if not indicated otherwise. 1 mM TPA (grey) 

and K+ solution at pH 5 (turquoise) were applied previously and after Modification with Decyl-MTS 

(orange) (left side). On the right, channels were activated by pH 5 and Decyl-MTS modification was 

performed at pH 5, leading to a current inhibition.   
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For better comparison, the fold activation (orange) and the relative inhibition (blue) 

respectively, were shown in Figure 31 B. Notably, residues facing the membrane phase shown 

in the crystal structure (Figure 31 A) where activated (orange), while residues facing the cytosol 

where inhibited (blue). As indicated in Figure 28, the transition of the TREK-2 channel from 

the open to the closed state evokes the closing of a side fenestration (Dong et al. 2015). As 

shown in Figure 28 D, TREK-1 channels are also inhibited by NFx that binds within this 

fenestration and accordingly stabilizes the non-conductive down state of the channel. To further 

address this suggestion, NFx dose response curves were made under (i) physiological pH 7.4 

(black) and (ii) intracellular acidification (turquoise) using the TREK-1 WT channel (Figure 31 

D). Additionally, the TREK-1 F325C mutant was also tested under physiological conditions as 

well as upon Decyl-MTS modification. The response to NFx in physiological pH, was very 

similar for the WT (IC50 = 3.9 ± 0.5 µM) and the F325C mutant (IC50 4.6 ± 0.7 µM). Strikingly, 

the IC50 of the WT activated by intracellular pH 5 as well as the F325C mutant activated by 

Decyl-MTS, was shifted by several fold to 12.9 ± 1.1 and 44.2 ± 8.9, respectively. This 

observation supports the proposed gating mechanism presented by Dong et al. 2015 and 

confirms this approach of membrane tethering (leading to activation) by the introduction of a 

lipid anchor. 
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Figure 31 – Comparison of Decyl-MTS modifications of TREK-1 C-terminal mutants. A) Crystal 

structure of TREK-1, embedded in a phospholipid membrane (PDB Entry E306AX with modeled 

membrane from Steven Tucker, Oxford University, UK). To cysteine mutated residues at the C-terminal 

domain activated by 100 µM Decyl-MTS are coloured orange and those inhibited in blue, respectively. 

B) Fold activation or relative Inhibition in % by 100 µM Decyl-MTS (measured as in Figures 29 and 30) 

of TREK-1 mutants. K317C (63.02 ± 25.69, n = 4), K318C (31.90 ± 10.66, n = 5), K319C (55.64 ± 9.28, 

n = 8), E321C (1.81 ± 0.22, n = 5), V322C (75.93 ± 29.64, n = 8), F325C (148.77 ± 31.55, n = 13), 

R326C (7.03 ± 1.49, n = 7) and S348C (1.73 ± 0.25, n = 8) were activated, while K316C (85.29 ± 4.06 

%, n = 4) and E320C (82.77 ± 2.4 %, n = 5) were inhibited (in pH 5). (mean ± SEM). C) Alignment of the 

proximal C-terminus of TREK-1, TRAAK and TALK-2 channels. Homolog residues, mutated in the 3 

channels were boxed in orange. D-E) Norfluoxetine (NFx) dose response curve of WT TREK-1 channels 
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(D) and F325C mutants (E) under standard physiological conditions (pH 7.4) and pH 5 activated (D) or 

Decyl-MTS activated (E) channels. 

 

To test whether this gating mechanism is transferable to other channels, homolog residues 

(Alignment, Figure 31 C) to the TREK-1 F325C and V322C yielding the greatest activation 

(148.77 ± 31.55 and 75.93 ± 29.64, respectively), as well as the intermediately activated T318C 

mutant (31.90 ± 10.66) were created in TRAAK K2P channels.  

Strikingly, as shown in Figure 32 the Decyl-MTS modification of the three mutants T264C (C), 

M268C (D) and L271C (E) led to channel activation, compared to the WT, that was not affected 

(A). The overall fold activation (5 – 30-fold, Figure 32 B) of the TRAAK mutants was lower 

compared to those for the TREK-1 channels. However, the mutant L271C, that is the homolog 

of the strongest activated F325C mutant in TREK-1, was also the mutant strongest activated by 

Decyl-MTS in TRAAK.   

 

Figure 32 - C-terminal activation by Decyl-MTS modification in TRAAK channels. A) Example trace 

of TRAAK WT at continuous -80 mV. 1 mM TPA (gray) fully blocked the channel and a pH change to 5 

(turquoise) led to channel activation before and after Decyl-MTS (100 µM, orange) application.  B) Fold 

activation by 100 µM Decyl MTS of WT (1.04 ± 0.07), T264C (6.36 ± 1.04), M268C (5.09 ± 0.96) and 

L271C (27.51 ± 5.78) mutants. C-F) Example traces of TRAAK T264C (C), TRAAK M268C (D) and 

TRAAK L271C (E) mutants, measured as in A.   



73 
 

Therefore, we created the homolog to the F325C mutant in TREK-1 (or L271C in TRAAK, 

respectively) also in TALK-2 channels, here at position F285, and repeated the experiment. In 

contrast to the previous observations in TREK-1 and TRAAK channels, where Decyl-MTS 

modification led to a quick channel activation within seconds, an activation of the TALK-2 

F285C only occurred over a long period of time (> 2 minutes (Figure 33 B). Due to this long 

activation time, measurements were carried out in Ramps -80 to +80 mV to secure better patch 

stability and plotted at +40 mV. As shown in Figure 33, TALK-2 WT channels (A) were 

unaffected by 100 µM Decyl-MTS, while the F285C mutant (B) shows a weak, but slowly 

generated activation of 6.68 ± 2.35-fold (mean ± SEM). Interestingly, application of 1 mM of 

the central cavity blocker TPA (grey) did not lead to a full current block after Decyl-MTS 

modification, as it was shown previously upon activation with 2-APB. These observations 

suggest, that gating regulation in TALK-2 channels potentially differs from that observed in 

TREK and TRAAK channels. 

 

Figure 33 – Decyl-MTS modification in TALK-2 channels. A) Representative TALK-2 WT current 

trace measured in Ramps -80 to +80 mV analyzed at +40 mV and plotted over time. Rb+ (red) was 

applied to test patch quality. Application of 100 µM Decyl-MTS had no effect on the channel. B) Current 

trace of TALK-2 F285C mutant measured as in A. Rb+ activates the channel comparable to the WT 

(red). Decyl-MTS leads to a slow activation. Application of TPA (1 mM) leads to a ~20 % inhibition of 

the Decyl-MTS activated channel.  

 

3.3.2.3 Probing for cytoplasmatic gates in TREK-1 and TALK-2 channels using MTS-

reagents 

 

Another approach to test the existence of an intracellular gate is by assaying the accessibility 

of MTS-reagents to the central cavity at different states, illustrated in Figure 34. Therefore, we 

mutated pore cavity residues to cysteine in TREK-1 (G186C) and TALK-2 (L145C) channels 
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and performed an accessibility assay using MTS-TBAO. The latter, is an MTS reagent with a 

tetrabutylammonium moiety, that is expected to block the channel current, when introduced to 

the pore. 

As shown in Figure 34, TREK-1 WT currents were unaffected by 100 µM MTS-TBAO applied 

to basal potassium currents at pH 7.4. The pH 5 response, however, was reduced by 50 % after 

the application (A). Yet, upon pH 5 (B) or 2-APB (C) activation, currents were inhibited 

reversibly. In contrast, currents of TREK-1 G186C mutants where inhibited irreversibly. 

Thereby, we tested the mutant for modification upon pH 5, Rb+ as well as 2-APB activation, 

yielding a similar time curse of modification beneath 0.4 s for all three conditions (Figure 34 

D, E, F, Figure 35 H).   

 

 

Figure 34 – Pore accessibility for MTS-TBAO in TREK-1 channels. A - C) Example traces of WT 

TREK-1 channels measured at continuous -80 mV (A, B) or continuous +40 mV (C). 100 µM MTS-TBAO 

was applied in K+ pH 7.4 (A) or after activation with pH 5 (B) or 1 mM 2-APB (C), (1 mM TPA was used 

to test the patch stability). D - F) Example traces of TREK-1 G186C mutants measured at continuous -

80 mV (A) or continuous +40 mV (E, F). 100 µM MTS-TBAO (MTS) was applied after activation with pH 

5 (D), Rb+ (E) or 1 mM 2-APB (F). For better visibility, modification was enlarged in figure E, F (box), 

100 µM Tetrabutylammonium (TbutA) was applied to test sensibility towards the blocker.  

 

As shown in Figure 35 A and B, application of MTS-TBAO led to a weak current increase 

when applied to TALK-2 WT channels at basal K+ conditions and upon Rb+ activation. 100 µM 
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Tetrabutylammonium, shown in B, failed to block WT currents. Application of MTS-TBAO to 

the pore cavity mutant L145C, shown in Figure 35 C, led to a stepwise inhibition of the basal 

and Rb+ current, when applied repeatedly for 1 s. Applied for at least 15 s, potassium currents 

as well as Rb+ or 2-APB activated currents were inhibited irreversibly. However, in contrast to 

the TREK-1 G186C mutant, the time curse of modification (tau) was 10 times slower when 

applied in K+ and Rb+ (both gating stimuli that are acting directly at the selectivity filter) 

solution (3.61 ± 0.16 s; 3.3 ± 0.16 s), than upon 2-APB activation (0.27 ± 0.02 s) (Figure 35 G, 

H). Notably, the mutated residue L145 is part of the homolog binding site for quaternary 

ammonium ions in TREK-1 channels (Piechotta et al. 2011). As shown in Figure 35 I, mutation 

at this position to cysteine increases the sensitivity for Tetrabutylammonium in TALK-2 

channels. 

 

Figure 35 – Pore accessibility of MTS-TBAO reagents in TALK-2 channels. A-B) Example traces 

of WT TALK-2 channels measured at continuous +40 mV. 100 µM MTS-TBAO (orange) was applied in 

K+ pH 7.4 (A) or after activation with Rb+ (B, red), leading to a slight current increase. 

Tetrabutylammonium (TbutA, 100 µM, gray) did not lead to a current decrease (B). C) Example trace of 
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the TALK-2 L145C mutant, measured as in A. MTS-TBAO was applied repeatedly for 1 s in K+ pH 7.4 

solution and Rb+ activation was tested after each MTS-TBAO step.  D - F) Example traces of TALK-2 

L145C mutants, measured as in A. MTS-TBAO (MTS) was applied at basal K+ conditions (D), upon Rb+ 

activation (E) and upon 2-APB (1 mM) activation (F). For better visibility, modification was enlarged in 

figure D (box), 100 µM Tetrabutylammonium (TbutA, gray) led to a 30 - 40 % current decrease in E, F. 

G) Current, normalized to the maximal current before MTS-TBAO modification, measured as in D, E, F 

showing a slow time curse of modification in K+ (black) and Rb+ (red) solution compared to the 

modification in 2-APB (blue). H) Time curse of MTS-TBAO modification at + 40 mV for TALK-2 L145C 

mutant and TREK-1 G186C mutant in potassium pH 7.4 (or pH 5 for TREK-1), upon Rb+ activation and 

after 2-APB activation. Modification of TREK-1 G186 C were similar under all three conditions (K+: 0.23 

± 0.06 s, Rb+: 0.36 ± 0.04 s, 2-APB: 0.17 ± 0.02 s), while TALK-2 modification was slower in K+ or upon 

Rb+ modification (K+: 3.61 ± 0.16 s, Rb+: 3.31 ± 0.16 s, 2-APB: 0.27 ± 0.02 s). I) TbutA dose response 

of TALK-2 WT and TALK-2 L145C mutant at +40 mV.  

 

To further explore this observed state dependent pore accessibility of TALK-2 channels and to 

rule out potential side effects of the MTS-TBAO reagent (i.e. by an increased QA sensibility of 

the TALK-2 L145C mutant) we repeated the cysteine accessibility assay replacing MTS-TBAO 

by the positively charged MTS-ET (1 mM) reagent. Furthermore, we created a homology model 

of TALK-2 mapped on the recently solved TASK-1 channel structure that suggests a lower 

constriction under the selectivity filter, referred as x-gate (Rödström et al. 2020), shown in 

Figure 36 A.  From this, we introduced (apart from the pore cavity L145C mutant) another 

cysteine mutant at position Q266 localized at the x-gate, facing downwards into the cytosol 

(Figure 36 A), that is expected to be state independently modified.  

A comparison of the WT, L145C and Q266C basal currents, upon Rb+ activation as well as 1 

mM 2-APB activation is shown in Figure 36 B and C. Thereby, basal currents of the L145C 

mutant is increased by 0.08 nA, while the basal current of the Q266C mutant is slightly 

decreased (0.02 nA) compared to WT currents. In accordance fold activation upon 2-APB 

application, was reduced for the L145C mutant and slightly increased for the Q266C mutant 

compared to WT. Rb+ activation was very similar for WT, the L145C and Q266C mutants. 
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Figure 36 – Homology model of TALK-2 mapped on TASK-1 crystal structure. A) Homology model 

of TALK-2 mapped on TASK-1 crystal structure (PDB Entry: 6RV3, created by Wendy González, 

Universidad de Talca, Chile), illustrating an upper selectivity filter gate and a lower (x-) gate. Residues 

L145 within the central cavity and Q266 that resides within the x-gate region, were modified to cysteine 

(orange) for MTS modifications. B-C) Comparison of basal (B, WT: 0.11 ± 0.01 nA, n = 178; L145C: 

0.19 ± 0.04 nA, n = 89; Q266C: 0.07 ± 0.01 nA, n = 40) and Rb+ (Fold activation WT: 9.11 ± 0.34, n = 

102; L145C: 9.9 ± 0.68, n = 45; Q266C: 8.6 ± 0.43, n = 22) or 2-APB (1 mM) activated currents of TALK-

2 WT, L145C and Q266C mutants (2-APB: WT: 26.97 ± 2.15, n = 44; L145C: 13.15 ± 0.75, n = 49; 

Q266C: 31.34 ± 3.63, n = 15). D) Alignment of TASK-1 and TALK-2 TM4 x-gate region in TASK-1 (red). 

Gain-of-function mutation L244A in TASK-1 and analogue L264A mutant in TALK-2, as well as residue 

Q266C mutation for state independent modification are framed in black, red and orange, respectively.   

 

Next, the accessibility under conditions affecting either the selectivity filter (K+ and Rb+) or 

using activators such as 2-APB, BL-1249, Oleoyl-CoA (that potentially open the lower 

constriction) was tested. Thereby, MTS-ET had no effect on TALK-2 WT currents upon basal 

potassium currents, shown in Figure 37 A (left). Upon Rb+ or 2-APB activation MTS-ET had 

a small but reversible effect on WT currents (Figure 37 middle, right). In contrast, the L145C 

mutant showed a state dependent modification, characterized by a fast current inhibition by 

MTS-ET upon 2-APB (12.3 ± 1.2 s) activation, but not under basal nor Rubidium activated 

conditions (Figure 37 B). Interestingly, the time curse of MTS-ET modification (tau) for 2-APB 

activated channels is correlated to the fold activation of the activating compound. As depicted 

in Figure 38 A, MTS-ET modification speeds up upon an increasing 2-APB fold activation.  In 

addition, an activation dependent modification was not observed for the Q266C mutant, where 

MTS-ET modification (leading here to a current increase) was possible in all experimental 
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settings (Figure 37 C). Notably, the time curse of modification was the same for all three 

conditions (Figure 38 B). 

 

Figure 37 – MTS-ET modification of TALK-2 WT, L145C and Q266C mutants. A-C) Example traces, 

measured at +40 mV using inside out patches from Xenopus laevis oocytes expressing WT TALK-2 

channels (A), the TALK-2 L145C mutant (B) or the Q266C mutant (C). 1 mM MTSET (orange) was 

applied for at least 30 s upon basal K+ concentrations (symmetric, 120 mM) (left), upon Rb+ (red) 

avtivation (middle) and 2-APB (blue) activation (right). While the WT was not modified by MTSET, the 

L145C mutant is inhibited irreversibly upon 2-APB activation (tau = 12.3 ± 1.2, n = 4) and the Q266C 

mutant is activated by MTSET under all three conditions with a similar time constant (K+: 7.08 ± 0.72 s, 

n = 9; Rb+: 7.18 ± 0.67 s, n = 6; 2-APB: 7.09 ± 0.8 s, n = 8). 

 

Modification of TALK-2 L145C subsequently activated by BL-1249, Oleoyl-CoA or ONO-

RS-082 led (similar to 2-APB) to a fast and irreversible current inhibition (Figure 38 D, E, F). 

The Q266C mutant was also modified upon BL-1249 and Oleoyl-CoA activation, in an 

activating manner as discribed before. Thereby, the time curse of modification upon BL-1249 

was in the same range as modifications upon basal potassium, Rb+ activated or 2-APB activated 

conditions (BL-1249: 7.29 ± 0.84 s). However, modification uppon Oleoyl-CoA activation was 
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slower, yielding a tau of 23.34 ± 2.48 s. Application of MTS-ET on the ONO-RS-082 activated 

Q266C mutant led to a weak current decrease during the time of application, that was reversed 

after the removal of the modifying reagent, shown in Figure 38 I.  

 

 

Figure 38 – MTS-ET modification of L145C and Q266C mutants upon activation. A) Tau of MTS-

ET (1 mM) modification at varying 2-APB fold activations, measured in cont. +40 mV traces (as in Figure 

25 B) using the following 2-APB concentrations: 0.1, 0.2, 0.5, 1 and 2 mM. B) tau of MTS-ET (1 mM) 

modification of TALK-2 Q266C mutants at +40 mV performed in basal K+ solution (gray, 7.08 ± 0.72 s, 

n = 9), upon  Rb+ (red, 7.18 ± 0.67 s, n = 6), upon 2-APB (blue, 1 mM, 7.09 ± 0.8 s, n = 8), and upon 

BL-1249 (darkblue, 50 µM, 7.29 ± 0.84 s, n = 5) activation. C) ONO-RS-082 dose response curve of 

TASK-1 WT channels in asymmetric K+ concentrations (outside 4 mM / inside 120 mM). D-F) Example 

traces of MTS-ET modification of the TALK-2 L145C mutant at +40 mV (D, E) or +20 mV (F) upon 

activation by 50 µM BL-1249 (D), Oleoyl-CoA (for better patch stability channel was activated using 10 

µM Oleoyl-CoA and than held at a constant activity level using 4 µM Oleoyl-CoA) and 3 µM ONO-RS-

082. G-I) Example traces of TALK-2 Q266C measured as in D-F. *measurements of an other lab 

member were shown in figure C, see table 6. 
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In previous studies, it was shown for TASK-1 channels that the mutation of the residue L244A, 

which resides within the amino acid stretch forming the cytoplasmatic x-gate, increases the 

basal current of TASK-1 channels dramatically (Rödström et al. 2020). Therefore, it was 

suggested that these mutations impair the functionality of the x-gate, preventing channel closure 

(Rödström et al. 2020). Homolog to this residue, we created a TALK-2 mutant (L264A) 

indicated in the alignment in Figure 36 D. 

As it is shown in Figure 39 A and B, the outward current (black) as well as tail current amplitude 

of this TALK-2 mutant L264A was enlarged compared to the WT. To test weather this mutation 

has an effect on the SF of the channel K+ ions were substituted intracellularly by Rb+ ions, that 

were thought to stabilize the SF and thus lead to a potentiation of the channel current (shown 

in section 3.3.1). Notably, the fold activation by Rb+ substitution (Figure 39 A, red) was similar 

for the WT and L264A mutant channels, suggesting that the functionality of the filter gate is 

unaffected by this mutation. By contrast, 2-APB, that potentially acts on an intracellular gate, 

failed to activate the TALK-2 L264A mutants, but potently activated the WT channels (Figure 

39 C). Furthermore, the TPA sensitivity rose dramatically for this mutant compared to the 

insensitive WT channel (Figure 39 D, E). As a further approach, we tested 2 more open channel 

blockers, namely A1899 and AVE0118 (Kiper et al. 2015) on the WT channel at basal 

potassium currents and upon 2-APB (1 mM) activation, as well as on the L264A mutant. 

Thereby, WT channels were (similarly to TPA) not affected by the application of 10 µM of 

both compounds. By contrast, upon 2-APB activation or using the L264A mutant, currents were 

blocked about 50 % by A1899 and AVE0118 (Figure 39 G, H, I). These observations suggest 

that the binding of open channel blockers is enhanced in the L264A mutant. To further test the 

pore accessibility of this mutant, an additional cysteine was introduced to the pore cavity of the 

mutant (TALK-2 L145C L264A). As shown in Figure 39 F, the double mutant L145C L264A 

was rapidly modified by 1 mM MTS-ET (0.48 ± 0.04 s) under physiological conditions at pH 

7.4. This suggests that the L145C L264A mutant has an increased pore accessibility, compared 

to the WT that was not modified by MTS-ET under the same conditions (Figure 37 A). 
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Figure 39 – Effects of the mutation L264A within the putative lower gate in TALK-2 channels.  A) 

Current traces of TALK-2 WT and TALK-2 L264A mutant in symmetric K+ (black) and after intracellular 

replacement by Rb+ (red) measured in voltage families from -100 to +100 mV. B) Basal currents of the 

gain-of-function mutation L264A (3.83 ± 1.26 nA, n = 12) compared to WT channels (0.11 ± 0.01 nA, n 

= 178). C) Fold activation of WT (grey) and L264A mutant (light blue) by Rb+ and 2-APB (1 mM). D) TPA 

dose response curve (1 – 4000 µM TPA) from WT (black) and L264A mutant (light blue) measured as 

in E). E) Example trace of the L264A mutant blocked by TPA (0.1 – 4000 µM) in a dose dependent 

manner. F) MTS-ET (1 mM) modification of L264A mutants measured at cont. +20 mV in inside out 

patches, yielding a time curse of modification of 0.48 ± 0.04 s. G) Fold change produced by the open 

channel blockers TPA (1 mM), A1899 (10 µM) and AVE0118 (10 µM) upon basal WT currents (gray), 

2-APB (1 mM) activated WT currents and basal L264A mutant currents. Measured as shown in H, I. H 

- I)  Example traces of WT (H) an L264A mutants (I) bevor and after application of A1899 and upon 

activation of the WT using 1 mM 2-APB. 
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3.3.2.4 Intracellular gates in TASK-1 and TASK-3 channels 

 

As previously described, TASK-1 and TASK-3 channels show inhibition by PIP2 (section 3.1.2) 

As depicted in Figure 40 A, a disruption of the intracellular x-gate in TASK-1 channels (see 

alignment in Figure 40 D) by an introduction of alanine mutations (L244A and R245A, 

(Rödström et al. 2020)) abolished the PIP2 inhibition. Application of 10 µM PIP2 led to an 80 

% inhibition of WT TASK-1 channels (Figure 40 A left). By contrast, the x-gate mutants L244A 

and R245A show no (R245A) or only weak (L244A) sensitivity to PIP2 (Figure 40 A, middle 

& right, Figure C). In comparison, 1 mM of the open channel blocker TPA led to a full current 

block in WT and mutant channels.  

Since TASK-3 channels share high sequential similarities with its subfamily member TASK-1 

(Figure 40 D), mutations at the homolog positions L244A and R245A were introduced in 

TASK-3. Strikingly, both TASK-3 mutants L224A and R245A were not inhibited by PIP2 (they 

show a weak current increase) while the WT showed an inhibition of 60 % (Figure 40 C). This 

suggests a similar mechanism of PIP2 regulation in TASK-1 and TASK-3 channels and 

indicates that TASK-3 might also exhibits an intracellular gate.  

  

 

Figure 40 – Mechanism of the PIP2 sensitivity in TASK-1 channels. A-B) Example traces of TASK-

1 WT, L244A and R245A mutants (A) at continouse +40 mV and TASK-3 L244A and R245A mutants 
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(B) at pH 7.4. 1 mM TPA inhibits the current of all channels. 10 µM PIP2 leads to an inhbition of the 

TASK-1 WT current, but not when applied to the TASK-1 and TASK-3 mutants L244A and R245A. C) 

Normalized current (Ilipid / Ibasal) of PIP2 sensitive TASK-1 and TASK-3 WT and PIP2 insensitive L244A 

and R245C mutant channels (mean ± SEM, n as indicated above each bar. TASK-1: WT 0.2 ± 0.02, 

L244A 0.95 ± 0.03 and R245A 0.99 ± 0.04, TASK-3: WT 0.39 ± 0.04, L244A 1.22 ± 0.08, R245A 1.36 ± 

0.05. D) Alignment (Brohawn et al. 2012) of the TASK subfamily members TASK-1, TASK-3 and TASK-

5, showing striking similarities. The ‚x-gate‘ forming region is highlighted in red and mutated residues 

that disrupt the gate are indecated (black). 

 

3.3.2.5 Pore accessibility in TRESK channels 

 

Regulation of TRESK K2P channels plays a critical role in neuronal excitability in DRG 

neurons (Tulleuda et al. 2011). To study a potential gating mechanism at the intracellular mouth 

of the channel, we introduced a cysteine within the pore cavity (F352C) and probed for MTS 

modification under varying gating stimuli.  
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Figure 41 – Intracellular gating in TRESK channels. A-B) Ramp traces of WT TRESK channels 

measured in symmetric K+ (black) or upon MTS-ET (A) and Decyl-MTS (B) application. C) tau of MTS 

modification of 20 µM MTS-ET and 50 µM Decyl-MTS (orange, 1.66 ± 0.49 s and 14.5 ± 1.2 s, 

respectively) and upon channel inhibition by 20 µM DiC8 (brown) or 10 µM DCPIB (pink) 18.43 ± 6.19 s 

and 51.26 ± 0.29 s.  D) Example trace of TRESK WT channels measured in inside out patches at +40 

mV at basal K+ conditions and upon inhibition by 1 mM TPA and 10 µM DiC8. E) TRESK F352C mutant 

upon MTS-ET (20 µM) modification. F) Modification of TRESK F352C mutant by MTS-ET (20 µM) upon 

DiC8 (20 µM) inhibition. G) TRESK WT channels at basal K+ conditions and upon inhibition by 1 mM 

TPA and 1 µM DCPIB. H) TRESK F352C mutant upon Decyl-MTS (50 µM) modification. I) Modification 

of TRESK F352C mutant by Decyl-MTS (50 µM) upon DCPIB (10 µM) inhibition. 

 

As shown in Figure 41 A and B, WT TRESK channels are largely insensitive to MTS-ET and 

Decyl-MTS reagents. Notably, the WT channel showed very high basal currents, yielding i.e. 

5 nA at +40 mV in the measurements shown in A and B. In addition, the central cavity blocker 

TPA has a seemingly free access to the pore cavity, leading to a full current inhibition at 1 mM, 

as shown in Figure 41 D and G. Furthermore, application of 20 µM of the membrane permeable 

derivative of Diacylglycerol, DiC8 (1,2 dioctanoyl-sn-glycerol) as well as 1 µM of the NCA 

DCPIB lead to channel closure in WT TRESK channels (Figure 41 D, G). However, 

modification of the mutant F352C led to a full and irreversible current decrease by MTS-ET as 

well as by using Decyl-MTS, yielding time constants of 1.66 ± 0.49 s and 14.5 ± 1.2 s, 

respectively (Figure 41 E, H).  Strikingly, if applied subsequent to channel inhibition (~80 %) 

by DiC8 (Figure 41 F) or DCPIB (Figure 41 I) the time curse of modification slowed down 

drastically to 18.43 ± 6.19 s and 51.26 ± 0.29 s (Figure 41 C).  
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4. Discussion 
 

In this work several physiological and pharmacological gating stimuli of K2P channels were 

investigated. This includes the regulation of K2P channels by pH, polyanionic lipids such as 

PIP2 and Oleoyl-CoA, as well as registered drugs like the antidepressant Norfluoxetine (NFx), 

the antidote of pulmonary hypertension ONO-RS-082 or the spasmolysant 2-APB. Thereby, 

not only the general effect on the current amplitude was studied and recorded, but the overall 

regulation mechanism of these stimuli was examined. Therefore, potentially gating relevant 

residues that were known from literature, but also so far undescribed residues were examined 

by mutagenetic analysis. Furthermore, pharmacological compounds with known binding sites 

like negatively charged activators (NCAs) or open channel blockers such as quaternary 

ammonium ions (i.e. TPA) were deployed to study WT and mutant channels in regard to their 

structural and functional properties. Additionally, cysteine modifying MTS reagents came into 

use to study i.e. the involvement of the C-terminal domain in channel gating and were further 

deployed to test the state dependency of residue accessibility, for example of intracellular pore 

residues under conditions (stimuli) that shift the channel to a more open or more closed 

conformation.  

The experimental results of this study have further extended our knowledge on the diversity of 

gating regulation in K2P channels and have provided new insights into the structural variety 

within this channel family. In the following section, the examined stimuli as well as their 

mechanistical impact on gating structures, such as the selectivity filter, intracellular gates or 

gating critical residues like phosphorylation sites or pH sensors are discussed.  

 

4.1 K2P channels are versatilely gated by the polyanionic lipids 

PIP2 and Oleoyl-CoA 
 

In this study, it was shown that the direct application of polyanionic lipids such as PIP2 or 

Oleoyl-CoA effects the channel activity of all tested K2P channels (12 in total). The response 

to those lipids, however, varied strongly within the K2P channel family. Interestingly, with few 

exceptions, similar effects were observed for members of the individual subgroups, with TREK, 

TALK and THIK channels being activated and TWIK, TASK and TRESK channels being 

inhibited by either one or both tested lipids.     



86 
 

4.1.1 TREK/TRAAK subfamily 
 

Within this work channels of the TREK/TRAAK subfamily were potently activated by PIP2 

(section 3.1.2). Similar results have been reported in previous studies and is explained by the 

interaction of the negatively charged lipid with a cluster of 5 positively charged (R297, K301, 

K302, K304, R311) residues at the proximal C-terminal domain (CDT) of the channels. When 

the positive charges are deleted or mutated to alanine PIP2 sensitivity is lost (Chemin et al. 

2005, 2007). This interaction of PIP2 with the CTD is believed to pin the CTD to the plasma 

membrane, stabilizing the active state of the channel (Chemin et al. 2005, 2007; Honoré et al. 

2002). However, until now there are no experimental evidences that verify this hypothesis. 

Since a restrictive incorporation of the lipid into the cytoplasmic leaflet of the cell membrane 

alters the curvature and tension of an excised membrane patch (Sheetz and Singer 1974) it is 

further proposed that the PIP2 regulation might be coupled to the mechano-gating of the 

channels (Aryal et al. 2017; Brohawn, Campbell, et al. 2014; Chemin et al. 2005, 2007). 

Interestingly, it was shown that TRAAK channels (that were the strongest activated channels 

in this work) begin to activate at lower tension values compared to TREK-1 channels (Brohawn, 

Su, and MacKinnon 2014). However, how these gating stimuli are related has to be investigated 

in more detail.   

The other tested polyanionic lipid Oleoyl-CoA also produced strong activation of all TREK 

subfamily members, with TRAAK yet again the most activated channel (section 3.1.3). Since 

all members of the TREK/TRAAK subfamily are highly sensitive to several lipids (Honoré et 

al. 2002; Lesage, Terrenoire, et al. 2000; Lesage, Maingret, et al. 2000), this observation was 

not a surprise. However, until now the Oleoyl-CoA regulation of these channels was unreported 

and thus, can now be added to the polymodal regulation portfolio of this channel subfamily.  

 

4.1.2 TALK subfamily 
 

TALK-1 and TALK-2 channels were only weakly activated (< 4 -fold) by PIP2 (section 3.1.2). 

However, the application of Oleoyl-CoA led to a very strong (100-fold) activation of TALK-2 

channels (section 3.1.3). This activation most likely occurs due to an opening of an intracellular 

gate in TALK-2 channels, that was identified within this work (see section 3.3.2.3). This 

concept was supported by a cysteine accessibility assay, were the modification of an introduced 
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pore cysteine was only possible after the channel was activated upon Oleoyl-CoA application. 

The exact binding site of the polyanionic lipid, however, is still unclear. 

TALK-1 and TALK-2 are expressed within pancreatic β-cells (Rorsman and Ashcroft 2018) 

that regulate the synthesis and release of insulin. It was shown that high glucose levels inhibit 

the oxidation of fatty acids within cells, leading to an increase of cytosolic long chain-CoA 

(LC-CoA) levels (Larsson et al. 1996). In the past, accumulation of LC-CoA in response to 

hyperglycaemia was shown to activate KATP channels (Shumilina et al. 2006) resulting in a 

hyperpolarization of the β-cell membrane potential. This hyperpolarization results in a reduced 

activity of the voltage-dependent calcium channels, important for the Ca2+ mediated insulin 

secretion. Similarly, a TALK-1 gain-of-function mutation (L114P), found in patients suffering 

under maturity-onset diabetes of the young (MODY), leads to a critical increase in K+ currents, 

causing a reduced Ca2+ influx in β-cells (Graff et al. 2020). Possibly, the very potent Oleoyl-

CoA activation of TALK-2 channels is also linked to the β-cell glucose-stimulated insulin 

secretion. In addition, it was shown that levels of LC-CoA are elevated in hypoxic cardiac 

tissue. An activation of cardiac K2P channels (similar as proposed for KATP channels (Liu et al. 

2001)) might has a cardioprotective function. TALK-2 channels are expressed in cardiac tissue 

(Decher et al. 2001; Girard et al. 2001) and an activation by accumulated LC-CoA during 

ischemia or myocardial hypoxia could potentially stabilize the membrane potential. 

Intriguingly, a reduced expression or loss-of-function mutations of TALK-2 channels were 

recently associated with heart failure and atrial fibrillation (Chai et al. 2017; Staudacher et al. 

2018).  

In contrast to TALK-1 and TALK-2, TASK-2 channels were inhibited by Oleoyl-CoA and PIP2. 

However, the PIP2 regulation of TASK-2 channels was more complex as in two-thirds of the 

experiments a concentration dependent biphasic response was observed. Thereby, current 

rundown under basal conditions was rescued by the application of low PIP2 concentrations, but 

did not lead to a current inhibition. Higher concentrations, however, clearly led to channel 

inhibition. This observation apparently contradicts in part previous studies where TASK-2 was 

described as a PIP2 activated channel (Niemeyer et al. 2017). In their study a direct application 

of the short chained, membrane permeable C8-PIP2 on HEK293 cells leads to a slight current 

increase (about 2-fold). Similarly, this was also reported for TASK-2 channels truncated at the 

C-terminal domain, indicating that the C-terminus is not critical for PIP2 activation (Li et al. 

2020). However, even though rundown was reported in those studies, no data are presented 

showing both, rundown and the PIP2 application. Therefore, it is unclear whether their observed 



88 
 

effect resembles an actual activation or (as shown in this study) the rescue of channel activity 

to the level before rundown.  

 

4.1.3 TWIK subfamily 

 

Within the TWIK subfamily, only TWIK-1 can be functionally expressed in Xenopus laevis 

oocytes. In this study, it is shown that TWIK-1 is insensitive to PIP2, but is inhibited by Oleoyl-

CoA, representing a so far unrecognised regulation mechanism of TWIK-1. TWIK-1 is (similar 

to TALK-2) expressed within cardiac tissue as well as in pancreatic β-cells, but their functional 

role is yet unclear (Gaborit et al. 2007; Rorsman and Ashcroft 2018).  

 

4.1.4 TASK subfamily 
 

Within the TASK subfamily, only TASK-1 and TASK-3 can be functionally expressed in 

Xenopus laevis oocytes, while TASK-5 currents are not measurable. TASK-1 channels were 

not affected by Oleoyl-CoA, but inhibited by PIP2. Further, it was shown in section 3.3.2.4 that 

this inhibition was dependent on the functionality of its intracellular x-gate. Accordingly, 

mutants opening this gate (L244A, R245A) lacked inhibition by PIP2. This suggest that PIP2 

stabilizes the closed conformation of the channel at the intracellular gate.  

A similar mechanism might also exist in TASK-3 channels, that were inhibited by PIP2 and 

Oleoyl-CoA. The existence of such a gate in TASK-3 channels has not been shown, however, 

the residues 243 - 248 (VLRFMT) lining the x-gate are highly conserved within the TASK 

subfamily. Strikingly, as shown in this work, mutations of the homologue residues L244 and 

R245 to alanine also abolished the PIP2 inhibition in TASK-3 channels, suggesting a similar 

gating mechanism as in TASK-1 channels. Notably, basal currents of TASK-3 at pH 7.4 are a 

multitude higher than those of TASK-1 channels, suggesting that a lower gate, if present in 

TASK-3 channels, is mostly open under physiological pH conditions (section 3.1.2 and 3.1.3) 

and forced to closure upon Oleoyl-CoA and PIP2 application. 

 

4.1.5 THIK subfamily 

 

Within the THIK subfamily, both THIK-1 and THIK-2 were activated by PIP2 and Oleoyl-

CoA. This is a remarkable finding of this work as it represents the first reported physiological 
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regulatory mechanism of these channels. THIK channels are highly expressed within brain 

tissue like hippocampal pyramidal neurons, but also in trigeminal ganglion (TG) neurons, dorsal 

root ganglion (DRG) neurons and microglia (Kang et al. 2014; Madry et al. 2018; Rajan et al. 

2001). However, their specific role is currently unknown in most of the tissues, except for 

microglial cells, where THIK-1 activation was shown to play a role in immune surveillance and 

inflammatory cytokine release (Madry et al. 2018). Interestingly, PIP2 production in microglia 

cells has been reported to play a key role in immune response signalling (Nguyen et al. 2017), 

and thus, is possibly linked to THIK-1 activation in microglia. 

 

4.1.6 TRESK subfamily 

 

Here, Oleoyl-CoA was shown to inhibit TRESK channels. Similarly, diacylglycerol (DAG) 

also reduced channel activity (section 3.3.2.5), while PIP2 had no effect. The mechanism of the 

observed Oleoyl-CoA inhibition is unclear. However, DAG inhibition was shown to decrease 

the accessibility of an introduced pore cysteine (F352C) for MTS reagents (section 3.3.2.5). 

This suggests a major structural change of the intracellular pore cavity upon DAG inhibition, 

possibly stabilising the closed conformation of an intracellular gate (or constriction). 

Potentially, a similar mechanism might also be involved in TRESK inhibition by Oleoyl-CoA, 

however, this has not been tested yet and must be the subject of future studies.  

 

4.2 Role of the putative pH sensor in TASK-2 channels  
 

pH sensitivity is a common feature in ion channels as it is present in all three structural classes 

of potassium channels (Kv, Kir and K2P channels) (Lesage and Barhanin 2011; Schulte et al. 

1999; Steidl and Yool 1999). It is linked to several physiological functions within the human 

body ranging from renal reabsorption of bicarbonates (HCO3
-) and cell-volume regulation, to 

cell proliferation, apoptosis, chemo sensation and neuroprotection during ischemia (Buckler, 

Williams, and Honore 2000; Hebert 2003; Heurteaux et al. 2004; Lauritzen et al. 2003; Meuth 

et al. 2009; Mu et al. 2003; Schulte and Fakler 2000; Warth et al. 2004). 

Within this work, but also in previous studies (Decher et al. 2001; Morton et al. 2005) , TALK-

2 and TASK-2 channels were shown to be activated by intracellular alkalisation and inhibited 

by intracellular acidification. Further it is shown here, that TASK-1 is similarly inhibited by 

intracellular alkalisation (section 3.1.1). The underlaying mechanism of this pH regulation is 
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not fully understood, however, for TASK-2, the TM4 residue K245 was proposed repeatedly 

as pH sensor (Bustos et al. 2020; Li et al. 2020; Niemeyer et al. 2010). Within the latest 

publication by Li et al. (2020), this residue was shown to change its orientation upon 

alkalisation (or acidification, respectively). Thereby, a cryo-EM structure (PDB Entry: GWLV) 

obtained at acidic pHi 6.5 shows the residue K245 pointing into the vestibule entrance sealing 

the pore cavity (pore radius ~1.2 Å). By contrast, a cryo-EM structure (PDB Entry: 6WMO) 

obtained under alkalic conditions (pHi 8.5) exhibits a relatively large pore radius (~3.5 Å) with 

K245 being rotated by 90°, pointing now upwards in direction of TM2. This conformation 

allows the passage of hydrated K+ ions to the upper selectivity filter gate, and thus, resembles 

the active conformation of the channel. Supposedly, this upward facing orientation of K245 

resembles the deprotonated state of the residue, indicating a reduced pKa in respect to the usual 

(free amino acid) pKa of 10.5 due to a hydrophobic environment created by the bottom face of 

TM2. In accordance, a replacement of the lysine by a non-titratable alanine, was shown to 

abolish activation upon a pH step from 7 to 9 (Li et al. 2020). However, within the present 

work, the K245A mutant was shown to be less sensitive to pH changes as well, but it was still 

fully inhibited at pH 5 and showed a 5-fold higher current at pH 10 compared to acidic pH 

values. Similarly, a substitution of the lysine by cysteine did not abolish pH sensitivity. Notably, 

both mutants K245A and K245C showed an increased basal current compared to WT channels, 

suggesting that mutations of this residue influence channel activity. Similarly, mutation of the 

homolog lysine in TALK-2 channels (K261E) also evoked an increase of basal currents, while 

pH sensitivity was unaffected. These observations suggest, that this lysine residue might 

resembles an important site for the functionality of the intracellular gating machinery in TASK-

2 (and also TALK-2 channels), but it dismisses its function as proton sensor.  

However, to further analyse the role of the K245 residue as pH sensing domain or gating 

relevant residue in TASK-2 channels it is indispensable to perform further experiments where 

this residue is replaced by another non-titratable residue (i.e. V, M, G, L or I). Furthermore, the 

role of the interacting residues of K245 at TM2 and TM4 should be examined.   

 

4.3 Role of the proximal C-terminal domain for TREK and 

TRAAK channel activation 

 

The importance of the C-terminal domain (CTD) for TREK and TRAAK channel activation by 

stimuli such as pH or PIP2 was shown in previous studies (Chemin et al. 2007; Dong et al. 2015; 
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Honoré et al. 2002; Kim et al. 2001). Furthermore, the CTD exhibits protein kinase A (PKA) 

as well as PKC phosphorylation sites and is believed to play an important role for the thermo 

sensibility of the channels (García et al. 2020; Maingret et al. 2000; Murbartián et al. 2005; 

Noël, Sandoz, and Lesage 2011; Schneider et al. 2014) 

In contrast to TASK-1 and TASK-2 channels, crystal structures of the TREK/TRAAK 

subfamily show no intracellular gate (Brohawn et al. 2012; Dong et al. 2015; Lolicato et al. 

2017). Therefore, it is believed that all stimuli altering the channel activity converge directly to 

the selectivity filter gate (Schewe et al. 2016), but so far it is unclear how this conversion occurs 

exactly. However, it was repeatedly suggested that an engagement of the CTD with the plasma 

membrane induces channel activation (Chemin et al. 2005; Dong et al. 2015; Honoré et al. 

2002), but until now experimental proof for this concept is missing. Within this work, first 

experimental evidences are provided that support this theory. Therefore, 10 residues located at 

the proximal CTD in TREK-1 (and 3 in TRAAK) were mutated to cysteine and consequently 

modified using an MTS-reagent with a lipophilic decyl moiety (Decyl-MTS), likely to seek 

membrane incorporation. As a result, the CTD of the Decyl-MTS modified mutants should be 

pinned irreversibly to the plasma membrane, and thus, channel currents should be increased. 

Consistently, TREK-1 (and TRAAK) mutants with introduced cysteines at the CTD facing the 

membrane surface showed a potent and irreversible activation upon Decyl-MTS modification. 

To further test if this activation indeed stabilizes the active conformation of the channel, the 

sensitivity of a Decyl-MTS activated mutant (F325C) to the state-dependent TREK inhibitor 

Norfluoxetine (NFx) was examined. As depicted in Figure 42, NFx binds within side 

fenestrations only accessible at the less-conductive ‘down state’ conformation of TREK-2 

channels, were the pore lining-helices project more into the cytosol (Dong et al. 2015). By 

contrast, the more conductive ‘up state’ conformation, were the helices are in close proximity 

to the plasma membrane, lack side fenestrations, and thus, is insensitive to NFx (Dong et al. 

2015). Accordingly, it is shown in this work, that Decyl-MTS activated channels were 

significantly less sensitive to NFx compared to non-modified channels, suggesting that Decyl-

MTS modification of CTD residues stabilizes the ‘up state’ conformation of the channels. 
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Figure 42 – Up- and down shift of the C-terminal domain. The cartoon depicts the up and down 

movement of the C-terminal domain (CTD). The up state resembles the active conformation of 

TREK/TRAAK channels and the selectivity filter (SF) is ion occupied. Cysteine modification by a Decyl-

MTS reagent (red) that pin the CTD to the membrane is indicated. Side fenestrations are closed and 

NFx is unable to bind. The down state resembles the less active state of the channels, were the SF is 

ion depleted. The CTD projects more into the cytosol and side fenestrations are open. NFx binds within 

the fenestrations and stabilise the down conformation. 

 

Interestingly, a similar shift in sensitivity to NFx was observed for WT channels activated by 

intracellular acidification (pH 5), suggesting that pH activation possibly also stabilises the ‘up 

state’. This supports the idea, that protonation of the pH sensor (E321, E306 respectively, 

located at the proximal CTD in close proximity to the plasma membrane) increases the 

positively charged character of this protein section, and thus, increases the electrostatic 

interaction with the negatively charged headgroups of the membrane lipids (Chemin et al. 2005; 

Honoré et al. 2002).  

Notably, mutated CTD residues facing the cytosol (K316C, E320C) showed no channel 

activation by Decyl-MTS at pH 7.4. However, activation by intracellular acidification and 

subsequent MTS-modification of those mutants, evoked full current inhibition. As a Decyl-

MTS modification of cytosol facing residues potentially leads to a 180° torsion of the CTD 

helix, this suggest that not only the pure tethering of the CTD to the membrane is critical for 

channel activation, but also the orientation of the CTD residues. 

To further study this hypothesis, the introduction of environmental sensitive unnatural amino 

acids that change their fluorescent emission in respect to their surroundings could be deployed. 

When placed at the C-terminal domain, the fluorescent signal should be altered when the 

residues shift from the cytosol to the lipophilic environment of the membrane upon channel 

activation. Additionally, further activating stimuli that are believed to act on the CTD, such as 
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PIP2 or temperature should be tested in NFx competition experiments. However, this must be 

the subject of future studies. 

 

4.4 Investigation of the gating mechanism in TALK-2 channels 

 

TALK-2 channels are expressed in several tissues (i.e. heart, brain, liver, pancreas) within the 

human body (Decher et al. 2001; Girard et al. 2001), however, their gating regulation is poorly 

understood. Within this work, mechanisms of channel activation and inhibition by 

pharmacological and physiological stimuli were investigated. Strong activation was observed 

for reagents such as 2-APB, Drofenine and ONO-RS-082, as well as for negatively charged 

activators (Schewe et al. 2019) such as BL-1249, ML67-33, NS11021 and DCPIB (section 3.2.1 

& unpublished data Björn Jürs, section 3.2.2, section 3.3.2.3). Furthermore, TALK-2 channels 

were shown to be potently activated by intracellular alkalisation (section 3.1.1, (Decher et al. 

2001)) and by polyanionic lipids, such as Oleoyl-CoA (section 3.1.3 & unpublished data Björn 

Jürs). It is further reported here, that activation by 2-APB, BL-1249, ONO-RS-082 as well as 

Oleoyl-CoA leads to a major structural change of the cytoplasmatic mouth of the channel, 

removing an intracellular pore constriction (section 3.3.2.3, unpublished data Jan Langer). 

Evidence for this concept comes from a cysteine accessibility experiment. Thereby, an 

introduced pore cysteine was readily modified by MTS-reagents when TALK-2 channels were 

activated by 2-APB, BL-1249, ONO-RS-082 or Oleoyl-CoA. By contrast no or only very slow 

modification was observed under basal conditions at pH 7.4 or upon channel activation by 

extracellular alkalisation or Rb+ ions.  This is an important observation, as Rb+ is believed to 

act directly on the selectivity filter (SF) gate (voltage gate), found in TALK-2 channels (Schewe 

et al. 2016). This suggest, that stimuli (i.e. 2-APB, BL-1249, ONO-RS-082, Oleoyl-CoA) 

potentially acting on intracellular domains (i.e. TM2, TM4, CTD) are able to open an 

intracellular pore constriction, while those affecting the SF gate (Rb+) or extracellular residues 

(pHe) do not.  

Consistent with a potential structural change of the pore, we found that non-activated TALK-2 

channels were not or only poorly blocked by pore blocker such as TPA (unpublished data Björn 

Jürs & section 3.3.2.1), AVE0118 and A1899 (section 3.3.2.3), but gained high sensitivity to 

these blockers upon activation. This observation presents a major difference of TALK-2 

channel gating compared to other K2P channels, that were shown to be state independently 

blocked by open channel blockers (section 3.3.2.1, (Piechotta et al. 2011; Rapedius et al. 2012)).  
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Additionally, it was shown in this work, that a replacement of the TM4 residue L264 by alanine 

strongly increased TALK-2 channel activity (section 3.3.2.1). In previous studies it was shown, 

that the homolog TASK-1 mutation (L244A) disrupts the lower gate found in these channels 

(Rödström et al. 2020). Intriguingly, basal currents of the TALK-2 L264A mutant were potently 

blocked (unlike WT channels) by TPA, A1899 & AVE0118, and MTS reagents were able to 

modify an additionally introduced pore cysteine (L264A L145C). Furthermore, this mutant also 

showed a strongly decreased 2-APB sensitivity, while activation by Rb+ ions was unaltered. 

This suggest that mutation of the residue L264 leads to a disruption of the intracellular gate in 

TALK-2 channels (similar as in TASK-1 channels) without affecting the functionality of the 

upper selectivity filter gate.  

In conclusion, it is reported here, that TALK-2 channels possess an intracellular lower gate (in 

addition to the SF gate) that can be regulated by stimuli such as 2-APB, BL-1249, ONO-RS-

082 as well as Oleoyl-CoA. An illustration of the here established gating model of TALK-2 

channels is shown in Figure 43. 

 

 

Figure 43 – Model of TALK-2 channel gating. Talk-2 channels possess an upper selectivity filter gate 

(red), that can be open (O) or closed (C) in response to permeant ions (i.e. K+, Rb+) or external pH 

alterations (pHe). TALK-2 also possesses a lower gate (orange) that is regulated by 2-APB, BL-1249, 

Oleoyl-CoA, ONO-RS-082. Mutation of the residue L264 to alanine disrupts the lower gate and closure 

at the lower gate is not possible. Pore blocker are only able to block TALK-2 channels that are activated 

at the lower gate. SF activated channels are unable to bind pore blocker. 
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4.5 State-dependent modification of TRESK channels 
 

TRESK channels expressed in TG neurons as well as in sensory neurones are thought to play 

an important role for sensory transduction and nociception (Andres-Bilbe et al. 2020; Lafrenière 

et al. 2010). However, the regulatory mechanisms and gating behaviour of these channels are 

widely unexplored. Within this work, TRESK channels were shown to conduct large currents 

(> 10 nA at +80 mV) at physiological pH 7.4 and the channels were blocked potently by TPA 

(section 3.3.2.1). Furthermore, a fast modification of an introduced pore cysteine by MTS-

reagents was possible (section 3.3.2.5). However, as already discussed in section 4.1.6, this 

MTS-modification was state dependent, as channels inhibited by DAG were significantly 

slower modified compared to non-inhibited channels. This suggests that TRESK channels 

exhibit an intracellular gate that can be stabilised in its closed conformation by stimuli such as 

DAG. Intriguingly, a similar effect was observed for channels inhibited by the compound 

DCPIB (section 3.3.2.5). However, the binding site of this compound was suggested to be 

located within the pore cavity in TREK channels (Schewe et al. 2019) and a similar binding site 

in TRESK is possible (although, TREK channels are activated by DCPIB and not inhibited like 

TRESK). Therefore, it might be possible that DCPIB protects the introduced pore cysteine 

(when bound within the cavity), and thus, hinders its modification by MTS-reagents, resulting 

in an increase of the MTS-modification rate. To further test, whether TRESK channels exhibit 

a lower gate, it is necessary to study this mechanism in more detail. Therefore, other inhibitors, 

such as Oleoyl-CoA or intracellular acidification should be tested, as well as MTS modification 

of another pore cysteine should be examined.  Additionally, it might be possible to study this 

potential conformational change of the pore cavity by FRET analysis, deploying unnatural 

amino acids. However, these experiments must be the subject of future studies.  

 

4.6 A novel classification of K2P channels according to differences 

of their gating mechanisms 

 

Voltage-gating was shown to be an intrinsic feature of the selectivity filter (SF) in K2P channels  

and was shown to be present (to some degree) within almost all subfamilies (section 3.3.1, 

(Ardestani 2017; Schewe et al. 2016). This SF gating was shown to be very prominent in TREK-

1, TREK-2, TRAAK, TALK-1, TALK-2 and TASK-3 channels, while TASK-1, TASK-2 and 

TWIK-1 channels show a less pronounced SF gating (section 3.3.1, (Ardestani 2017; Schewe 
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et al. 2016). Only THIK-1 channels were shown to be poorly voltage gated (section 3.3.1) and, 

thus, the role of the SF-gating is currently unclear.  

The presence of a lower gate was recently reported for TASK-1 and TASK-2 channels (Li et 

al. 2020; Rödström et al. 2020) and most likely, one also exist in TASK-3 channels, due to its 

strong sequential homology (to TASK-1) and very similar gating behaviour in response to PIP2 

(section 3.3.2.4), DAG (Wilke et al. 2014) or volatile anaesthetics (Ashmole et al. 2009). By 

contrast, structures of TREK-1, TREK-2, TRAAK and TWIK exhibit no lower gate and those 

channels are thought to be gated strictly at the SF-gate (Brohawn et al. 2012; Dong et al. 2015; 

Lolicato et al. 2014, 2017; Rapedius et al. 2012; Schewe et al. 2016). For TALK-1, TALK-2, 

TRESK and THIK-1 channels no structural information are currently available. Whether THIK-

1 or TALK-1 channels possess a lower gate is currently unclear, however, for TALK-2, as well 

as TRESK channels evidences are provided within this work, indicating the presence of a lower 

gate (section 3.3.2.1, section 3.3.2.5). If there is a cross-talk between the lower and the upper 

SF-gate is unclear and must be studied in future experiments. 

Concluding, these observations allow a novel categorisation of K2P channels in respect to their 

gating regulation, as shown in Figure 44. Thereby, K2P channels are classified as SF-gated (i.e. 

TREK-1, TREK-2, TRAAK and TWIK-1) or as gated at a lower cytoplasmatic gate and the SF 

(i.e. TASK-1, TASK-2, TASK-3, TALK-2 and TRESK). Gating mechanisms of THIK 

channels, however, are unclear and must be investigated in following studies. Furthermore, the 

relative contribution of the SF and/or a lower gate to the channel activity must be investigated 

in more detail for the respective K2P channels. For example, TREK-1 channels lack a lower 

gate and are gated strictly at the SF, while TASK-1 channels (that possess a lower gate) show 

a less pronounced SF gating and, thus, the regulation of the channel activity appears to occur 

primarily at their lower intracellular gate. However, the importance of the respective gates for 

channel activity as well as a potential communication between the two gates (if present) must 

be investigated in following studies. 
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Figure 44 – Classification of K2P channels upon gating mechanism. The cartoon depicts left: K2P 

channels gated at the selectivity filter (SF) (i.e. TREK-1, TREK-2, TRAAK, TWIK-1, TALK-1). Stimuli 

altering channel activity are directly converged to the filter indicated with arrows. The cartoon in the 

middle shows K2P channels gated at the selectivity filter and at a lower gate (TASK-1, TASK-2, TASK-

3, TALK-2, TRESK), if these gates communicate is so far unclear indicated with a question mark next 

to the black arrow. The cartoon on the right indicates that gating of THIK-1 and THIK-2 channels is 

unclear. TALK-1 shows SF-gating, but an intracellular gate was not investigated yet and a clear 

categorisation is not possible, indicated in parenthesis in both gating categories.  
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5. Conclusion and outlook 
 

Within this work, gating mechanisms as well as the corresponding regulatory stimuli of K2P 

channels were studied. It was shown, that K2P channels are versatile regulated by negatively 

charged lipids, such as PIP2 and Oleoyl-CoA. By screening all functional expressing 

mammalian K2P channels (12 in total), a strong PIP2 activation for TREK-1, TREK-2, TRAAK 

(consistent with previous findings (Chemin et al. 2005, 2007; Honoré et al. 2002)) were 

observed. For the first time, it is reported here that THIK channels are potently activated by 

PIP2 and Oleoyl-CoA, raising a number of physiological implications (i.e. microglia activation). 

In contrast TASK-1 and TASK-3 showed a marked inhibition by PIP2. Furthermore, it was 

shown that TASK-2, most likely inherits two regulatory PIP2 binding sites. The first, sensitive 

to low concentrations, stabilizes the channel activity under physiological conditions. The 

second, in contrast, gates the channel closed upon high PIP2 concentrations. Oleoyl-CoA, has 

led to straight channel inhibition of TASK-2, but also of TASK-3 and TRESK. TASK-1, 

however, was unaffected. Interestingly, in contrast to TALK-1, that showed only week 

activating effects in response to PIP2 and Oleoyl-CoA, TALK-2 channels surprised with a very 

potent channel activation upon Oleoyl-CoA application. As TALK-2 is expressed in pancreatic 

β-cells (Rorsman and Ashcroft 2018), this observation might represent an interesting link to the 

β-cell glucose-stimulated insulin secretion. Furthermore, this study provides evidence that the 

PIP2 inhibition observed in TASK-1 and TASK-3 channels induces the closure of the recently 

identified intracellular X-gate (Rödström et al. 2020). Contra wise, it is shown here, that an 

intracellular gate in TALK-2 channels, identified within this study, is locked open by Oleoyl-

CoA.  

Apart of the lipid regulation, alterations in pHi were also studied for TREK-1, TASK-1, TASK-

2 and TALK-2. In accordance to the literature, TREK-1 is activated by intracellular 

acidification (Honoré et al. 2002), while the other three channels are inhibited (Li et al. 2020; 

Morton et al. 2005). Interestingly, it is shown here, that substitution of the putative proton 

sensor (Bustos et al. 2020; Li et al. 2020; Niemeyer et al. 2016) in TASK-2 by residues unlikely 

to response to pH changes (alanine, cysteine) does not abolish the pH sensitivity of the TASK-

2 channels. This suggests, that the previously proposed residue most likely is not the proton 

sensor of these channels. However, as mutations at this specific site in TASK-2 were shown to 

alter channel activity, it is likely that this residue plays a critical role for channel gating. 

Therefore, the role of this residue for channel gating should be followed up in studies 

concerning intracellular gating in TASK-2, but also related channels.  
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In many cases the binding sites of pharmacological compounds or their role within the gating 

process of ion channels are known. Therefore, compounds such as open channel blocker (TPA, 

A1899, AVE0118) as well as NCAs or registered drugs i.e. ONO-RS-082, 2-APB or NFx were 

used to study K2P channel function within this work. Furthermore, cysteine modifying MTS-

reagents were deployed to study (i) the involvement of the C-terminal domain in TREK-1, 

TRAAK and TALK-2 channel gating and (ii) to investigate the intracellular pore accessibility 

in TREK-1, TALK-2 and TRESK channels. Even though hypothesised earlier (Brohawn, 

Campbell, et al. 2014; Dong et al. 2015; Honoré et al. 2002), the results presented here show 

for the first time that TREK-1 and TRAAK channels are activated by the engagement of the C-

terminal domain with the lipid bilayer. Also, consistent with previous studies (Rapedius et al. 

2012), they lack an intracellular gate, and thus, the central pore cavity is accessible state-

independently. By contrast, TALK-2 and TRESK channels comprise a state dependent 

accessibility, suggesting that these channels possess a lower cytoplasmatic gate, similar to 

TASK-1 and TASK-2 channels. These observations, led to the reassessment of the dogma, that 

all K2P channels are gated strictly at the SF. Therefore, a novel classification of K2P channels 

upon their gating regulation is presented, were K2P channels (i) are gated at the SF or (ii) use 

an intracellular gate and the SF gate to regulate channel activity.  

In conclusion, this work identified several physiological and pharmacological regulation 

mechanisms within the K2P channel family and broadened our knowledge of their structural 

and functional gating mechanisms. These results allow a futher assessment of the physiological 

and pathophysiological role of K2P channels within the human body and might contribute to 

channel specific drug design in future studies.  
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