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Zusammenfassung

Der humane TWIK-verwandte Riickenmarks-Kaliumkanal (hTRESK; K2p18.1) gehort zur
Familie der Zwei-Poren-Doménen-Kaliumkanile (K2p), die durch die Erzeugung von
Hintergrund-K*-Stromen und die Stabilisierung des Ruhemembranpotentials die zelluldre
Erregbarkeit regulieren. Trotz seiner physiologischen und therapeutischen Bedeutung ist das
mechanistische Verstindnis der \TRESK-Modulation durch das Fehlen einer hochauflésenden

Struktur sowie durch den Mangel an selektiven pharmakologischen Werkzeugen eingeschrankt.

In dieser Studie wurde die Pharmakologie von hTRESK systematisch charakterisiert und
mehrere hochaffine Inhibitoren sowie ein bislang nicht beschriebener direkter Aktivator, PD-
307243, identifiziert. Das Screening strukturell diverser kleiner Molekiile und endogener
Lipide, einschlieBlich Anandamid (AEA), mittels Exzisions-Patch-Clamp-Messungen aus
Xenopus laevis-Oozyten identifizierte mehrere potente Inhibitoren, darunter C101248 und
AEA, dic hTRESK mit nanomolarer Affinitit hemmten. Derselbe Ansatz fiihrte zur
Identifizierung von PD-307243 als neuartigem Aktivator von hTRESK.

Um die molekularen Grundlagen der Ligandeninteraktion aufzukldren, wurden
pharmakologische Konkurrenzexperimente, Mutageneseanalysen und Schutzexperimente
mittels der Substituted Cysteine Accessibility Method (SCAM) kombiniert. Quaternire
Ammoniumionen (QA+), die in anderen Kop-Kanilen als etablierte Porenbindungs-Sonden
dienen, konkurrierten mit allen charakterisierten hTRESK-Modulatoren um die Bindung. Dies
zeigt, dass diese Verbindungen eine gemeinsame Region innerhalb der Kanalpore erreichen.
Bemerkenswerterweise konkurrierte PD-307243 ebenfalls mit chemisch unterschiedlichen
Inhibitoren, was darauf hindeutet, dass Aktivatoren und Inhibitoren eine {iberlappende
Interaktionsstelle nutzen. Dariiber hinaus zeigten alle getesteten Modulatoren eine verdnderte
Affinitdt nach Mutation des porenauskleidenden Restes F352, wodurch diese Region als

entscheidender Faktor fiir die Ligandenerkennung identifiziert wurde.

Die SCAM-Analyse identifizierte drei MTSET-zugédngliche Porenreste: F145, L148 und F352.
Schutzexperimente zeigten, dass Vertreter verschiedener Inhibitorklassen L.148 selektiv vor
kovalenter Modifikation schiitzten. Dies weist darauf hin, dass sich dieser Rest in unmittelbarer
rdumlicher Nédhe zur gemeinsamen Modulator-Interaktionsregion befindet. Die Ergebnisse
unterstiitzen die Existenz einer unselektiven Wirkstoff-Interaktionsstelle (unselective drug
interaction site, UDIS) innerhalb der hTRESK-Pore, die durch {iberlappende
Bindungsdeterminanten strukturell diverser Modulatoren gebildet wird. Innerhalb dieser
Region stellt L148 einen zentralen rdumlichen Konvergenzpunkt dar, wahrend F145 und F352
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wahrscheinlich durch die Modulation der lokalen Porenumgebung zur Ligandeninteraktion

beitragen, anstatt ausschlieBlich als direkte Bindungsreste zu fungieren.

Zusammenfassend etablieren diese Ergebnisse ein molekulares Modell, das erklart, wie
chemisch unterschiedliche endogene Lipide, Inhibitoren und Aktivatoren hTRESK iiber eine
gemeinsame, porenassoziierte Interaktionsregion regulieren konnen. Die Identifizierung der
UDIS liefert neue mechanistische Einblicke in die hTRESK-Pharmakologie und schafft eine
Grundlage fiir die strukturgeleitete Entwicklung therapeutischer Wirkstoffe, die diesen Kanal
bei Erkrankungen mit verdnderter neuronaler Erregbarkeit, einschlieBlich Migrdane und

chronischen Schmerzen, gezielt modulieren kdnnen.



Summary

The human TWIK-related spinal cord K" channel (hnTRESK; K2p18.1) is a member of the two-
pore-domain potassium (Kzp) channel family, which regulates cellular excitability by
generating background K* currents and stabilizing the resting membrane potential. Despite its
physiological and therapeutic relevance, mechanistic understanding of hTRESK modulation
has been limited by the absence of a high-resolution structure and the lack of selective

pharmacological tools.

In this study, I systematically characterized the pharmacology of hTRESK and identified
multiple high-affinity inhibitors as well as a previously unrecognized direct activator, PD-
307243. Screening of structurally diverse small molecules and endogenous lipids, including
anandamide (AEA), using excised patch recordings from Xenopus laevis oocytes revealed
several potent inhibitors, including C101248 and AEA, which inhibited hTRESK with
nanomolar affinity. The same approach identified PD-307243 as a novel activator of hTRESK.

To define the molecular basis of ligand interaction, I combined pharmacological competition
assays, mutagenesis, and substituted cysteine accessibility method (SCAM)-based protection
experiments. Quaternary ammonium (QA™) ions, established pore-binding probes in other Kop
channels, competed with all characterized hTRESK modulators, demonstrating that these
compounds access a shared region within the channel pore. Notably, PD-307243 also competed
with chemically diverse inhibitors, indicating that activators and inhibitors converge on an
overlapping interaction site. Furthermore, all tested modulators exhibited altered affinity upon
mutation of the pore-lining residue F352, implicating this region as a key determinant of ligand

recognition.

SCAM analysis identified three MTSET-accessible pore residues, F145, L148 and F352.
Protection experiments demonstrated that representatives of distinct inhibitor classes
selectively protected L.148 from covalent modification, identifying this residue as being in close
spatial proximity to the common modulator interaction region. These findings support the
existence of an unselective drug interaction site (UDIS) within the hTRESK pore, formed by
overlapping binding determinants for structurally diverse modulators. Within this site, L148
represents a critical spatial convergence point, whereas F145 and F352 likely contribute to
ligand interactions through modulation of the local pore environment rather than serving as

exclusive binding residues.



Together, these findings establish a molecular framework explaining how chemically diverse
endogenous lipids, inhibitors, and activators can regulate hTRESK through a shared pore-
associated interaction region. Identification of the UDIS provides new mechanistic insight into
hTRESK pharmacology and establishes a foundation for structure-guided development of
therapeutics targeting this channel in disorders associated with altered neuronal excitability,

including migraine and chronic pain.
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1 CHAPTER ONE: INTRODUCTION

1.1 The family of Kzpr channels

Electrical signalling underpins virtually every aspect of vertebrate physiology, including
neuronal excitability, neuromuscular transmission, circadian rhythmicity, insulin secretion,
mechanosensation and nociception. These processes depend on the regulated movement of ions
across the plasma membrane through ion channels, which selectively conduct ions down their

electrochemical gradients (Hille, 2001).

Among ion channels, potassium (K*) channels are evolutionarily conserved and are
distinguished by their remarkable combination of high conductance and extraordinary ion
selectivity. K* permeation occurs at rates approaching the diffusion limit while maintaining a
selectivity of approximately 1,000-fold over the smaller Na* ion (Hille, 2001; MacKinnon,
2003). This property arises from the highly conserved selectivity filter (SF), which contains the
signature sequence TXXTXGYG shared by virtually all K* channels (Heginbotham et al.,
1994). Within the SF, dehydrated K* ions are optimally coordinated by backbone carbonyl
oxygens, whereas Na® ions are too small to achieve equivalent coordination, making K*
permeation energetically favourable (Doyle et al., 1998; Egwolf & Roux, 2010). Rapid ion
conduction is enabled by simultaneous occupancy of multiple binding sites within the filter,
allowing electrostatic repulsion between adjacent K* ions to drive permeation through a direct

knock-on mechanism (Doyle et al., 1998; Kopfer et al., 2014).

Based on structural architecture and gating mechanisms, mammalian K* channels are classified
into four major families: voltage-gated (Kv), calcium-activated (Kca), inwardly rectifying (Kir),
and two-pore domain (K2p) potassium channels (Taura et al., 2021). Unlike Ky, Kca and Kir
channels, which generate stimulus-dependent currents, K2p channels are constitutively active
over the physiological voltage range and therefore provide the background, or leak, K*

conductance that stabilizes the resting membrane potential (Goldstein et al., 2001).

The importance of this leak conductance was anticipated more than a century ago. Bernstein
proposed that the resting membrane potential is primarily determined by membrane
permeability to K* (Bernstein, 1902, 1912), and Goldman later formalized this concept
mathematically by describing how resting membrane potential arises from ionic permeabilities
(Goldman, 1943). The molecular basis of this background K* conductance, however, remained
unknown until the cloning of the first mammalian K2p channel (Lesage et al., 1996), establishing

Ko2p channels as the principal mediators of resting K* permeability.
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The mammalian Kap family comprises fifteen channels grouped into six subfamilies according
to sequence similarity and regulatory properties (Honoré, 2007) (Figure 1): TWIK (tandem of
P domains in a weak inward rectifier K*), TREK (TWIK-related K*), TASK (TWIK-related
acid-sensitive K*), TALK (TWIK-related alkaline pH-activated K*), THIK (tandem-pore-
domain halothane-inhibited K*), and TRESK (TWIK-related spinal cord K*). The TWIK
subfamily consists of TWIK-1, TWIK-2 and TWIK-3 (KCNK7); the TREK subfamily
comprises TREK-1, TREK-2 and TRAAK; the TASK subfamily includes TASK-1, TASK-3
and TASK-5; the TALK subfamily contains TALK-1, TALK-2 and TASK-2; the THIK
subfamily comprises THIK-1 and THIK-2; and TRESK is the sole member of the TRESK
subfamily (Honoré, 2007). Although all K2p channels generate background K* currents, they
differ substantially in their modes of regulation, tissue distribution and physiological functions,

allowing this family to control cellular excitability across diverse tissues.

—K
—K,
K41 [KCNK4, q13) [TREAR]
. _!—} K210 [KCNKI0, 14g31]  [TREK2 MecFano-gateal
K* channels - Ky21 [KCNK2, 1q41]
Kea [————————— K71 [KCNKT7.6p21]  [TALKZ
| — K;161 [KCNKI16, 6p21] [ TALKI Alkaline-activated
K51 [KCNKS, 6p21] [TASKZ
K,p181 [KCNK18,10q26] [TRESK1 |  [Calcium-activated)|

Kap 1 K561 [KCNK6,19q131] | TWIK2
‘17_‘—— K71 [KCNK7, Iq13] [KCNK7| [Weak inward rectifiers|
Kapl1 [KCNKI, 142] [ TWIKT

K691 [KCNKS, 8q24]
—1 K31 [KCNK3, 2G23] Acid-inhibited
Kp15.1 [KCNKI5, 20q12] [TASKS
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Figure 1: Dendrogram of Kzp channels shown in relation to other K™ channels (modified

from (Honoré¢, 2007)).

The identification of two-pore domain potassium (Kzp) channels transformed the understanding
of the molecular basis of background K* conductance. The first two-pore domain K* channel,
TOKI1, was identified in Saccharomyces cerevisiae in 1995, establishing the existence of a
structurally distinct class of potassium channels (Ketchum et al., 1995). This discovery was
rapidly followed by the cloning of KCNKO from Drosophila melanogaster (Goldstein et al.,
1996) and TWIK-1, the first mammalian K2p channel, which was found to be widely expressed
in human tissues (Lesage et al., 1996). These studies established K2p channels as the molecular

basis of the constitutive leak K* currents predicted decades earlier.
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Subsequent cloning efforts rapidly expanded the family, ultimately identifying fifteen
mammalian Kop channels that are now grouped into six subfamilies according to sequence
homology and regulatory properties. Although these channels share a conserved structural
framework, each subfamily has evolved distinct physiological functions through specialized

regulatory mechanisms and tissue-specific expression.

Among these, the TREK subfamily is the best characterized. TREK-1, the first neuronal Kop
channel to be identified, is expressed predominantly in the brain and lung and is regulated by
an unusually broad range of physical and chemical stimuli, including membrane stretch,
temperature, intracellular pH and polyunsaturated fatty acids (Fink et al., 1996; Patel et al.,
1998). As a polymodal sensor, TREK-1 plays important roles in neuroprotection, anaesthesia,
pain perception and cerebral ischaemia (Heurteaux et al., 2004). The closely related TREK-2
shares many of these regulatory properties and has provided important structural insights into
Kop channel gating through the determination of its characteristic "up" and "down"
conformational states (Bang et al., 2000; Dong et al., 2015). TRAAK, another mechanosensitive
member of this subfamily, is expressed almost exclusively in the nervous system and has been
implicated in mechanotransduction and neurodevelopmental disorders (Lesage et al., 2000;

Bauer et al., 2018)).

The TASK and TALK subfamilies primarily function as pH-sensitive background channels.
TASK-1, originally cloned from mouse brain and human kidney, is broadly expressed in
excitable and non-excitable tissues and has emerged as an important determinant of pulmonary
vascular physiology, with loss-of-function variants linked to pulmonary arterial hypertension
(Duprat et al., 1997; Ma & Chung, 2014). Despite its historical nomenclature, TASK-2 is now
classified within the TALK subfamily because of its alkaline pH sensitivity and distinctive
sequence characteristics (Enyedi & Czirjak, 2010). TASK-2 contributes to renal bicarbonate
handling, systemic acid-base homeostasis and cell volume regulation (Cid et al., 2013).
Additional members of these subfamilies, including TASK-3, TASK-5, TALK-1 and TALK-2,
exhibit diverse expression profiles and physiological functions, with TASK-3 mutations
causing Birk-Barel syndrome (Barel et al., 2008) and TALK channels contributing to pancreatic
and epithelial physiology (Girard et al., 2001).

The TWIK subfamily comprises TWIK-1, TWIK-2 and TWIK-3, which display broad tissue
distribution but comparatively modest functional characterization. Although TWIK-2 and

TWIK-3 were initially difficult to express functionally in heterologous systems (Salinas et al.,
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1999), subsequent studies have demonstrated important contributions of TWIK channels to

background membrane conductance and cellular excitability.

The THIK subfamily consists of THIK-1 and THIK-2, identified in 2001 (Girard et al., 2001;
Rajan et al., 2001). THIK-1 has emerged as the principal background K* channel in microglia,
where it regulates membrane potential, immune surveillance and cytokine release (Madry et al.,
2018). In contrast, THIK-2 exhibits limited plasma membrane expression because it is largely

retained within the endoplasmic reticulum (Chatelain et al., 2013).

The final member of the Kzp family to be discovered was TRESK (K2p18.1), cloned from human
spinal cord cDNA in 2003 (Sano et al., 2003). TRESK is the most divergent mammalian K2p
channel, sharing only limited sequence identity with other family members, although it is most
closely related to TREK-2 (Sano et al., 2003). Subsequent studies demonstrated expression in
sensory neurons, including dorsal root and trigeminal ganglia, establishing TRESK as a key
regulator of neuronal excitability and a major therapeutic target for migraine and pain disorders

(Czirjék et al., 2004; Kang et al., 2004).

1.1.1 Structural architecture of Kzp channels

All potassium channels form ion-conducting pores through the assembly of four pore-forming
(P) domains around a central conduction pathway. The pore is lined by the inner transmembrane
helices, whereas the outer helices interact primarily with the surrounding lipid bilayer. The
intracellular cavity is largely hydrophobic, while the narrow selectivity filter is formed by
highly conserved polar residues that constitute the K channel signature sequence, thereby

enabling rapid and highly selective K™ permeation (Doyle et al., 1998).

The four major K* channel families are distinguished by their transmembrane topology.
Voltage-gated (Kv) and calcium-activated (Kca) channels possess six transmembrane helices
and a single pore domain (6 TM/1P), with the positively charged S4 helix serving as the voltage
sensor in Kv channels (Gutman et al., 2005). Members of the Slo family contain an additional
transmembrane segment (7TM/1P) (Gonzélez et al., 2012), whereas inwardly rectifying
potassium (Kir) channels comprise two transmembrane helices flanking a single pore-forming

domain (2TM/1P) (Hibino et al., 2010).

Kop channels possess a distinctive architecture that sets them apart from all other mammalian
K™ channels. Each subunit contains four transmembrane helices and two pore-forming domains
(4TM/2P), yielding the characteristic tandem-pore topology that defines the family (Enyedi &

Czirjak, 2010) (Figure 2). Functional channels are formed through dimerization of two such
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subunits, generating a pseudo-tetrameric pore in which four P domains collectively constitute

the ion conduction pathway (Renigunta et al., 2015).

Although Kop channels were initially thought to function exclusively as homodimers,
accumulating evidence has established that heterodimerization is a common feature of the
family and contributes substantially to its functional diversity. Heteromeric channels have been
described both within and between Kop subfamilies, including TASK-1/TASK-3 (Berg et al.,
2004; Czirjak & Enyedi, 2002; Kang et al., 2004), TWIK-1/TREK-1 (Hwang et al., 2014),
TREK-1/TREK-2 (Czirjak & Enyedi, 2016; Levitz et al., 2016), TREK-1/TRAAK (Levitz et
al., 2016), and, notably, TRESK/TREK-1 and TRESK/TREK-2 (Lengyel et al., 2020; Royal et
al., 2019). The ability to assemble into heterodimeric complexes expands the functional
repertoire of Kop channels by altering their biophysical properties, pharmacological profiles and
physiological regulation, thereby increasing the diversity of background K" conductances in

native tissues.

Pore domains

Extracellular

Intracellular

Figure 2: The 4TM/2P structural motif of K2p channel (Enyedi & Czirjak, 2010).

1.1.2 The physiological roles, modulation and gating of K2r channels

Two-pore domain potassium (K2p) channels are the principal molecular determinants of
background K" conductance and therefore play a central role in establishing the resting
membrane potential (RMP) of excitable and non-excitable cells. By continuously driving the
membrane potential toward the equilibrium potential for K*, Kop channels stabilize the resting
state and set the threshold for electrical excitability (Du & Gamper, 2013; Enyedi & Czirjak,
2010). This constitutive activity distinguishes Kzp channels from most other K* channel

families, which are activated only in response to specific electrical or chemical stimuli.
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Figure 3: Schematic illustrating the effect of Kzp channels on the resting membrane
potential. Modified from (Du & Gamper, 2013). E.,: Resting membrane potential, Ex: Equilibrium
potential of potassium, Eci: Equilibrium potential of chlorine, Ec.: Equilibrium potential of cation, Ena:

Equilibrium potential of sodium.

Beyond their canonical role as leak channels, K2p channels function as polymodal sensors that
integrate a broad spectrum of physical and chemical signals. Depending on the family member,
channel activity is regulated by membrane stretch, temperature, pH, voltage, lipids,
phosphorylation and numerous endogenous and pharmacological ligands (Brohawn, 2015;
Lopes et al., 2005; Maingret et al., 2000; Renigunta et al., 2015). Through these diverse
regulatory mechanisms, Kop channels dynamically adjust membrane excitability in response to

changing physiological conditions.

The broad physiological distribution and regulatory versatility of K2p channels have made them
attractive therapeutic targets. Pharmacological inhibition or activation can alter cellular
excitability in a disease-specific manner. For example, inhibition of TASK-1, which contributes
to atrial repolarization, has emerged as a potential strategy for the treatment of atrial fibrillation
(Kiper et al., 2015). Conversely, activation of TREK-1 suppresses neuronal excitability and has
shown promise in experimental models of epilepsy and cerebral ischaemia, highlighting the
therapeutic potential of Kop channel openers for neurological disorders (Heurteaux et al., 2004).
Consequently, understanding the mechanisms by which small molecules regulate Kop channels

has become an important objective for both basic and translational research.

The diverse stimuli that regulate Kap channels ultimately converge on channel gating. Gating
describes the structural transitions that determine whether ions can permeate the pore and

thereby control K* flux across the membrane (Cohen et al., 2009). In K" channels, these
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transitions generally occur either at the selectivity filter (the outer or C-type gate) or at the

intracellular pore entrance (the inner gate) (Bagriantsev et al., 2011).

Early functional studies established the selectivity filter as the principal gating element of the
Kop family, particularly in TREK and TRAAK channels, where multiple regulatory inputs
converge to modulate filter conformation (Bagriantsev et al., 2011, 2012; Cohen et al., 2009;
Piechotta et al., 2011; Schewe et al., 2016). Unlike voltage-gated K* channels, these channels
were initially thought to lack a functional helix-bundle crossing gate (Piechotta et al., 2011).
More recent structural and functional studies have, however, demonstrated that several Kap
channels also possess lower intracellular gates. These include the intracellular gate of TASK-2
(Lietal., 2020), the X-gates of TASK-1 and TASK-3 (Hall et al., 2025; Rodstrom et al., 2020),
the lower gate of TALK-2 (Neelsen et al., 2024), and the Y-gate of THIK-1 (Rodstrom et al.,
2025). These findings indicate that Kop channel gating is more structurally diverse than
previously appreciated and that both upper and lower gates may contribute to channel regulation

in a subtype-dependent manner.

Progress in understanding Kop channel function has been driven by a series of high-resolution
structures spanning multiple subfamilies, including X-ray crystal structure of TWIK-1 (Miller
& Long, 2012), X-ray crystal structure of TRAAK (Brohawn, 2014), X-ray crystal structure of
TREK-2 (Dong et al., 2015), X-ray crystal structure of TREK-1 (Lolicato et al., 2017), cryo-
EM structure of TASK-2 (Li et al., 2020), X-ray crystal structure of TASK-1 (Rddstrom et al.,
2020), cryo-EM structures of TASK-1 and TASK-3 (Hall et al., 2025) and cryo-EM structure
of THIK-1 (Rddstrom et al., 2025). These structures have revealed the molecular basis of ion
permeation, gating and drug binding across much of the Kzp family. In contrast, no
experimentally determined structure of TRESK was available at the time this work was
undertaken, leaving its pore architecture, gating mechanism and pharmacological binding sites
largely unresolved. This structural gap has substantially limited mechanistic studies of TRESK

function and the rational development of TRESK-targeted therapeutics.

1.2 The TRESK subfamily of Kzp channels

The TWIK-related spinal cord potassium channel (TRESK; K2pr18.1; encoded by KCNK18)
represents the final identified member of the K2p channel family (Sano et al., 2003). Although
it shares the conserved architectural features characteristic of K2p channels, TRESK exhibits
several distinctive structural elements that differentiate it from other family members. In
particular, TRESK contains an unusually long intracellular loop connecting transmembrane
domains 2 and 3 and a comparatively short C-terminal domain. These unique structural features
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are predicted to influence channel regulation and may underlie the distinct gating mechanisms
and pharmacological properties that distinguish TRESK from other K2p channels (Enyedi &
Czirjak, 2015).

1.2.1 Regulation of the hTRESK channel

TRESK is unique among Kop channels as the only member known to be activated by
intracellular calcium signals (Czirjak et al., 2004). Unlike classical calcium-activated potassium
channels, however, TRESK does not bind calcium directly. Instead, calcium-dependent
activation is mediated through the calcium/calmodulin-dependent phosphatase calcineurin.
Upon elevation of intracellular calcium, calcineurin dephosphorylates regulatory serine
residues within the intracellular loop of TRESK (S252 and S264 in hTRESK; corresponding to
S264 and S276 in mouse TRESK), resulting in channel activation (Czirjak et al., 2004; Czirjak
& Enyedi, 2010). Calcineurin recruitment is mediated by an NFAT-like docking motif within
this intracellular region (the PQIVID motif in rat TRESK and RQIIIS motif in hTRESK),
highlighting a distinctive regulatory mechanism that couples calcium signalling directly to
TRESK channel activity (Czirjak & Enyedi, 2006). Following activation, interaction with 14-
3-3 adaptor proteins contributes to sustained channel activity by preventing rapid return to the

basal phosphorylation state (Czirjak et al., 2008).

In addition to calcium-dependent regulation, TRESK is strongly modulated by endogenous
lipids, suggesting that the channel integrates multiple intracellular signalling pathways.
Unsaturated fatty acids inhibit TRESK, whereas saturated fatty acids have little effect (Sano et
al., 2003). Among these lipids, polyunsaturated fatty acids (PUFAs), including arachidonic acid
(AA), docosahexaenoic acid (DHA) and linoleic acid, produce particularly potent inhibition
compared with other unsaturated fatty acids such as oleic and palmitic acid (Sano et al., 2003).
Although the physiological consequences of lipid-mediated inhibition remain incompletely
understood, these findings suggest that TRESK may act as a sensor of changes in membrane

lipid composition and lipid-derived signalling pathways.

The relationship between TRESK regulation and endocannabinoid signalling is particularly
intriguing. Arachidonoyl-containing phospholipids serve as precursors for endocannabinoid
synthesis, while hydrolysis of the major endocannabinoids anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) generates AA through enzymatic degradation pathways (Bisogno
et al., 2003; Vila et al., 2007). Endocannabinoids are well established as endogenous ligands of
cannabinoid receptors CB1 and CB2 and exhibit antinociceptive effects in multiple pain models
(Devane et al., 1992; Mechoulam et al., 1995; Zogopoulos et al., 2013). However, it is now
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recognized that endocannabinoids also regulate physiological processes through interactions
with diverse molecular targets, including ion channels (De Petrocellis et al., 2010; Stelt &
Marzo, 2005; Watkins, 2019).

The possibility that endocannabinoids regulate TRESK is supported by several observations.
The precursor of AEA, N-arachidonoyl-phosphatidylethanolamine, is highly enriched in the
spinal cord, a tissue in which TRESK expression is prominent (Yang et al., 1999). Furthermore,
AA, amajor metabolic product of endocannabinoid degradation, is a potent inhibitor of TRESK
(Sano et al., 2003). Despite these links, the direct effects of endocannabinoids on hTRESK

remain largely unexplored.

A further major mechanism regulating Kop channels is receptor-mediated signalling. Several
Kop family members, including TASK-1, TASK-3, TREK-1, TREK-2 and TRESK, are
regulated downstream of Gaq-coupled receptors (Czirjak et al., 2000; Talley et al., 2000;
Lesage et al., 2000; Talley & Bayliss, 2002; Chemin et al., 2003; Czirjak et al., 2004; Lopes et
al., 2005; Enyeart et al., 2005; Murbartian et al., 2005; Jouen-tachoire et al., 2014; Inoue, 2020).
However, the consequences of Goq activation differ between channel subfamilies. Whereas
stimulation of Gaq signalling generally inhibits TASK and TREK channels, it activates TRESK
(Mathie, 2007).

In TRESK, receptor-dependent activation is mediated through calcium mobilization and
calcineurin signalling. Activation of calcium-mobilizing receptors, including the M1
muscarinic receptor, angiotensin II receptor type 1A and lysophosphatidic acid receptors,
increases hTRESK activity through an IP3-dependent pathway that elevates intracellular
calcium and promotes calcineurin-mediated dephosphorylation (Czirjak et al., 2004). Thus, IP3,
one product of phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis, has an established role

as a downstream mediator of receptor-dependent TRESK activation.

In contrast, the contribution of the other major PIP2-derived second messenger, diacylglycerol
(DAG), remains unresolved. Although DAG is a central signalling lipid capable of directly
regulating ion channels or activating downstream effectors such as protein kinase C, its role in
TRESK regulation has not been defined. Similarly, the reported effects of PIP> on TRESK
remain controversial, with one study demonstrating channel activation by PIP2 (Giblin et al.,
2019), whereas another reported no detectable effect (Riel et al., 2022). Therefore, the
molecular mechanisms linking Gagq-coupled receptor activation to TRESK regulation remain

incompletely understood.
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Several observations nevertheless suggest that DAG may represent an additional regulator of
TRESK. DAG serves as a precursor for both 2-AG and AA (Carrasco & Mérida, 2007), two
lipid species with potential relevance to TRESK modulation. Furthermore, the membrane-
permeable DAG analogue DiC8 has been shown to inhibit TASK-1 and TASK-3 channels, both
of which are regulated by receptor-mediated signalling (Wilke et al., 2014). These findings raise
the possibility that receptor-generated DAG may directly influence TRESK activity, providing

an additional layer of regulation within lipid-dependent signalling pathways.

1.2.2 hTRESK expression pattern and involvement in disease

The tissue distribution of TRESK suggests a broad role in regulating cellular excitability across
multiple physiological systems. The human TRESK gene, KCNK18, is expressed in the spinal
cord (Sano et al., 2003), while rodent studies have identified TRESK expression in the
cerebellum, testes, thalamus, hypothalamus, hippocampus and posterior cortex (Kang et al.,
2004; Czirjak et al., 2004). Notably, TRESK is highly expressed in sensory neurons, including
medium- and small-diameter dorsal root ganglion (DRG) and trigeminal ganglion (TG)
neurons, where it contributes substantially to background potassium conductance (Kang et al.,
2004; Lafreniére et al., 2010). The murine orthologue, initially termed TRESK-2, shares
approximately 65% sequence identity with human TRESK (hTRESK) and was shown through
knockout studies to account for ~20% of the standing outward potassium current (IKso) in
mouse DRG neurons (Dobler et al., 2007). Subsequent detection of KCNK 18 transcripts and
protein in human sensory ganglia further established TRESK as an important regulator of

excitability in peripheral sensory pathways (Lafrenicre et al., 2010).

Given its prominent expression in excitable tissues, particularly nociceptive neurons, TRESK
has emerged as a potential therapeutic target for disorders associated with aberrant neuronal
excitability. In sensory neurons, TRESK functions as a brake on excitability by contributing to
resting membrane conductance. Consistent with this role, selective downregulation of TRESK
expression occurs in rat DRG neurons following sciatic nerve axotomy (Tulleuda et al., 2011),
while DRG neurons from mice carrying a loss-of-function TRESK mutation (G339R) display
increased excitability (Dobler et al., 2007).

The strongest genetic and physiological link between TRESK dysfunction and human disease
has been established in migraine. Initial clinical observations implicated TRESK regulation in
migraine susceptibility, as calcineurin inhibitors that suppress TRESK activation, including
cyclosporine and tacrolimus, are associated with migraine and headache following organ
transplantation (Ferrari et al., 2005). Subsequently, a landmark genetic study identified a
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familial migraine with aura-associated frameshift mutation in KCNK18 (F139WfsX24), which
generates a truncated, non-functional channel (Lafreniére et al., 2010). This mutant exerts
dominant-negative effects by heteromerizing with other sensory neuron-expressed Koap
channels, including TREK-1 and TREK-2, thereby increasing trigeminal neuron excitability
(Royal et al., 2019). Moreover, correction of this mutation using CRISPR-Cas9 restored normal
excitability profiles in patient-derived neuronal models (Pettingill et al., 2019). Collectively,
these findings provide strong support for the hypothesis that pharmacological activation of
TRESK may represent a therapeutic strategy for migraine. The restricted expression of TRESK
within peripheral sensory neurons further enhances its therapeutic appeal, as selective activation

of the channel may avoid the requirement for blood—brain barrier penetration (Wood, 2010).

Beyond migraine, accumulating evidence implicates TRESK in additional pain states. Altered
TRESK expression correlates with pain sensitivity in animal models of bone metastasis,
suggesting that restoration of TRESK activity may represent a potential approach for treating
cancer-associated pain (Yang et al., 2018). Furthermore, transcriptomic analyses have
identified TRESK as one of the most sensory-neuron-enriched potassium channels, particularly
within trigeminal ganglion neurons (Manteniotis et al., 2013). Given the dominant contribution
of TG excitability to headache disorders, these observations may explain why genetic disruption
of TRESK has shown particularly strong associations with migraine compared with other pain

conditions (Guo et al., 2019).

Recent studies have expanded the potential physiological relevance of TRESK beyond
nociception. TRESK-dependent background currents contribute to the regulation of pruriceptor
excitability in both mice and humans, implicating the channel in acute and chronic itch
responses (Llimos-Aubach et al., 2025). In addition, altered TRESK function has been linked
to seizure susceptibility in mice, further highlighting its role in controlling neuronal excitability
(Huang et al., 2021). TRESK may also participate in immune regulation. The channel is highly
expressed in immune tissues such as the thymus and spleen, and TRESK-like potassium
currents have been detected in human leukemic T cells (Kang et al., 2004; Pottosin et al., 2008).
Furthermore, TRESK activity is regulated by immune-associated signalling pathways,
including activation by calcineurin and histamine and inhibition by calcineurin inhibitors and
H1 receptor antagonists (Czirjak et al., 2004; Kang et al., 2008; Brunner et al., 2018). These
findings suggest that modulation of TRESK activity may have broader applications in disorders

involving dysregulated immune or neuronal excitability.

21



Despite the therapeutic promise of TRESK activation, the development of pharmacological
activators has remained challenging. Cloxyquin is currently the best-characterized small-
molecule TRESK activator; however, its relatively low affinity for hTRESK (ECso = 44 uM)
limits its therapeutic potential (Wright et al., 2013; Lengyel et al., 2017). Thus, the identification
of potent, selective hTRESK activators remains an important goal for both mechanistic studies

and therapeutic development.

1.2.3 Modulator binding sites in the hTRESK channel

Understanding how pharmacological modulators interact with TRESK is essential for
elucidating channel regulation and for enabling structure-guided development of selective
therapeutics. Identification of drug-binding sites in ion channels provides critical insight into
the molecular determinants of ligand recognition and facilitates rational optimization of
compounds with improved potency, selectivity and pharmacological profiles (Pope & Minor,
2022). Despite extensive characterization of hTRESK modulators, the structural basis

underlying their actions remains poorly understood.

The hTRESK channel is regulated by a diverse array of inhibitory and activating compounds,
including small molecules and lipid modulators (Schreiber et al., 2022). However, with the
notable exception of cloxyquin, for which a putative binding site has recently been proposed
(Schreiber et al., 2023), the molecular determinants governing modulator interaction with
hTRESK remain largely undefined. This knowledge gap is primarily attributable to the absence
of a high-resolution experimental structure of TRESK, which has limited mechanistic

interpretation and hindered rational drug discovery efforts.

Early attempts to define TRESK modulator binding sites have relied on mutagenesis,
electrophysiology and computational modelling. One study identified two conserved
phenylalanine residues, mouse TRESK F156 and F364 (corresponding to human TRESK F145
and F352), as critical determinants of inhibitor sensitivity and proposed that these residues form
a constriction within the inner pore of the channel (Kim et al., 2013). More recently, structural
modelling suggested that the cloxyquin binding site is located near this region, at the interface
between transmembrane domains 2 and 4 (Schreiber et al., 2023). Together, these findings point

toward the pore region as a potentially important pharmacological hotspot in TRESK.

Insights from other Kap channel subfamilies suggest that such pharmacological complexity may
be a defining feature of the family. TREK channels, in particular, display a polysite

pharmacology involving multiple discrete ligand-binding regions, including the keystone
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inhibitor site, K2p modulator pocket, vestibule site, fenestration site and modulatory lipid site
(Natale et al., 2021). These sites accommodate chemically diverse ligands and regulate channel

activity through distinct structural mechanisms.

The keystone inhibitor site is located beneath the Kop cap domain, immediately above the
selectivity filter (SF). Although wild-type TREK-1 is insensitive to ruthenium amine (RuR)
inhibition, introduction of negatively charged residues at the cap domain residue 1110 confers
RuR sensitivity, demonstrating that this region can contribute to ligand recognition (Pope et al.,

2020).

The K2p modulator pocket, also referred to as the cryptic modulator pocket, is an L-shaped
cavity located behind the SF and formed by residues from the P1 and M4 helices. Binding of
synthetic activators such as ML-335 and ML-402 to this pocket promotes channel opening by

stabilizing the conductive conformation of the selectivity filter (Lolicato et al., 2017).

A distinct pharmacological region, termed the vestibule site, is located within the central cavity
directly below the SF and can accommodate pore-blocking compounds. Homology modelling
and electrophysiological analyses identified the binding site of quaternary ammonium (QA™)
ions in TREK-1 within this inner cavity region (Piechotta et al., 2011; Rapedius et al., 2012).
Structures of TASK-1 further demonstrated the presence of a comparable vestibule region in
other Kop subfamilies (Rodstrom et al., 2020), suggesting that analogous pore-binding sites may
be conserved beyond TREK channels, including within TRESK.

The fenestration site represents another intramembrane binding region within the central cavity
below the SF. Both inhibitors and activators interact with this site to modulate TREK channel
activity. For example, the state-dependent inhibitor norfluoxetine binds within the TREK-2
fenestration site, while binding of NCA compounds such as BL-1249 to a similar region
stabilizes the selectivity filter gate and promotes channel activation (Dong et al., 2015; Schewe
et al., 2019). Notably, the predicted cloxyquin-binding region in hTRESK overlaps spatially
with the fenestration site identified in TREK channels (Schreiber et al., 2023), raising the

possibility that related ligand-binding mechanisms are conserved across Kop subfamilies.

In addition to small-molecule binding sites, lipid-mediated regulation represents an important
component of Kop channel pharmacology. TREK-1 contains a modulatory lipid-binding region
within the C-terminal domain that has been proposed to correspond to a phosphatidylinositol
4,5-bisphosphate (PIP2)-interacting site (Lolicato et al., 2017). Whether comparable lipid

regulatory sites exist in TRESK remains unresolved.
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Comparison of established TREK binding sites with the proposed phenylalanine constriction
region in TRESK reveals substantial spatial overlap between the TREK vestibule and
fenestration sites and the region defined by hTRESK F145 and F352. This convergence raises
the possibility that TRESK contains a conserved inner pore pharmacological region capable of
accommodating structurally diverse modulators. Determining whether such a shared binding
region exists, and defining the molecular residues that constitute it, remains a fundamental
unanswered question in TRESK biology and is essential for understanding how chemically

diverse compounds regulate this therapeutically important channel.
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Figure 4: Distinct K2p modulator binding sites (Natale et al., 2021)

1.3 Research questions and aims

Despite increasing recognition of TRESK as an important regulator of neuronal excitability and
a potential therapeutic target, the molecular basis of its regulation remains poorly understood.
The absence of a high-resolution structure, combined with the unique sequence features of
TRESK among Kop channels, has limited understanding of its pore architecture, gating
mechanisms and pharmacological regulation. High-affinity modulators of related Kop channels,
such as chlorpromazine (CPZ) for TREK channels and C101248 for THIK-1, have provided
valuable molecular tools for dissecting channel structure and function. However, comparatively
few high-affinity modulators of TRESK have been identified, restricting mechanistic

investigation of this channel.

The first objective of this study was therefore to expand the pharmacological toolkit available
for hTRESK by characterizing chemically diverse channel modulators. This included the
evaluation of known high-affinity Kop and potassium channel modulators, such as C101248 and
loratadine, as well as structurally distinct classes of compounds including quaternary

ammonium (QA") ions, negatively charged activators (NCAs), and endogenous lipid mediators.
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Particular emphasis was placed on physiologically relevant lipids, including polyunsaturated
fatty acids (PUFAs), diacylglycerol (DAG) analogues and endocannabinoids, to investigate
potential mechanisms of endogenous regulation. In addition, NCAs were screened to determine
whether, analogous to TREK channels, members of this class can activate hTRESK. The effects
of the DAG analogue DiC8 and the endocannabinoids anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) were examined to explore potential links between lipid signalling,

sensory neuron excitability and TRESK-mediated regulation.

The second objective was to define the molecular determinants underlying hTRESK modulator
binding and to determine whether chemically diverse ligands converge on shared regions within
the channel pore. Based on the established pore-binding pharmacology of other Kap channels,
QA" ions were first investigated as potential probes of the hTRESK inner cavity. Competition
experiments were subsequently used to determine whether structurally unrelated inhibitors and
activators interact with overlapping binding regions. Complementary approaches, including
cysteine scanning mutagenesis, targeted amino acid substitution, cysteine modification and
protection assays, were employed to identify pore residues involved in ligand recognition and

to map the structural environment of these interactions.

Finally, this study addressed the functional role of the phenylalanine residues hTRESK F145
and F352, which have been proposed to form a pore constriction and to contribute to modulator
binding. Although these residues have been implicated in inhibitor interactions, it remains
unclear whether they directly constitute ligand-binding sites, contribute to pore architecture, or
participate in gating. To resolve this question, representatives of distinct modulator classes—
including small molecules, NCAs and lipids—were evaluated using F145 and F352 mutant

channels in combination with cysteine accessibility and protection experiments.

Together, these approaches aim to establish a molecular framework for understanding hTRESK
pharmacology, define the structural basis of chemically diverse modulator interactions, and
identify principles that may guide future development of selective TRESK-targeted

therapeutics.
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2 CHAPTER TWO: MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

Compounds investigated in this study comprised three classes of hTRESK modulators:

conventional small molecules, negatively charged activators (NCAs), and lipids. Unless

otherwise indicated, stock solutions were prepared in dimethyl sulfoxide (DMSO). The final

DMSO concentration in all experimental solutions did not exceed 0.2% (v/v), a concentration

that had no detectable effect on hTRESK currents under the experimental conditions used.

Table 1: List of chemicals used in the present study

Chemical | Chemical Supplier(s) Stock Solvent Storage
Class Concentration Conditions
(mM) O
DMSO Reagent Sigma Aldrich - - 21-22
TButA QA" ions Sigma Aldrich 100 Intracellular -20
(Bath)
Solution
TPenA Sigma Aldrich 100 Intracellular -20
(Bath)
Solution
MTSET MTS Anatrace - - -20
Reagent
C101248 Small Tocris Bioscience 50 DMSO -20
CPZ molecules Sigma Aldrich 50 DMSO -20
Loratadine Sigma Aldrich 50 DMSO -20
PD-307243 from Prof. Dr. 50 DMSO -20
Stephen Tucker
(Oxford university)
AA Lipids Cayman Chemical 50 DMSO -20
AEA Cayman Chemical 50 DMSO -20
DHA Sigma Aldrich 50 DMSO -20
DiC8 Sigma Aldrich 20 DMSO -20
2-AG Avanti polar lipids 50 DMSO -20
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MTSET was freshly prepared in intracellular recording solution immediately before each
experiment. All other compounds were diluted from stock solutions to their final working
concentrations. A summary of all compounds used in this study and their respective suppliers

is provided in Table 1.

To ensure complete solubilization, PD-307243 was diluted from a 50 mM DMSO stock into
120 mM K* bath solution to a final concentration of 50 uM and sonicated in an ultrasonic water

bath at 70—-80°C for 5 min before use.

Because MTSET undergoes rapid hydrolysis in aqueous solution (half-life ~15 min at pH 7.0
and room temperature) (Stauffer & Karlin, 1994), aliquots were pre-weighed and dissolved
immediately before use to a final concentration of 1 mM. Freshly prepared MTSET solutions

were used for no longer than 5 min, as described previously (Rapedius et al., 2012).

2.1.2 Solutions

All electrophysiological recordings were performed in the inside-out patch-clamp configuration
under a physiological K* gradient. OR1 and OR2 solutions (Table 2) were used for the
preparation of Xenopus laevis oocytes, whereas test solution (Table 2) was used for cRNA
injection and incubation of injected oocytes. Unless otherwise stated, all solutions were
prepared fresh or stored at 4-8 °C and equilibrated to room temperature before use. The

compositions of the individual solutions are listed in Table 2.

Table 2: Composition of solutions used in the present study

OR1
pH7.4, adjusted with HClI/NaOH
NaCl 82.5 mM
KCI 2 mM
MgClz2.6 H20 1 mM
HEPES 5mM
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OR2

pH7.4, adjusted with HCl/ NaOH
NaCl 96 mM

KCl 2mM
CaCl2.2 H20 1 mM
MgClz .6 H20 1 mM
HEPES 5mM

Test Solution (Modified Barth’s Solution)

pH7.4, adjusted with HCl/ NaOH

NaCl 54 mM
KClI 30 mM
NaHCO:3 2.4 mM
MgSOs4 .7 H20 0.82 mM
CaCl2.2 H20 0.41 mM
Ca (NO3)2.6 H20 | 0.33 mM
TRIS 7.5 mM

Intracellular (Bath) Solution

pH7.4, adjusted with HCl/ KOH
KCl 120 mM
HEPES 10 mM
EGTA 2 mM
Pyrophosphate 1 mM

Extracellular (Pipette) Solution

pH7.4, adjusted with HCl/ KOH

KCl 4 mM
NaCl 116 mM
HEPES 10 mM
CaCl2 .2 H20 3.6 mM
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2.2 Methods
2.2.1 Molecular biology and Xenopus laevis oocyte preparation

2.2.1.1 Molecular biology

Human TRESK (K2p18.1; GenBank accession NM_181840.1) was used throughout this study.
Mutant channels were generated by site-directed mutagenesis using custom-designed
oligonucleotide primers. DNA amplification, mutagenesis, sequencing, and cRNA synthesis
were performed by experienced laboratory personnel, Michaela Unmack, Petra Breiden and

Henning Janssen.

Wild-type and mutant constructs were subcloned into either the dual-purpose expression vector
pFAW downstream of a T7 promoter or the Xenopus laevis expression vector pBF downstream

of an SP6 promoter. All constructs were verified by Sanger sequencing before use.

Plasmids were linearized with MIul (Thermo Fisher Scientific, Germany). Capped cRNA was
synthesized in vitro using either the SP6 AmpliCap™ High Yield Message Maker Kit
(CellScript, USA) or the High Yield T7 ARCA mRNA Synthesis Kit (Jena Bioscience, Jena,
Germany) according to the manufacturers' protocols. Synthesized cRNA was stored at —20 °C

for routine use and at —80 °C for long-term storage.

2.2.1.1.1 Polymerase chain reaction (PCR)

PCR amplification was performed to amplify the DNA (Mullis & Faloona, 1987) using Pfu
DNA polymerase (Roboklon GmbH, Berlin, Germany). Standard 50 pL reactions contained
template DNA, forward and reverse primers (0.2 uM each), dNTPs (300 uM each), Pfu
polymerase (0.05 U uL™"), and the supplied reaction buffer.

Thermal cycling consisted of an initial denaturation (95 °C, 1 min), followed by 18 cycles of
denaturation (95 °C, 30 s), primer annealing (55 °C, 40 s), and extension (72 °C, 60 s kb™"),

with a final extension at 72 °C for 10 min.

PCR products were verified by agarose gel electrophoresis, purified using the NucleoSpin Gel
and PCR Clean-up Kit (Macherey-Nagel, Diiren, Germany) according to the manufacturer's

instructions, and subsequently transformed into Escherichia coli for plasmid propagation.
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Table 3: List of hTRESK-WT/mutants measured and molecular biology tools used for the
respective cCRNA production

Gene Protein | Mutant Organism | Promoter | Restriction Vector | Antibiotic
Name Name Enzyme for Resistance
Linearization

Kap18.1 TRESK | WT Human T7 Mlul pFAW | Ampicillin
T116C SP6 Mlul pBF RAm
1141C T7 Mlul pFAW | Ampicillin
P142C T7 Mlul pFAW | Ampicillin
L143C T7 Mlul pFAW | Ampicillin
M144C T7 Mlul pFAW | Ampicillin
F145C T7 Mlul pFAW | Ampicillin
F145W T7 Mlul pFAW | Ampicillin
F145L T7 Mlul pFAW | Ampicillin
F145v T7 Mlul pFAW | Ampicillin
F145A T7 Mlul pPFAW | Ampicillin
F145T T7 Mlul pFAW | Ampicillin
F145G T7 Mlul pPFAW | Ampicillin
F145K T7 Mlul pFAW | Ampicillin
F145E T7 Mlul pFAW | Ampicillin
L146C T7 Mlul pFAW | Ampicillin
V147C T7 Mlul pFAW | Ampicillin
L148C T7 Mlul pFAW | Ampicillin
T323C SP6 Mlul pBF RAm
V3s51C T7 Mlul pFAW | Ampicillin
F352C T7 Mlul pFAW | Ampicillin
F352W T7 Mlul pFAW | Ampicillin
F352L T7 Mlul pFAW | Ampicillin
F352V T7 Mlul pFAW | Ampicillin
F352A T7 Mlul pFAW | Ampicillin
F352T T7 Mlul pFAW | Ampicillin
F352G T7 Mlul pFAW | Ampicillin
F352K T7 Mlul pFAW | Ampicillin
F352E T7 Mlul pFAW | Ampicillin
F145AF352A T7 Mlul pFAW | Ampicillin
F145CF352A T7 Mlul pFAW | Ampicillin
F145CF352C T7 Mlul pFAW | Ampicillin
1353C T7 Mlul pFAW | Ampicillin
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2.2.1.1.2 Site-directed mutagenesis

Point mutations were introduced into the hTRESK-WT plasmid (Table 3) by in vitro site-
directed mutagenesis. Complementary mutagenic primer pairs were designed to amplify the
entire circular plasmid by PCR using Pfu DNA polymerase (Roboklon GmbH, Berlin,
Germany). Following amplification, the parental methylated template DNA was selectively
digested with Dpnl (Thermo Fisher Scientific, Germany) for 1 h and the enzyme was
subsequently heat-inactivated at 80°C for 15 min. A 5-pL aliquot of the resulting PCR product

containing the desired mutation was used directly for bacterial transformation.

2.2.1.1.3 Transformation of Escherichia coli

Chemically competent Escherichia coli DH5a cells were transformed with 5 pL of mutagenized
plasmid DNA. Briefly, DNA was added to 50 pL of competent cells, mixed gently, and
incubated on ice for 10 min, followed by heat shock at 42°C for 45 s and immediate cooling on
ice. Cells were recovered in 500 uL SOC medium for 1 h at 37°C with shaking, pelleted by
centrifugation (8,000 x g, 5 min), and resuspended in the remaining 100 puL. of medium. The
cell suspension was plated onto LB agar containing ampicillin (100 pg mL™") and incubated

overnight at 37°C.

2.2.1.1.4 Plasmid preparation

Single bacterial colonies were inoculated into either 5 mL (miniprep) or 50 mL (midiprep) LB
medium supplemented with ampicillin (100 pg mL™") and cultured overnight (~16 h) at 37°C.
Plasmid DNA was isolated by alkaline lysis using commercially available purification kits
(NucleoSpin, Macherey-Nagel, Diiren, Germany) according to the manufacturer's instructions.
Miniprep cultures yielded approximately 10-25 pug plasmid DNA, whereas midiprep cultures
yielded 125-500 pg. Plasmid integrity was verified by agarose gel electrophoresis, and DNA
concentration was determined spectrophotometrically using a NanoDrop instrument (Thermo

Fisher Scientific, Waltham, MA, USA).

2.2.1.1.5 Complementary RNA (cRNA) synthesis

Complementary RNA (cRNA) was synthesized using the AmpliCap-Max T7 High Yield
Message Maker Kit (Jena Bioscience, Jena, Germany) for constructs cloned into the pFAW
vector and the SP6 High Yield Message Maker Kit (CellScript, Madison, WI, USA) for

constructs in the pBF vector. Plasmid DNA was linearized with Mlul (Thermo Fisher Scientific,
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Germany) and purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel,
Diiren, Germany). In vitro transcription and subsequent polyadenylation of the linearized
templates were performed according to the manufacturer's instructions. cRNA was purified by
phenol-chloroform extraction, resuspended in nuclease-free water, and stored at —20°C (or
—80°C for long-term storage). RNA concentration was determined spectrophotometrically at
260 nm using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),

and RNA integrity was verified by agarose gel electrophoresis.

2.2.1.1.6 Agarose gel electrophoresis

Plasmid DNA and cRNA were analyzed by agarose gel electrophoresis using 1% (w/v) agarose
gels prepared in TAE buffer and supplemented with Roti GelStain DNA stain (2 pM; Carl Roth,
Karlsruhe, Germany). DNA samples were mixed with 6% loading dye, whereas RNA samples
were prepared with Gel Loading Buffer II (Thermo Fisher Scientific, Waltham, MA, USA) at
a 1:10 (sample) ratio. Samples were separated alongside GeneRuler 1 DNA Ladder (Thermo
Fisher Scientific, Waltham, MA, USA) at approximately 130 V for ~15 min. Nucleic acids were
visualized using a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA).

2.2.1.2 Xenopus laevis oocyte preparation

All electrophysiological experiments were performed using ion channels heterologously
expressed in Xenopus laevis oocytes. Animal procedures were approved by the Ministerium fiir
Landwirtschaft, ldndliche Raume, Europa und Verbraucherschutz, Schleswig-Holstein,
Germany (approval no. IX 555-106759/2023 (33-6/23V)). Adult female Xenopus laevis were
obtained from Nasco (Fort Atkinson, WI, USA) and maintained at the animal facility of
Christian-Albrechts-Universitét zu Kiel.

Ovarian tissue was surgically isolated from anesthetized frogs following immersion in 0.2%
tricaine (ethyl 3-aminobenzoate methanesulfonate) buffered with 50 mM NaHCOs for 8-10
min. Adequate anesthesia was confirmed by loss of the hindlimb withdrawal reflex before
surgery. Approximately 2 cm?® of ovarian tissue was removed through a small abdominal
incision, transferred immediately into OR2 solution, and the incision was closed with
absorbable surgical sutures (Glycolon; Resorba Medical GmbH, Nuremberg, Germany).

Animals were returned to their housing after recovery from anesthesia.

Ovarian tissue was mechanically dissociated, washed repeatedly with OR2 solution, and

manually defolliculated under a stereomicroscope (Stemi SV6, Zeiss, Oberkochen, Germany).
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Oocytes were subsequently incubated in OR2 solution containing 0.2% collagenase type II
(Sigma-Aldrich/Merck KGaA, Steinheim, Germany) for 1 h at room temperature. Following
enzymatic treatment, oocytes were extensively washed with OR1 solution to terminate
collagenase activity and remove residual connective tissue. Healthy stage IV—VI oocytes,
classified according to Dumont, (1972), were selected and maintained in test solution at 16—

18°C until cRNA injection.

2.2.2 cRNA injection

Stage V—VI Xenopus laevis oocytes (Dumont, 1972) were injected with 80—90 nL. of cRNA
diluted to a final concentration of 10200 ng pL™" in RNase-free water. Injections were
performed under visual guidance using a Leica MS5 stereomicroscope (Leica Camera, Wetzlar,
Germany). Injected oocytes were maintained individually in 24-well plates containing 2 mL of
test solution per well (Table 2) and incubated at 16-18°C for 2-4 days before

electrophysiological recordings.

Injection micropipettes were fabricated from thin-wall borosilicate glass capillaries (Hilgenberg
GmbH, Malsfeld, Germany) using either a P-1000 micropipette puller (Sutter Instrument,
Novato, CA, USA) or a DMZ-Zeitz puller (Zeitz-Instrumente, Planegg, Germany). Pipette tips
were adjusted to an outer diameter of approximately 20—30 um using an MF-2 microforge

(Narishige Scientific Instrument Lab., Tokyo, Japan).

Figure 5: Picture depicting cRNA Injection of Xenopus laevis oocytes (source:

https://www.physiologie.uni-kiel.de).
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2.3 Electrophysiology: Inside-out patch-clamp
Electrophysiological recordings were performed using the inside-out patch-clamp
configuration on giant excised membrane patches from Xenopus laevis oocytes expressing

wild-type (WT) or mutant A TRESK channels.

The inside-out patch clamp configuration is achieved by quick withdrawal of the pipette from
the cell-attached configuration (Figure 6 and Figure 7b). In this configuration, the cytosolic
side of the patch faces the bath solution (Hamill et al., 1981a). Excised patches allow the
investigator apply different test substances from the intracellular side via the intracellular
solution. However, the main disadvantage of this patch configuration is that important cytosolic
factors necessary for the functioning of the channel may be lost upon patch excision (Penner,

1995).

Voltage clamp enables the direct measurement of membrane current by controlling the
membrane potential. First, the holding potential, which is the potential of the patch electrode
with reference to ground (bath), is set by the experimenter. The measured potential is compared
with the holding potential and a deviation from holding potential is compensated by injection
of current. The injected current is equal in magnitude and opposite in sign to the ionic current

(Molleman, 2003).

S / LOW RESISTANCE SEAL
A, (50 MQ)

SUCTION l
7 GIGAOHM SEAL

\}n{/ Cell attached
KCI /Ca**-FREE
PULSE OF sucno:/ \:ULL
OR VOLTAGE
/ \:ULL \\:uu.
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lSMALL CELL Eé é z LOW Ca** l \\J

whole cell outside-out| [inside-out
recording patch patch

Figure 6: Patch clamp configurations (Hamill et al., 1981b).

Recordings were conducted at room temperature (21-22°C) using an EPC9 patch-clamp
amplifier controlled by PatchMaster software (v2x92; HEKA Elektronik, Germany).

Membrane currents were recorded under voltage-clamp conditions with a holding potential of
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—80 mV. Current responses were acquired either continuously at the holding potential or during

voltage-ramp protocols spanning —100 to +50 mV and were analyzed at +40 mV.

Patch pipettes were fabricated from thick-walled borosilicate glass capillaries (GB200-8P;
Science Products, Germany) using either a P-1000 Flaming/Brown micropipette puller (Sutter
Instrument, Novato, CA, USA) or a DMZ-Zeitz puller (Zeitz-Instrumente, Planegg, Germany).
Pipettes were fire-polished using an MF-830 microforge (Narishige Scientific Instrument Lab.,

Tokyo, Japan) to obtain a resistance of 300700 kQ.

Pipette tips were coated with paraffin oil and back-filled without air bubbles using a MicroFil
34G needle (World Precision Instruments, Sarasota, FL, USA). The pipette solution contained
4 mM KCl, 116 mM NaCl, 10 mM HEPES, and 3.6 mM CaCl. (pH 7.4, adjusted with
KOH/HCI). Following patch excision, the cytoplasmic membrane surface was continuously
superfused using a gravity-driven perfusion system with intracellular (bath) solution or
intracellular solution containing the indicated test compounds. The intracellular solution
consisted of 120 mM KCl, 10 mM HEPES, 2 mM EGTA, and 1 mM pyrophosphate (pH 7.4,
adjusted with KOH/HCI).

—

Figure 7: Pictorial depiction of the workflow of inside-out patch clamp. (A) Obtaining the
giga seal patch from the membrane of Xenopus laevis oocyte by application of gentle suction
(B) Excision of the giga seal patch to enter the inside-out patch configuration (C) Exchange of
the intracellular solution(s) via the gravity-driven perfusion application system (source:

https://www.physiologie.unikiel.de).
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2.4 Data acquisition and analysis

Electrophysiological data were analyzed using Igor Pro 9 (WaveMetrics, Lake Oswego, OR,
USA) and Microsoft Excel 2024 (Microsoft Corporation, Redmond, WA, USA). Multiple
sequence alignments were generated with Clustal Omega (v1.2.4) (Madeira et al., 2024).

Data from independent biological replicates were normalized to either the basal current or the

maximal current, as indicated, and each dataset was fitted independently.

Zero-current levels are indicated by dashed lines in all current traces. Figures were prepared
using Igor Pro 9 and Microsoft PowerPoint 2024 (Microsoft Corporation, Redmond, WA,
USA).

Normalized current following channel activation or inhibition was calculated as follows:

Normalized current = Equation 1
max
I = current size for a given concentration of modulator
Imax (for activation) = maximum activated current size
Imax (for inhibition) = basal current
Fold change for activation was calculated as follows:
Activation fold change = IL Equation 2
0
I = current size for a given concentration of modulator
Io = basal current
Normalized dose-response curves were fitted to the Hill equation (Equation 3)
Hill Equation: fx) = hasat® (Im“x_mltl;‘ml) Equation 3

1o ]
Ibasal = basal current
Imax = maximum current
Xhalf = concentration of modulator halfway between Ibasal and Imax
x = concentration of modulator

rate = Hill slope
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Residual current post-modulator + MTSET application was calculated from stable currents of

excised membrane patches using (Equation 4)

Ipost—modulator+ MTSET

Rel. curr. post-modulator + MTSET = Equation 4

Ipre—modulator

Modulator = TButA/CPZ/AEA

2.5 Statistical Analysis

Statistical analyses were performed using GraphPad Prism (v8.4.3; GraphPad Software,
Boston, MA, USA), Igor Pro 9 (WaveMetrics, Lake Oswego, OR, USA), and Microsoft Excel
2024 (Microsoft Corporation, Redmond, WA, USA). Data are presented as mean + S.E.M.,
where 7 denotes the number of independent single-patch recordings. Descriptive statistics were

calculated using the following equations:

Arithmetic mean: X = % ki) Equation 5

X = sample mean

n = sample size

.. > (xi—x)2 .
Sample standard deviation: ~SD = l_lnT Equation 6

SD = Standard deviation
n = sample size
x; = individual data point

X = sample mean

SD

Standard error of mean: SEM = = Equation 7

SEM = Standard error of mean
SD = Standard deviation

n = sample size
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2.6 Molecular structure visualization

The amino acid sequence of human TRESK (UniProt accession Q7Z418) was retrieved from
the UniProt database (Ahmad et al., 2025). A structural model of A TRESK was generated using
AlphaFold2 implemented in ColabFold (v1.6.1) (Jumper et al., 2021). The predicted structure
was visualized in PyMOL (v3.1.3; Schrodinger, LLC) (Schrédinger & DeLano, 2020), and
amino acid residues relevant to this study were highlighted for structural analysis and figure

preparation.
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3 CHAPTER THREE: RESULTS

3.1 hTRESK is modulated by diverse small molecules and lipids

Previous studies demonstrated that hTRESK is inhibited by numerous compounds but activated
by only very few substances (Schreiber et al., 2022). To systematically characterize hTRESK
modulation, representative lipids and small molecules known to regulate other K* channels
were examined. Particular emphasis was placed on potential endogenous modulators, including
endocannabinoids and the DAG analogue, DiCS8.

All compounds were applied to the intracellular side of inside-out patches excised
from Xenopus laevis oocytes expressing hTRESK, and concentration-response relationships

were determined.
3.1.1 hTRESK is potently inhibited by endogenous lipids

To validate the experimental system, the effects of the polyunsaturated fatty acids arachidonic
acid (AA) and docosahexaenoic acid (DHA), previously reported to inhibit hTRESK (Sano et
al., 2003) , were re-examined. Both lipids potently inhibited hTRESK, with ICso values of 7.86
+3.07 uM (AA,n=32) and 3.53 £ 0.80 uM (DHA, n = 13), closely matching published values
(Sano et al., 2003) (Figure 8 and Table 4 (appendix)).

Next, the endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) (Devane
et al., 1992; Mechoulam et al., 1995) were investigated. Because both compounds are
metabolized to arachidonic acid (Muccioli, 2010) and possess well-established antinociceptive
properties in DRG neurons (Anand et al., 2022; Bhattacharyya et al., 2025), they represent
potential endogenous regulators of hTRESK.

Both endocannabinoids potently inhibited hTRESK. AEA inhibited the channel with an ICso of
0.61 £0.36 uM (n = 28), whereas 2-AG produced an ICso of 1.28 £ 0.64 uM (n = 21) (Figure
8 and Table 4 (appendix)). These values identify AEA and 2-AG as the highest-affinity
endogenous lipid inhibitors of hTRESK described to date.

Next, to explore the possibility that the second messenger, DAG, binds directly to and
modulates hTRESK, the membrane permeable, short-chain DAG analogue, DiC8 (Oancea et
al., 1998) was applied to giant excised patches of Xenopus laevis oocyte expressing hTRESK.
DiC8 has been shown to inhibit currents of the Kop family member, TASK-3, and this inhibition
was described as most probably being a result of direct binding to TASK-3 (Wilke et al., 2014).

It was therefore conjectured that DiC8 might also modulate hTRESK, providing vital insights
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into receptor-mediated regulation of the channel. DiC8 inhibited hTRESK with an ICso of 3.55
+ 0.80 uM (n = 21) (Figure 8 and Table 4 (appendix)).

Together, these findings demonstrate that hTRESK is potently inhibited by several endogenous

lipids, including endocannabinoids and a DAG analogue.
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Figure 8: hTRESK is inhibited by diverse lipids. (A) Representative hTRESK channel
continuous current traces, recorded in inside-out patches of Xenopus laevis oocytes and the
respective corresponding dose response relationships of hTRESK Inhibition by lipids,
Arachidonic Acid (AA), Docosahexaenoic Acid (DHA), Anandamide (AEA), 2-
Arachidonoylglycerol (2-AG) and 1,2-dioctanoyl-sn-glycerol (DiC8). (B) Bar graph showing
the ICso values of tested hTRESK lipid inhibitors. ICso values were determined with the Hill-
Function. Currents were analysed at +40 mV. Recordings were performed in a physiological
K™ gradient of 120 mM K™ (intracellular) and 4 mM K" (extracellular), at a holding voltage of
-80 mV. The data are shown as mean + SEM.

3.1.2 hTRESK is potently inhibited by high-affinity small molecules
Several Kop channels are modulated by high-affinity small molecules that serve as valuable
pharmacological tools for mechanistic studies. Although numerous hTRESK inhibitors have

been described (Schreiber et al., 2022), only few exhibit submicromolar affinity.
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Figure 9: hTRESK is potently inhibited by diverse small molecules. (A) Representative
hTRESK channel continuous current traces, recorded in inside-out patches of Xenopus laevis
oocytes and the respective corresponding dose response relationships of hTRESK Inhibition by
small molecules, Chlorpromazine (CPZ) and C101248 (B) Bar graph showing the ICso values
of hTRESK small molecule inhibitors, CPZ, C101248 and Loratadine. (C) Molecular structure
of loratadine. Currents were analysed at +40 mV. Recordings were performed in a physiological
K" gradient of 120 mM K™ (intracellular) and 4 mM K" (extracellular), at a holding voltage of
-80 mV. The data are shown as mean £ SEM.

1 - Data taken from Baukrowitz lab’s previous measurements, provided by Marcus Schewe.
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The H1 Histamine receptor antagonist Loratadine has previously been identified as a high-
affinity hTRESK inhibitor. Loratadine inhibited hTRESK current in HEK293 cells, ICso = 0.49
+ 0.23 uM (Bruner et al., 2014). This made loratadine one of the highest affinities hTRESK
small molecule inhibitors reported before now. This finding was reproduced in our laboratory

using the Xenopus laevis expression system (ICso = 0.22 + 0.04 uM; unpublished data).

To identify additional high-affinity inhibitors, chlorpromazine (CPZ), a potent TREK-1
inhibitor (Patel et al., 1998), and C101248, which was reported to be a high-affinity, selective
THIK1 inhibitor (Ossola et al., 2023) even though the effect of this compound was not
investigated on hTRESK, were tested

CPZ inhibited hTRESK with an ICso 0of 0.89 4+ 0.26 uM (n = 12), closely matching preliminary
measurements obtained previously in our laboratory (combined ICso = 1.92 + 0.72 uM; n = 20)

(Figure 9 and Table 4 (appendix)).

Unexpectedly, C101248 also potently inhibited hTRESK, with an ICso of 0.11 £ 0.03 uM (n =
22), making it the highest-affinity hTRESK inhibitor identified in this study (Figure 9 and
Table 4 (appendix)). Inhibition saturated at approximately 90% even at 50 uM. Occasionally,
concentrations below 10 nM produced disproportionately strong inhibition (>70%; Figure 28,
Appendix). Because this behaviour could not be reproduced consistently, it was considered an

experimental artefact.

These results identify CPZ and, in particular, C101248 as potent pharmacological inhibitors of
hTRESK.

3.1.3 NCAs differentially modulate hTRESK activity

Negatively charged activators (NCAs) have been reported to activate several K* channels,
including TREK-1, by increasing K™ occupancy of the pore and selectivity filter, thereby
promoting conductive filter conformations (Schewe et al., 2019). However, the effect of NCAs
on TRESK was not investigated in that study. Given the low sequence similarity between
TRESK and TREK-1 (Sano et al., 2003), it remained unclear whether NCAs similarly modulate
hTRESK. In addition, the recently proposed binding site of the hTRESK activator cloxyquin
was reported to reside in the cytosolic cavity below the selectivity filter (Schreiber et al., 2023),
a region that resembles the NCA binding site described for TREK-1 (Schewe et al., 2019) in
the sense that both binding sites are described to be located below the SF and the binding of

their respective ligands to these binding sites stabilize conductive SF conformations.
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An initial screen performed in the Baukrowitz laboratory examined six NCAs previously
reported by Schewe et al. (2019): BL-1249, ML67-33, DCPIB, PD-118057, NS3623, and
NS11021. Compounds were applied intracellularly to giant excised patches from Xenopus
laevis oocytes expressing hTRESK (unpublished data). PD-118057, NS3623, and NS11021 had
no detectable effect on hTRESK. In contrast, BL-1249, ML67-33, and DCPIB inhibited
hTRESK. BL-1249 inhibited hTRESK with an ICso of 11.23 + 2.5 uM, whereas ML67-33 and
DCPIB inhibited the channel with 1Cso values of 1.08 = 0.08 uM and 0.22 + 0.02 uM,
respectively (Figure 10d). The potency of DCPIB was consistent with a previous report
describing inhibition of TRESK with an ICso of 0.14 + 1.44 uM (Lv et al., 2019).
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Figure 10: PD-307243 moderately activates hTRESK channel from the intracellular side.
(A) Molecular structure of PD-307243 (B) Representative hTRESK channel continuous
currents recorded in inside-out patches of Xenopus laevis oocyte, showing activation of
hTRESK by PD-307243. (C) Dose response relationship of PD-307243 activation of hTRESK.
(D) Bar diagram showing ICso and ECso values of NCAs that modulate hTRESK. ICso and ECso
values were determined with the Hill-Function. Currents analysed at +40 mV. Recordings were
performed in a physiological K* gradient of 120 mM K" (intracellular) and 4 mM K*
(extracellular), at a holding voltage of -80 mV. The data are shown as mean + SEM.
1 - Data taken from Baukrowitz lab’s previous measurements, provided by Marcus Schewe.
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To extend this analysis, PD-307243, another NCA reported by Schewe et al. (2019), was tested
in inside-out patches excised from Xenopus laevis oocytes expressing hTRESK. In contrast to
the other NCAs examined, PD-307243 activated hTRESK. Activation was dose-dependent,
reversible, and saturated at higher concentrations, with an ECso of 8.3 £0.5 uM (n=15) (Figure
10a-c).

Thus, among the NCAs tested, PD-307243 was the only compound that activated hTRESK,
whereas DCPIB (ICso = 0.22 + 0.02 uM), ML67-33 (ICs0 = 1.08 + 0.08 uM), and BL-1249
(ICs0=11.23 £ 2.5 uM) inhibited channel activity (Figure 10d).

These findings demonstrate that NCAs exert distinct effects on hTRESK, ranging from no
detectable modulation to inhibition or activation, with PD-307243 representing the only

activator identified among the compounds tested.

This finding further begs the question of why some NCAs have no effect on hTRESK, some
inhibit the channel and only PD-307243 activates the channel. Hence, highlighting the
realization that PD-307243 might activate hTRESK through a different mechanism by binding
to a dissimilar binding site. It therefore becomes all the more imperative to investigate the
binding sites of this activator and other inhibitors of hTRESK. The rest of this study is therefore
devoted to gaining mechanistic insights into the binding of hTRESK modulators including their

binding sites and possibly mechanism of modulation.

3.2 Disparate h\TRESK inhibitors and the activator PD-307243 bind within the pore
The proposed binding site of the hTRESK activator cloxyquin is located below the selectivity
filter (SF) at the M2/M4 interface (Schreiber et al., 2023). Similarly, the binding sites of
negatively charged activators (NCAs) in TREK-1 (Schewe et al., 2019) and quaternary
ammonium (QA+) ions such as TButA and TPenA in TREK-1 (Piechotta et al., 2011), are
located within the pore below the SF. These observations raised the possibility that structurally
diverse hTRESK modulators may likewise interact with the pore region.

To determine whether hTRESK inhibitors and the activator PD-307243 share a common pore-

binding region, the accessibility of these modulators to the hTRESK pore was investigated.
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3.2.1 QA" binding affinity is altered by hTRESK F145 and hTRESK F352 mutant

channels

Like most K* channels, Kop channels are sensitive to intracellular QA* ion application
(Piechotta et al., 2011). QA" ions have therefore found extensive applications in the
investigation of the pore structure (Piechotta et al., 2011), pharmacology (Schewe, et al., 2019)
and gating mechanisms (Neelsen et al., 2024; Rodstrom et al., 2025) of Kzp channels.

Quaternary ammonium (QA™) ions bind within the pore of several K™ channels, including
TREK-1 (Piechotta et al., 2011), but whether they occupy an equivalent binding site in hTRESK
remained unknown. To identify residues contributing to QA* binding, cysteine substitutions
were introduced into the inner pore helices TM2 (L143-L148) and TM4 (V351-1353). In
addition, the proposed inhibitor-binding residues F145 and F352 (Kim et al., 2013) were
included. TPenA sensitivity was then determined in inside-out patches from Xenopus laevis
oocytes expressing wild-type or mutant hTRESK channels.

Among the nine residues examined, only F145 markedly altered TPenA affinity (Figure 11a).
Whereas wild-type hTRESK was inhibited with an ICso of 0.17 £ 0.03 uM (n = 18), the F145C
mutation increased TPenA potency approximately tenfold, yielding an ICso of 0.01 = 0.001 uM
(n=12) (Figure 11a and Table 5 (appendix)). This pronounced increase in affinity is consistent
with TPenA binding within the hTRESK pore, although it does not establish F145 as a direct
contact residue.

To further examine the contribution of F145 and F352 to TPenA binding, alanine substitutions
and combined F145/F352 mutants were analysed. Similar to F145C, the F145A mutation
increased TPenA affinity, reducing the ICso to 0.03 = 0.002 uM (n=11).

In contrast, F352C had little effect on TPenA sensitivity (ICso=0.29 +0.02 uM; n=7), whereas
F352A reduced affinity by approximately one order of magnitude, increasing the ICso to 1.69
+ 0.40 uM (n =9), compared with 0.17 = 0.03 uM (n = 18) for wild-type hTRESK. Analysis
of double mutants yielded ICso values of 0.84 + 0.09 uM (n = 9) for F145AF352A, 0.23 +£0.02
uM (n=10) for F145CF352A, and 0.08 + 0.002 uM (n = 8) for F145CF352C (Figure 11c and
in the appendix Figure 30 and Table 6).

Notably, all double mutants containing the F352A substitution exhibited reduced TPenA
affinity relative to the corresponding F352-containing constructs, demonstrating that

substitutions at F145 and F352 differentially alter QA" binding.
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Figure 11: hTRESK TPenA affinity is markedly influenced by F145C/F145A, F352A and
F145/F352 double mutants. (A) Representative hTRESK channel continuous currents
recorded in inside-out patches of Xenopus oocyte, showing inhibition of hTRESK-WT,
hTRESKF145C and hTRESK F352A by TPenA and the corresponding dose-response
relationships. (B) Bar graph showing the 1Cso values of hTRESK-WT, TM2 and TM4 cysteine
mutants, F145/F352 alanine mutants and F145/F352 double mutants upon inhibition by TPenA.
Representative traces and corresponding dose response relationships not shown in A above can
be found in Figure 29 (appendix). Tables listing the ICso values of mutants can be found in
Table 5 and Table 6 in the appendix section (C) Dose response relationships of
hTRESKF145/F352 double mutants TPenA inhibition. Representative traces can be found in
Figure 30 (appendix). ICso values were determined with the Hill-Function. Currents analysed
at +40 mV. Recordings were performed in a physiological K" gradient of 120 mM K*
(intracellular) and 4 mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown
as mean + SEM.
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Collectively, these findings demonstrate that residues F145 and F352 modulate TPenA binding
and support the presence of the QA binding site within the hTRESK pore, in close proximity
to F352 (Figure 11 and Table 6 (appendix)).

These findings agree with the prediction that F145 and F352 contribute to inhibitor binding in
hTRESK (Kim et al., 2013). However, the distinct effects of alanine and cysteine substitutions
at these positions prompted a more systematic analysis of the influence of residue size,

hydrophobicity, and charge on TPenA binding.

To further define the contributions of F145 and F352, a series of conservative and non-
conservative substitutions was introduced at both positions, and TPenA affinity was determined
for each mutant. At F145, hydrophobic substitutions (W, L, V and A) generally increased
TPenA affinity relative to wild-type hTRESK (ICso = 0.17 = 0.03 uM; n = 18), although the
effect did not correlate linearly with hydrophobicity. The measured ICso values were 0.03 +
0.004 uM (n = 11) for F145W, 0.11 £ 0.02 uM (n = 12) for F145L, 0.01 + 0.004 uM (n = 5)
for F145V, and 0.03 £ 0.002 uM (n = 11) for F145A. Uncharged polar substitutions produced
more modest effects, with ICso values 0of 0.07 £ 0.03 uM (n = 12) for F145T and 0.3 £0.07 uM
(n = 18) for F145G. Charged substitutions had opposing effects: the positively charged F145K
mutation markedly reduced TPenA affinity (ICso = 2.72 + 1.12 uM; n = 9), whereas the
negatively charged F145E mutation increased affinity (ICso = 0.04 + 0.03 uM; n = 10) (Figure
12 and Figure 31, Figure 32 and Table 6 (appendix)). Collectively, these data indicate that
TPenA binding at position F145 is favoured by hydrophobic and negatively charged residues,
whereas residue size alone is not a major determinant of affinity.

Substitutions at F352 produced a distinct pattern. Among hydrophobic substitutions, alanine
reduced TPenA affinity, whereas tryptophan markedly increased affinity. In contrast, leucine
and valine produced affinities comparable to wild type. The corresponding ICso values were
0.02 £0.002 uM (n = 10) for F352W, 0.14 £ 0.04 uM (n=7) for F352L, 0.13 £ 0.03 uM (n =
7) for F352V, and 1.69 + 0.40 uM (n = 9) for F352A. Among uncharged polar substitutions,
F352T exhibited an ICso of 0.15 + 0.04 uM (n = 6), whereas F352G reduced affinity to 1.83 +
1.05 uM (n= 7). Charged substitutions again produced opposite effects: F352K greatly reduced
TPenA affinity (ICso = 82.12 +9.21 uM; n = 5), whereas F352E increased affinity (ICso = 0.04
+0.01 uM; n = 6) (Figure 12 and Figure 31, Figure 32 and Table 6 (appendix)).
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Figure 12: QA" binding affinity is altered by hTRESK F145 and hTRESK F352 mutant
channels. (A) Alpha-fold2 generated structural model of hTRESK showing positions of F145
and F352. (B) Bar graph showing comparison of the TPenA ICso values of hTRESK-WT,
hTRESKF145 and F352 mutants. Representative traces can be found in the appendix section
(Figure 31 and Figure 32) ICso values were determined with the Hill-Function. Currents were
analysed at +40 mV. Recordings were performed in a physiological K* gradient of 120 mM K*
(intracellular) and 4 mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown
as mean = SEM.

Overall, these data indicate that TPenA binding at F352 is favoured by larger hydrophobic
residues and by a negatively charged substitution, whereas positively charged substitutions
markedly impair binding. For most substitutions, residue size at position 352 strongly
influenced inhibitor affinity, with the exception of F352T, whose preserved affinity may reflect
the contribution of its hydroxyl side chain.

3.2.2 Disparate h\TRESK modulators compete with QA* ions for binding
Having established that QA* ions bind within the hTRESK pore, competition experiments were

performed to determine whether representative small molecule, negatively charged activator
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(NCA), and lipid modulators, including the novel activator PD-307243, share a common pore-
binding region.

Competition was assessed by pre-inhibiting hTRESK currents by approximately 80-90% with
a QA" ion before co-applying increasing concentrations of individual modulators to generate
concentration—response relationships (Figure 13).

The ICso0 or ECso values obtained in the presence of the QA™ ion were compared with those
measured in its absence. A rightward shift in the concentration—response relationship,
corresponding to reduced apparent affinity, was taken as evidence that the modulator competes

with the QA" ion for binding within the hTRESK pore.
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Figure 13: Schematic illustrating the underlying principle of a competition experiment

with a QA ion.

3.2.2.1 Different classes of h\TRESK inhibitors compete with QA* ion TButA for binding
Competition experiments with TButA were performed to determine whether representative
hTRESK inhibitors from different chemical classes bind within the pore.

For small molecule inhibitors, loratadine was previously shown to compete with TButA in the
Baukrowitz laboratory, resulting in a rightward shift of the ICso from 0.22 = 0.04 uM to 1.70 +
0.04 uM (data provided by M. Schewe).

This analysis was extended to chlorpromazine (CPZ) and C101248. In the presence of TButA,
the ICso of CPZ shifted from 1.92 £0.72 uM to 9.70 = 1.66 uM, whereas the ICso of C101248
shifted from 0.11 + 0.03 uM to 3.94 + 2.22 uM. Thus, all three structurally distinct small
molecule inhibitors exhibited reduced apparent affinity in the presence of TButA, consistent

with overlapping binding sites.
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Figure 14: hTRESK Inhibitors compete with the QA* ion, TButA, for binding to the
channel. (A) Representative hTRESK channel continuous currents recorded in inside-out
patches of Xenopus laevis oocytes and the corresponding dose response relationships showing
inhibition of hTRESK by small molecules, CPZ in the absence of 30 uM TButA (green) and in
the presence of 30 uM TButA (cyan) and C101248 in the absence of 30 uM TButA (green) and
in the presence of 30 uM TButA (cyan) and a lipid, DHA in the absence of 30uM TButA
(green) and in the presence of 30 uM TButA (cyan). (B) Bar graph comparing inhibition of
hTRESK by small molecule and lipid inhibitors of the channel in the absence of 30 puM TButA
(green) and in the presence of 30uM TButA (cyan). Currents were analysed at +40 mV.
Recordings were performed in a physiological K™ gradient of 120 mM K™ (intracellular) and 4
mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown as mean + SEM.

1 - Data taken from Baukrowitz lab’s previous measurements, provided by Marcus Schewe.
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Competition experiments had previously also been performed for the negatively charged
activators (NCAs) BL-1249, ML67-33 and DCPIB in the Baukrowitz laboratory (unpublished
data). In the absence of TButA, the ICso values were 11.23 + 2.5 uM for BL-1249, 1.08 + 0.08
uM for ML67-33, and 0.14 + 0.02 uM for DCPIB. In the presence of TButA, the corresponding
ICso values shifted to 20.48 = 0.64 uM, 5.36 + 0.21 uM, and 3.22 £+ 0.49 uM, respectively (data
provided by M. Schewe; Figure 14b). ML67-33 and DCPIB therefore exhibited pronounced
competition with TButA, whereas BL-1249 showed only a modest shift in affinity (Figure
14b).

To determine whether lipid modulators also compete with TButA, the lipid inhibitor DHA was
examined. The ICso for DHA inhibition of hTRESK shifted from 3.53 = 0.80 uM (n = 13) in
the absence of TButA to 59.96 £ 17.1 uM (n = 8) in its presence, indicating substantial
competition between DHA and TButA.

Collectively, these competition experiments indicate that representative inhibitors from the
small molecule, NCA, and lipid classes generally exhibit reduced apparent affinity in the
presence of TButA, consistent with overlapping binding sites within the hTRESK pore. The

competition data are summarised in Table 7 (appendix).

3.2.2.2 Lipid modulators of h\TRESK compete with the QA" ion TPenA for binding

To assess whether lipid modulators also interact with the QA*-sensitive pore region,
competition experiments were performed using the endocannabinoid 2-AG and the DAG

analogue DiC8 with TPenA.

Both lipid modulators exhibited reduced apparent affinity in the presence of TPenA. The ICso
value of 2-AG shifted from 1.28 + 0.64 uM (n = 21) in the absence of TPenA to 96.12 + 37.90
uM (n = 11) in the presence of 3 uM TPenA. Similarly, the ICso value of DiC8 shifted from
3.55+1.28 uM (n = 21) to an estimated value of 281.41 £ 90.30 uM (n = 9) in the presence of
3 uM TPenA (Figure 15). These shifts indicate competition between TPenA and both lipid

modulators, consistent with binding within an overlapping region of the hTRESK pore.

Together with the competition data obtained for small molecule and NCA inhibitors, these
findings indicate that chemically diverse hTRESK modulators interact with the QA *-sensitive
pore region. Although these experiments do not exclude additional non-pore binding sites, they
support a model in which the pore represents a major modulatory site for diverse classes of

hTRESK inhibitors. The competition dataset is summarised in Table § (appendix).
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Figure 15: hTRESK Inhibitors compete with the QA™ ion, TPenA, for binding to the
channel. (A) Representative hTRESK channel continuous currents recorded in inside-out
patches of Xenopus laevis oocytes and the corresponding dose response relationships showing
inhibition of hTRESK by lipids, 2-AG in the absence of 3 uM TPenA (green) and in the
presence of 3 uM TPenA (cyan) and DiC8 in the absence of 3 uM TPenA (green) and in the
presence of 3 uM TButA (cyan) (B) Bar graph comparing inhibition of hTRESK by lipid
inhibitors of the channel in the absence of 3 uM TPenA (green) and in the presence of 3 uM
TPenA (cyan). Currents were analysed at +40 mV. Recordings were performed in a
physiological K* gradient of 120 mM K" (intracellular) and 4 mM K* (extracellular), at a
holding voltage of -80 mV. The data are shown as mean = SEM.

3.2.2.3 The novel hTRESK activator PD-307243 competes with the QA" TPenA for
binding

Having established that chemically diverse hTRESK inhibitors compete with QA™ ions, the
pore accessibility of the hTRESK activator PD-307243 was examined using the same
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competition assay. hTRESK-WT channels were pre-inhibited by 80-90% with the QA™ ion

TPenA before increasing concentrations of PD-307243 were co-applied.

TPenA reduced the apparent affinity of PD-307243 for hTRESK. The ECso of PD-307243
increased from 8.3 £ 0.5 uM (n = 15) in the absence of TPenA to 26.95 + 1.19 uM (n =21) in
the presence of 3 uM TPenA (Figure 16), corresponding to an approximately threefold

rightward shift in the concentration—response relationship.
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Figure 16: PD-307243 competes with the QA™ ion, TPenA, for binding to the hTRESK
channel. (A) Representative hTRESK channel continuous current trace recorded in inside-out
patches of Xenopus oocyte, showing activation of the hTRESK channel by PD-307243. (B)
Representative hTRESK channel continuous current trace recorded in inside-out patches,
showing activation of the hTRESK channel by PD-307243 in the presence of 3 uM TPenA. (C)
Dose response relationships of PD-307243 activation of h-TRESK in the absence of 3uM
TPenA (green squares) and in the presence of 3 uM TPenA (cyan circles). Currents were
analysed at +40 mV. Recordings were performed in a physiological K* gradient of 120 mM K*
(intracellular) and 4 mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown
as mean + SEM.

These findings indicate that PD-307243 competes with TPenA for binding, consistent with PD-
307243 interacting with the QA™-sensitive pore region of hTRESK. Together with the
competition data obtained for small molecule, NCA, and lipid inhibitors, these results support

the pore as a common interaction site for chemically diverse hTRESK modulators.

3.2.3 PD-307243 competes with other classes of inhibitors of the channel for binding
To determine whether PD-307243 shares a binding region with other classes of hTRESK
inhibitors, competition experiments were performed using representative lipid and small

molecule inhibitors.
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Anandamide (AEA) was selected as a representative lipid inhibitor because of its high affinity
for hTRESK. As 50 uM AEA reduced the stability of excised patches, the experimental
protocol was modified by pre-activating hTRESK 2.34 + 0.17-fold (n = 8) with 50 uM PD-
307243 before applying increasing concentrations of AEA. Under these conditions, the ICso of
AEA shifted from 0.61 + 0.36 uM (n = 28) in the absence of PD-307243 to 10.64 + 7.72 uM
(n=8) in its presence, corresponding to an approximately 17-fold reduction in apparent affinity
(Figure 17). These data indicate competition between AEA and PD-307243, consistent with
overlapping binding regions.
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Figure 17: PD-307243 competes with the lipid AEA for binding to the hTRESK channel.
(A) Representative hTRESK channel currents recorded in inside-out patches of Xenopus laevis
oocytes, showing inhibition of the hTRESK-WT channel by Anandamide (AEA). (B)
Representative hTRESK channel currents recorded in inside-out patches, showing inhibition of
the hTRESK-WT channel by Anandamide (AEA) in the presence of 50 uM PD-307243. (C)
Dose response relationships of AEA inhibition of hTRESK in the absence of 50uM PD-307243
(green) and in the presence of 50uM PD-307243 (cyan). Currents were analysed at +40 mV.
Recordings were performed in a physiological K* gradient of 120 mM K™ (intracellular) and 4
mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown as mean + SEM.

Competition between PD-307243 and a representative small molecule inhibitor was examined
using loratadine. hTRESK channels were pre-inhibited by 80-90% with 2 uM loratadine before
increasing concentrations of PD-307243 were applied. In the presence of loratadine, the ECso
of PD-307243 increased from 8.3 £ 0.5 uM (n = 15) to 21.84 = 1.83 uM (n = 9), representing
an approximately threefold rightward shift in the concentration—response relationship (Figure

18). The magnitude of this shift was comparable to that observed in the presence of 3 uM

TPenA.
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Figure 18: PD-307243 competes with the small molecule loratadine for binding to the
hTRESK channel. (A) Representative hTRESK channel continuous current trace recorded in
inside-out patches of Xenopus laevis oocytes, showing activation of the hTRESK channel by
PD-307243. (B) Representative hTRESK channel continuous current trace recorded in inside-
out patches, showing activation of the "\TRESK channel by PD-307243 in the presence of 2 uM
loratadine. (C) Dose response relationships of PD-307243 activation of hTRESK in the absence
of 2 uM loratadine (green) and in the presence of 2 uM loratadine (cyan) Currents were
analysed at +40 mV. Recordings were performed in a physiological K* gradient of 120 mM K*
(intracellular) and 4 mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown
as mean = SEM.

Together, these findings demonstrate that PD-307243 competes with both lipid and small
molecule inhibitors of hTRESK. Combined with the QA™ competition experiments, these
results support a model in which PD-307243 interacts with the QA*-sensitive pore region and

shares an overlapping binding region with chemically diverse classes of hTRESK modulators.

Moreover, these data provide further experimental evidences using different classes of hTRESK
inhibitors (lipid and small molecule) that the binding site of PD-307243 is located within the
pore of hTRESK and suggests a common, pore located, binding region that does not

discriminate between activators and inhibitors in hTRESK.

3.2.4 The binding affinity of hTRESK modulators is altered by the hTRESK F352A

mutation

The competition experiments indicated that chemically diverse hTRESK modulators interact
with the QA*-sensitive pore region. To further localize this binding region, the effects of the

TM4 pore mutation F352A on modulator affinity were examined. F145 and F352 (Figure 12a)
55



have previously been proposed to form a pore constriction and to contribute to inhibitor binding
in hTRESK (Kim et al., 2013). Consistent with this proposal, the preceding experiments showed
that the F352A mutation reduced the affinity of the pore blocker TPenA, suggesting that F352
contributes to the QA" binding region.

To determine whether other pore-binding modulators are similarly affected, concentration—
response relationships were recorded for representative high-affinity small molecule inhibitors
(CPZ, C101248 and loratadine), the negatively charged activator BL-1249, lipid modulators
(AA, DHA, AEA, 2-AG and DiCS8), and the novel activator PD-307243 in the hTRESK F352A
mutant (Figure 19a). Because alanine substitution at F352 has previously been reported to
produce a constitutively active channel (Lengyel et al., 2017), changes in modulator potency
were interpreted with caution. In contrast, alterations in binding affinity were considered

indicative of an involvement of F352 in the modulator binding region.

3.2.4.1 Disparate hTRESK Inhibitors bind to hTRESK F352A with decreased affinity

To determine whether different classes of hTRESK inhibitors share a binding region involving
F352, representative small-molecule, NCA, and lipid inhibitors were tested on the hTRESK
F352A mutant (Figure 19a).

The small-molecule inhibitors CPZ and C101248 both exhibited markedly reduced affinity for
hTRESK F352A. Compared with the WT ICso values of 1.92 + 0.71 uM (n = 20) for CPZ and
0.11 £ 0.03 uM (n = 22) for C101248, the ICso for CPZ increased approximately 14-fold to
27.36 £ 7.23 uM (n = 11), whereas an ICso of 101 uM was estimated from the Hill fit for
C101248 because the highest concentration tested produced less than half-maximal inhibition
(Figure 19c and Table 7/Figure 33b in appendix). Similarly, unpublished data from the
Baukrowitz laboratory showed that the ICso of loratadine shifted approximately 100-fold from
0.22 £ 0.04 uM (WT) to approximately 20.9 uM in hTRESK F352A (data provided by M.
Schewe). These results demonstrate that structurally distinct small-molecule inhibitors exhibit

substantially reduced affinity for the F352A mutant.

A similar reduction in affinity was observed for the NCA BL-1249. Previous measurements
from the Baukrowitz laboratory showed that the ICso increased from 11.23 £ 2.5 uM in
hTRESK WT to an estimated 81 pM in hTRESK F352A (data provided by M. Schewe),
indicating that F352 also influences NCA binding.
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Figure 19: Disparate hTRESK inhibitors bind to hTRESF352A with decreased affinity.
(A) Alpha-fold2 generated structural model depicting the position of hTRESKF352A (B)
Representative hTRESK channel currents recorded in inside-out patches of Xenopus laevis
oocytes, showing inhibition of hTRESK-WT and hTRESK F352A in a small molecule, CPZ
and in a lipid, AA and the corresponding dose response relationships. (C) Bar graph showing
inhibition of hTRESK-WT (green) and hTRESKF352A (blue) by small molecule hTRESK
inhibitors, CPZ and C101248 and lipid hTRESK inhibitor, AA, DHA, AEA, 2-AG and DiC8.
Representative traces not shown in B above can be found in the appendix section (Figure 33)
Currents were analysed at +40mV. Recordings were performed in a physiological K* gradient
of 120 mM K™ (intracellular) and 4 mM K™ (extracellular), at a holding voltage of -80 mV. The
data are shown as mean = SEM.

1 - Data taken from Baukrowitz lab’s previous measurements, provided by Marcus Schewe.
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The effect of the F352A mutation was subsequently examined for lipid inhibitors. For the
polyunsaturated fatty acids, the ICso of AA shifted from 7.86 +3.07 uM (n = 32) to an estimated
134 uM (n = 12), while DHA shifted from 3.53 + 0.80 uM (n = 13) to an estimated 145 uM (n
= 11). Among the endocannabinoids, the ICso of AEA increased from 0.61 £ 0.36 uM (n = 28)
to 64.03 £ 10.70 uM (n = 3), and the ICso of 2-AG shifted from 1.28 £ 0.64 uM (n = 21) to an
estimated 156 uM (n = 28). The DAG analogue DiC8 likewise exhibited reduced affinity, with
the ICso increasing from 3.55 + 1.28 uM (n = 21) to an estimated 93 uM (n = 14). Across all
lipid classes, the F352A mutation consistently produced pronounced rightward shifts in the

dose-response relationships.

Taken together, all representatives of the three inhibitor classes examined—small molecules,
NCAs, and lipids—displayed reduced affinity for "\TRESK F352A relative to WT (Figure 19
and Table 7/Figure 33 in appendix). These findings indicate that F352 contributes to a common
pore-associated binding region that is recognized by structurally diverse hTRESK inhibitors.
Hence, the implication is that a promiscuous inhibitor binding site must be present in the pore

of hTRESK around residue F352, within which distinct inhibitor binding sites overlap.

3.2.4.2 PD-307243 binds to hTRESK F352A with altered affinity

Competition experiments indicated that PD-307243 binds within the hTRESK pore, whereas
all inhibitors examined displayed altered affinity for the F352A mutant. To determine whether
PD-307243 is similarly affected by this mutation, its concentration—response relationship was

measured in inside-out patches expressing hTRESK F352A.

PD-307243 exhibited a modest increase in affinity for hTRESK F352A, with an ECso 0f 4.43 +
0.5 uM (n = 8), compared with 8.3 = 0.5 uM (n = 15) for the WT channel. In contrast, the
maximal activation produced by 50 uM PD-307243 was reduced from 2.06 + 0.13-fold (n =
15) in WT to 1.40 + 0.04-fold (n = 8) in the F352A mutant (Figure 20).

Unlike the inhibitors examined in this study, which consistently displayed reduced affinity for
hTRESK F352A, PD-307243 bound with slightly higher affinity to the mutant channel while

producing a smaller maximal activation.

This could be interpreted to mean that the novel activator compound, PD-307243, probably
does not bind directly to F352, but, as the affinity is affected, may also bind in close proximity
to the F352 residue like all inhibitors tested in this work.
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Figure 20: PD-307243 slightly activates h TRESKF352A channels from the intracellular
side. A) Representative hTRESK channel currents recorded in inside-out patches of Xenopus
laevis oocyte, showing activation of hTRESK-WT by PD-307243. (B) Representative hTRESK
channel currents recorded in inside-out patches, showing activation of hTRESK F352A by PD-
307243. (C) Dose response relationships of PD-307243 activation of hTRESK-WT (green) and
hTRESK F352A (blue). Currents were analysed at +40mV. Recordings were performed in a
physiological K* gradient of 120 mM K* (intracellular) and 4 mM K* (extracellular), at a
holding voltage of -80 mV. The data are shown as mean + SEM.
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Together with the competition experiments, these findings support the presence of a common
drug interaction region within the hTRESK pore in close spatial proximity to F352 that

accommodates both activators and inhibitors.

Therefore, the concept of the promiscuous inhibitor binding site introduced earlier can now
tentatively be supplanted by a more accurate designation based on the data i.e., that an
Unselective Drug Interaction Site (UDIS) may exist in the pore of hTRESK. It can also be
inferred that the UDIS must be in close spatial proximity of F352 and that activator and inhibitor
binding sites overlap at the UDIS.

3.3 Substituted Cysteine Accessibility Method (SCAM) identifies modifiable pore
residues in hTRESK

To characterize the inner pore architecture of hTRESK and identify residues that may contribute

to the proposed pore-associated modulator interaction region, the TM2 and TM4 pore-lining

helices were examined using the Substituted Cysteine Accessibility Method (SCAM) with

MTSET (Akabas et al., 1992).

SCAM exploits the accessibility of substituted cysteine residues to methanethiosulfonate
(MTS) reagents and provides a functional approach to identify pore-facing residues (Akabas et
al., 1994). Cysteine substitutions located within the ion conduction pathway are expected to be
accessible to MTSET, resulting in covalent modification and measurable changes in channel
activity through pore block or allosteric effects (Cui & Fan, 2002). As a prerequisite for
identifying modified residues, the WT channel was first tested for MTSET sensitivity.
Application of MTSET produced no detectable change in hTRESK-WT activity, with a relative
post-MTSET current of 1.00 = 0.02 (n = 7) (Figure 21b and c), indicating the absence of

functionally relevant endogenous cysteine modification under these conditions.

A previous cysteine scan of TM4 residues L1342 and E349-F355 identified F352C as an
MTSET-sensitive mutant, with modification reducing the residual current to 0.022 + 0.01 (n=
3) ) (Piechotta, 2015). This effect was reproduced here, with MTSET modification of F352C
reducing the relative residual current to 0.06 £ 0.01 (n = 11) (Figure 21). These data confirm
that the F352 side chain is accessible from the pore and can be covalently modified by MTSET.

To identify additional pore-accessible residues, cysteine substitutions were introduced
throughout the TM2 inner pore region (1141-L148) and analysed by SCAM. The P142C mutant
did not generate measurable current and was excluded from further analysis. Using a relative

residual current <0.2 as the threshold for MTSET modification (Cui et al., 2002), two additional
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Figure 21: SCAM measurements of hTRESK-WT, TM2 mutants and TM4 mutant,
F352C. (A) Cartoon diagram depicting the use of SCAM to identify residues that point into the
ion conduction pathway (B) Representative hTRESK channel continuous current trace recorded
in inside-out patches of Xenopus oocyte, showing modification of hTRESK-WT, F145C,
L148C and F352C by ImM MTSET (C) Bar graph showing the relative current in the cysteine
substituted mutants hTRESK residues post modification by 1mM MTSET. Representative
traces of mutants not shown in B above can be found in the appendix section (Figure 34) and
the results are summarised in the appendix section (Table /0) (D) Front view of Alphafold2-
generated hTRESK structural model showing positions of F145, L.148 and F352. (E) Side view
of Alphafold2-generated hTRESK structural model, obtained by laterally rotating the front
view 270°, showing positions of F145, 1.148 and F352. Currents were analysed at +40 mV.
Recordings were performed in a physiological K* gradient of 120 mM K™ (intracellular) and 4
mM K* (extracellular), at a holding voltage of -80 mV. The data are shown as mean = SEM.
P142C did not express appreciable current.
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modifiable residues were identified. Modification of F145C and L148C reduced relative
currentsto 0.11£0.01 (n=8) and 0.18 £ 0.01 (n= 13), respectively, demonstrating accessibility

of these side chains within the pore (Figure 21).

In contrast, MTSET application did not alter the activity of the remaining TM2 mutants. The
relative residual currents after MTSET washout were 0.93 £ 0.01 (n=6) for [141C, 0.93 £ 0.04
(n=4) for L143C, 0.93 +£0.02 (n=7) for M144C, 0.97 + 0.02 (n = 5) for L146C, and 0.94 +
0.02 (n =5) for V147C (Figure 21c, Table 10 and Figure 34 in appendix).

These values were comparable to the WT control (1.00 + 0.02 (n = 7)), indicating that these

residues were either inaccessible to MTSET or modified without affecting channel function.

Together, the SCAM analysis identified three MTSET-sensitive residues within the inner pore
of hTRESK: TM2 residues F145 and L148 and the previously characterized TM4 residue F352
(Figure 21, Table 10 and Figure 34 in appendix). These modifiable residues define accessible
positions within the hTRESK pore and provide functional probes for subsequent investigation

of modulator interactions.

3.4 Binding of disparate hTRESK inhibitors to hTRESK L148C mitigates MTSET

modification

The three MTSET-accessible pore residues identified by SCAM (F145, L148 and F352) were
used to assess whether chemically distinct hTRESK modulators interact with overlapping
regions within the pore. Protection from MTSET modification was used as a measure of spatial
proximity between a modulator-binding site and the substituted cysteine residue. If a modulator
occupies a region adjacent to a modifiable residue, binding of the modulator at saturating

concentration should reduce accessibility of the cysteine side chain and thereby prevent

MTSET-mediated modification.

Representatives of three hTRESK modulator classes were examined: the QA ion compound
TButA, the lipid mediator AEA, and the small molecule inhibitor CPZ. These compounds were
tested for their ability to protect the three MTSET-modifiable pore residues, F145C, L148C and

F352C, from covalent modification.
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3.4.1 TButA protects the h"TRESK L148C mutant channel from MTSET modification

To determine whether the identified MTSET-accessible pore residues contribute to the QA* ion

binding region, protection of F145C, L148C and F352C from MTSET modification by the QA*

compound TButA was assessed.
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Figure 22: TButA protects hTRESK L148C from MTSET modification (A) Representative
hTRESK channel continuous current trace recorded in inside-out patches of Xenopus oocyte,
showing the level of TButA protection in cysteine substituted mutant channels of the 3 MTSET
modifiable pore residues: F145C, L148C and F352C (B) Grouped bar graph showing the
relative current post-MTSET application in the cysteine substituted mutants of the 3 MTSET
modifiable hTRESK pore residues; F145C, L148C and F352C, in the absence of ImM TButA
(red) and in the presence of 1mM TButA (cyan). The results are summarised in the appendix
section (Table 11). Currents were analysed at +40 mV. Recordings were performed in a
physiological K" gradient of 120 mM K" (intracellular) and 4 mM K* (extracellular), at a
holding voltage of -80 mV. The data are shown as mean + SEM.
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Cysteine mutant channels were first fully inhibited with 1 mM TButA, a concentration
substantially exceeding the reported ICso value for TButA inhibition of hTRESK-WT (7 uM)
(Piechotta et al., 2011). Subsequently, | mM MTSET was applied in the continued presence of
TButA for > 5-10 s for F145C and F352C and > 20-50 s for L148C to allow cysteine
modification. Following washout of both compounds in 120 mM K* solution, the remaining

current was quantified.

MTSET modification was not prevented by TButA in hTRESK F145C or F352C, resulting in
residual currents of 0.19 + 0.04 (n = 10) and 0.04 £ 0.007 (n = 12), respectively. In contrast,
TButA substantially protected the L148C mutant, with a relative current of 0.85 £ 0.03 (n=12)
after MTSET exposure and washout (Figure 22).

These findings indicate that L148 is positioned within or adjacent to the TButA binding region,
whereas F145 and F352 are not protected from MTSET modification by TButA. A summary
of MTSET protection experiments for all three pore residues is provided in the appendix (Table

11).

3.4.2 Chlorpromazine protects hTRESK L148C from MTSET modification

To determine whether protection of L148 from MTSET modification extends beyond QA™ ions
to other hTRESK modulators, the small molecule inhibitor chlorpromazine (CPZ) was tested
for its ability to protect MTSET-accessible pore residues. CPZ was selected as a representative
small molecule inhibitor because it binds hTRESK with high affinity (ICso = 1.92 +0.72 uM),
providing a suitable probe to assess whether small molecule modulators interact with the same

pore region as QA* ions.

hTRESK F145C, L.148C and F352C mutant channels were inhibited by 10 uM CPZ to 80—-90%
of maximal inhibition, followed by co-application of 1 mM MTSET and 10 uM CPZ for
sufficient durations to allow modification (> 5-10 s for F145C and F352C and > 20-50 s for
L148C). Higher CPZ concentrations were not tolerated by the excised patches over the required

exposure period.

Following washout of CPZ and MTSET, L148C displayed partial protection from modification,
with a relative current of 0.47 £ 0.08 (n = 4) compared with the corresponding current in the
absence of MTSET. In contrast, F145C and F352C remained strongly modified, with residual

currents of 0.02 = 0.01 (n = 4) for both mutants. Based on the modification threshold of relative
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current < 0.20 (Cui et al., 2002), CPZ selectively protected L148C but not F145C or F352C
from MTSET modification (Figure 23b and c).
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Figure 23: CPZ protects hTRESK L148C from MTSET modification. (A) Representative
hTRESK continuous current traces recorded in inside-out patches, showing 10uM CPZ
inhibition of hTRESKF145C, hTRESKL148C and hTRESKF352C and 10uM CPZ wash-out
in these channels (B) Representative hTRESK channel continuous current traces recorded in
inside-out patches, showing 10uM CPZ protection in cysteine substituted mutant channels of
the 3 MTSET modifiable pore residues: F145C, L148C and F352C (C) Grouped bar graph
showing the relative current post-MTSET application in the cysteine substituted mutants of the
3 MTSET moditfiable hTRESK pore residues; F145C, L148C, F352C in the absence of 10uM
CPZ (red), and in the presence of 10uM CPZ (cyan). The results are summarised in the appendix
section (Table 12). Currents were analysed at +40 mV. Recordings were performed in a
physiological K" gradient of 120 mM K" (intracellular) and 4 mM K* (extracellular), at a
holding voltage of -80 mV. The data are shown as mean = SEM.
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These results demonstrate that CPZ, similar to the QA" ion TButA, protects the L148 residue
from MTSET accessibility, supporting the presence of a shared or overlapping binding region
involving L148. The lower residual current observed after CPZ and MTSET washout likely
reflects incomplete CPZ removal, as comparable effects were observed in the absence of

MTSET (Figure 23a).

3.4.3 Anandamide protects hTRESK L148C from MTSET modification

To determine whether lipid modulators interact with the same pore region identified for QA*
ions and small molecule inhibitors, the ability of the endocannabinoid anandamide (AEA) to
protect MTSET-accessible pore residues was assessed. AEA was selected as a representative
lipid inhibitor because it inhibits hTRESK-WT with high affinity (ICso = 0.61 + 0.36 uM).
Protection of a cysteine-substituted residue would indicate that the AEA binding site overlaps

with, or is located in close proximity to, the modified residue.

Protection experiments were limited by the reduced affinity of some mutants for AEA and by
the inability to maintain high AEA concentrations for prolonged periods or fully wash out the
compound. Therefore, 50 uM AEA was applied to hTRESK F145C, L148C and F352C
mutants, producing comparable inhibition in F145C and L148C (70-80%) and reduced
inhibition in F352C (50-60%). Subsequently, 50 uM AEA was co-applied with | mM MTSET
for > 5-10 s for F145C and F352C and > 20-50 s for L148C, followed by washout to assess

irreversible cysteine modification.

AEA selectively protected the L148C mutant from MTSET modification. Following washout
of 50 uM AEA and 1 mM MTSET, L148C retained a relative current of 0.61 £ 0.10 (n = 4),
exceeding the modification threshold of < 0.20 (Cui et al., 2002). In comparison, MTSET
modification of L148C in the absence of AEA resulted in a residual current of 0.18 = 0.01 (n =
13). Because AEA washout from L148C was incomplete (Figure 24a), the measured protection
likely represents a lower estimate of the extent of protection. Notably, this protection was

observed despite incomplete inhibition of the mutant channel before MTSET application.

In contrast, AEA did not protect F145C or F352C from MTSET modification, with residual
currents 0of 0.17+0.10 (n=4) and 0.10 + 0.02 (n = 4), respectively, following AEA and MTSET
washout (Figure 24).
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Figure 24: AEA protects hTRESK L148C from MTSET modification. (A) Representative
hTRESK continuous current traces recorded in inside-out patches, showing 50uM AEA
inhibition of hTRESKF145C, hTRESKL148C and hTRESKF352C and 50uM AEA wash-out
in these channels (B) Representative hTRESK channel continuous current trace recorded in
inside-out patches, showing the level of AEA protection from MTSET modification in cysteine
substituted mutant channels of the 3 MTSET modifiable pore residues: F145C, L148C and
F352C (C) Grouped bar graph showing the relative current post-MTSET application in the
cysteine substituted mutants of the 3 MTSET modifiable hTRESK pore residues; F145C,
L148C, F352C, in the absence of 50uM AEA (red) and in the presence of 50uM AEA (cyan).
The results are summarised in the appendix section (Table 13). Currents were analysed at +40
mV. Recordings were performed in a physiological K™ gradient of 120 mM K™ (intracellular)
and 4 mM K" (extracellular), at a holding voltage of -80 mV. The data are shown as mean +

SEM.
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These findings indicate that L148 is positioned within or adjacent to the AEA binding region,
whereas F145 and F352 are not directly involved in AEA-dependent protection. A summary of
the MTSET protection experiments is provided in the appendix (Table 13).

Together with the protection observed for TButA and CPZ, these data identify L148 as a shared
determinant of QA" ion, small molecule, and lipid modulator interactions, supporting the
presence of an overlapping drug interaction site within the hTRESK pore below the F145/F352

constriction.
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4 CHAPTER FOUR: DISCUSSION

This thesis expands the pharmacological landscape of the hTRESK channel by identifying
novel modulators from chemically distinct classes and provides evidence that these modulators
converge on a common pore-lining interaction region. Specifically, C101248 was identified as
a high-affinity small molecule inhibitor, AEA, 2-AG and DiC8 were characterized as lipid
inhibitors, and PD-307243 was identified as a novel hTRESK activator. In addition, the data
provide the first experimental evidence that QA* ions bind within the hTRESK pore and identify

pore residues that contribute to the interaction of structurally diverse modulators.

4.1 Identification of novel, chemically diverse hTRESK modulators

Screening of known Kozp channel modulators identified C101248 as a potent inhibitor of
hTRESK. C101248 was recently described as a selective THIK1 inhibitor with potential
therapeutic relevance for neuroinflammation (Ossola et al., 2023), although its selectivity was
evaluated against only TREK-1 and TWIK-2. The present data demonstrate that C101248
inhibits hTRESK with comparable potency (ICso = 100 nM) and indicate that its binding site is
located within the channel pore. These findings suggest that \TRESK should be considered in
future pharmacological characterization of C101248 and related compounds. At the same time,
its high affinity and favourable kinetics make C101248 a valuable experimental probe for

studies of hTRESK modulation.

The identification of DiC8, AEA and 2-AG as hTRESK inhibitors extends the spectrum of
endogenous lipid modulators of the channel. A previous study showed that the membrane-
permeable, short-chain DAG analogue, DiC8, directly inhibits the Kop family member, TASK-
3 and proposed that receptor-mediated inhibition would mainly be mediated by DAG instead
of PIP2 depletion, IP3 or Ca®" related effects (Wilke et al., 2014). The observation that the DAG
analogue DiC8 inhibits hTRESK through a pore-associated mechanism suggests that receptor-
mediated increases in DAG may directly regulate hTRESK in addition to downstream
signalling pathways. Whether this mechanism contributes to physiological regulation of

hTRESK remains to be determined.

The inhibition of hTRESK by the polyunsaturated fatty acids arachidonic acid (AA) and
docosahexaenoic acid (DHA), first described by Sano et al. (2003), was confirmed in this study.
Because AA is generated by hydrolysis of the endocannabinoids AEA and 2-AG (Muccioli,

2010), and endocannabinoids have antinociceptive properties in DRG neurons (Anand et al.,
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2022; Bhattacharyya et al., 2025), the effects of these endogenous lipids were also examined.
Both AEA and 2-AG inhibited hTRESK with high affinity. As TRESK contributes to the
regulation of sensory neuron excitability (Kang, 2004; Lafreniere et al., 2010), inhibition of the
channel would be expected to increase neuronal excitability. These observations therefore do
not support hTRESK inhibition as a mechanism underlying the established antinociceptive
actions of endocannabinoids. The physiological significance of endocannabinoid-mediated

hTRESK inhibition remains unclear.

A notable finding of this work is the identification of PD-307243 as a direct activator of
hTRESK. Activators of TRESK are of considerable interest because enhanced channel activity
has been proposed as a therapeutic strategy for migraine and pain (Dobler et al., 2007;
Lafreniere et al., 2010; Tulleuda et al., 2011), yet relatively few activators have been described.
Among the eight negatively charged activators (NCAs) reported by Schewe et al. (2019), PD-
307243 was the only compound that activated hTRESK, producing a reversible, concentration-
dependent response with an ECso of approximately 8 uM. The basis for this unique activity

remains unknown.

Compared with the best-characterized hTRESK activator, cloxyquin (Wright et al., 2013;
Lengyel et al., 2017), PD-307243 displays substantially higher apparent affinity (ECso = 8 uM
versus ~ 44 uM), although both compounds produce moderate maximal activation. Competition
with TPenA and altered affinity in the F352A mutant indicate that PD-307243 binds within the
pore below the selectivity filter. This location is consistent with the proposed cloxyquin binding
site at the M2/M4 interface beneath the selectivity filter (Schreiber et al., 2023), raising the
possibility that the two activators occupy overlapping or closely neighbouring binding regions.

Definitive confirmation, however, will require structural studies.

Beyond its potential therapeutic relevance, PD-307243 provides a useful pharmacological
probe for investigating hTRESK gating and ligand recognition. Its relatively high affinity,
reversible action and direct activation in excised patches make it suitable for mechanistic
studies, including future structural analyses of ligand-bound hTRESK. Because PD-307243
also activates TREK-1 (Schewe et al., 2019), comprehensive profiling across the Kop family
will be required to establish its selectivity and determine its utility as a pharmacological tool

for distinguishing Kzp channel subtypes in native tissues.
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4.2 QA" ions bind within the pore of "\TRESK

The binding site of QA™ ions has been well characterized in the Kopchannel TREK-1 (Piechotta
et al., 2011), whereas their binding site in hTRESK had not previously been investigated. The
present data provide the first experimental evidence that QA" ions bind within the hTRESK
pore. This conclusion is supported by two independent approaches: altered TPenA affinity in
pore mutants (Figure 11 and Figure 29/Table 5 in the appendix) and MTSET protection
experiments using TButA (Figure 22 and Table 11 in the appendix). Together, these findings
identify both a pore-localized QA" ion binding region and the first residue directly implicated
in QA" ion binding in hTRESK.

Previous work proposed that the pore-facing phenylalanine residues F145 and F352 form a
constriction within the hTRESK pore and contribute to blocker binding (Kim et al., 2013).
Consistent with this model, systematic analysis of cysteine and alanine substitutions in TM2
and TM4, including double mutants, revealed substantial changes in TPenA affinity at F145A,
F145C, F352A and the corresponding double mutants. These findings support the conclusion
that TPenA binds within the pore and that both phenylalanine residues influence ligand binding.
The reduced affinity of TPenA for F352A suggests that F352 contributes to the QA* ion binding
region. However, this interpretation is complicated by the observation that the F352C mutation
did not alter TPenA affinity relative to wild type. This discrepancy indicates that the effects of
the F352A mutation are unlikely to reflect loss of a single ligand-contacting side chain alone
and instead may arise from changes in the local architecture or physicochemical properties of
the pore.

The MTSET protection experiments provide complementary information. Among the three
MTSET-accessible pore residues examined (F145, L148 and F352), only L148 was protected
from modification by saturating TButA. This selective protection directly implicates L148 in
the QA" ion binding region and provides the strongest experimental evidence that this residue

lies within, or immediately adjacent to, the QA" ion binding site.

K2P18.1 (hTRESK) VFSTVGYGYIYPVTRLGKYLCMLYALFGIPLMFLVLTDTGDILATILSTSYNRFRKFPEFE 172
K2P2.1 (hTREK-1) VITTIGFGNISPRTEGGKIFCIIYALLGIPLFGFLLAGVGDQLGTIFGKGIAKVEDTFIK 213

Figure 25: Multiple Sequence Alignment of K2p family members hTRESK and hTREK-1
showing alignment with hTRESK L.148

Comparison with TREK-1 further supports this interpretation. Homology modelling identified
a QA" ion binding pocket in TREK-1 comprising P1 residue T157, P2 residue T266, TM2
residues 1182 and L189, and TM4 residue L.304 (Piechotta et al., 2011). Multiple sequence
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alignment using Clustal Omega (Madeira et al., 2024) indicates that TREK-1 L189 corresponds
to hTRESK L148 (Figure 25), suggesting conservation of this region between the two channels.
Nevertheless, mutation of L148 to cysteine neither substantially altered TPenA affinity (Figure
11) nor prevented inhibition by TButA (Figure 22a). These observations indicate that although
L148 is located within the QA* ion binding region, its side chain is unlikely to represent a
critical determinant of ligand affinity. Instead, L148 may contribute primarily to the geometry
or accessibility of the binding pocket. Testing smaller substitutions, such as L148A, may clarify
the structural role of this residue.

An apparent discrepancy also emerges between the mutagenesis and protection data for F352.
Whereas the reduced TPenA affinity of F352A suggests that this residue influences QA* ion
binding, the absence of TButA-mediated protection argues against direct occupation of the F352
side chain by the ligand. A plausible interpretation is that F352 shapes the electrostatic or steric
environment of the binding pocket without directly contacting the bound QA ion. Thus, F352
may regulate ligand affinity indirectly through its contribution to pore architecture rather than

by forming part of the binding site itself.

4.3 Modulators of hTRESK uncover an Unselective Drug Interaction Site (UDIS)

Competition experiments extended the identification of modulator binding sites beyond QA*
ions. With the exception of BL-1249, all inhibitors tested—including structurally unrelated
small molecules, lipids and NCAs—displayed pronounced competition with QA™ blockers,
indicating substantial overlap of their functional binding regions within the pore. The limited
competition observed for BL-1249 suggests that this compound either binds at a distinct
location or occupies a partially overlapping site, consistent with the possibility that different
NCAs engage hTRESK through distinct structural mechanisms despite sharing a common

pharmacophore.

Unexpectedly, the novel activator PD-307243 also competed with QA™ ions, as well as with
representative lipid and small-molecule inhibitors. These findings demonstrate that activators
and inhibitors are not segregated into spatially distinct pore domains but instead converge on
overlapping binding regions. I therefore propose the term unselective drug interaction site
(UDIS) to describe this pharmacological hotspot. The designation emphasizes that the region
accommodates chemically diverse ligands with opposite functional effects and therefore cannot

be regarded simply as an inhibitor-binding site.
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Mutational analysis further localized the UDIS. All inhibitor classes exhibited reduced affinity
for F352A, whereas PD-307243 displayed increased apparent affinity accompanied by reduced
maximal activation. Although the mechanistic basis for the altered agonist affinity remains
unclear, these findings nevertheless place both inhibitory and activating ligands within the same
structural region surrounding F352. Thus, F352 appears to define an important structural

element of the UDIS, even if it does not constitute a direct ligand contact.

SCAM analysis independently supported this localization. Extending previous MTSET scans
identified two additional solvent-accessible pore residues, F145 and L148, in addition to the
previously described F352 (Piechotta, 2015). These residues therefore face the ion conduction
pathway and represent plausible components of the ligand-accessible cavity. Protection
experiments then provided direct functional evidence linking this region to ligand binding.
Representatives of three chemically distinct inhibitor classes—a QA™ blocker (TButA), a small
molecule (chlorpromazine) and a lipid (anandamide)—all selectively protected L148C, while
leaving F145C and F352C unprotected. Notably, substantial protection was observed even
when channel occupancy by AEA was incomplete, indicating that partial occupancy of the

binding site is sufficient to sterically restrict MTSET access to L148.

These convergent findings identify L148 as the residue most consistently associated with the
shared binding region. Alternative geometries are difficult to reconcile with the data. If ligands
bound above L148, they would not be expected to shield the residue from intracellular MTSET.
Conversely, if they bound below L148, protection of F145 or F352 should also occur. The
selective protection of L148 therefore argues that multiple ligand classes converge on this

residue within the intracellular cavity.

The differing effects of F352A on inhibitor affinity nevertheless suggest that the UDIS is
unlikely to represent a single, uniform binding pocket. Instead, the data are more consistent
with a cluster of partially overlapping binding sites that converge around L148 while engaging
distinct neighbouring residues. Such an arrangement readily explains why chemically diverse

ligands compete for binding yet exhibit different sensitivities to individual mutations.

This model also reconciles the apparently contradictory roles of F145 and F352. Systematic
mutagenesis demonstrated that TPenA affinity varies markedly with substitutions that alter
residue size, hydrophobicity or charge at these positions. In particular, negatively charged
substitutions increased affinity, whereas positively charged substitutions substantially

weakened binding. These effects are more readily explained by changes in the electrostatic and
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structural environment of the cavity than by direct participation of these residues in ligand
recognition. I therefore propose that F145 and F352 stabilize the architecture of the UDIS and

shape ligand interactions indirectly, rather than acting as obligatory contact residues.

This interpretation agrees with previous observations that these phenylalanines are critical
determinants of blocker sensitivity (Kim et al., 2013; Schreiber et al., 2023), while refining their
mechanistic role. Rather than constituting the binding site itself, they appear to function as

structural determinants that define the geometry and physicochemical properties of a shared

pore cavity.
Selectivity
Filter
Extracellular
Intracellular

T - -

Cellular (signalling) lipids:
PUFA
NCAs Endocannabinoids
DAG

diverse small
molecules: Inhibiting &
activating

Figure 26: Schematic illustrating the overlap of " TRESK modulator binding sites on 1.148
residue within the pore localized Unselective Drug Interaction Site (UDIS)

The proposed role of F145 and F352 is reminiscent of the aromatic residues Y652 and F656 in
the hERG channel, which face the central cavity and mediate high-affinity binding of
structurally diverse drugs through predominantly hydrophobic and n-interactions (Lees-Miller
et al., 2000; Mitcheson et al., 2000). Notably, PD-307243 also activates hERG (Gordon et al.,
2008; Zhou et al., 2005), raising the possibility that analogous aromatic interactions contribute

to ligand recognition across these otherwise distinct potassium channel families.

An alternative, non-exclusive possibility is that F145 and F352 participate in a hydrophobic

gate. Hydrophobic gating has been demonstrated in several ion channels, including the Kozp
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channel TWIK-1, where residues corresponding to hTRESK F145 and F352 form a
hydrophobic cuff that regulates ion permeation through dewetting (Aryal et al., 2014, 2015).

Notably hTWIK-1 L146 and L261 are the corresponding residues to hTRESK F145 and F352
respectively (Figure 27). Whether the analogous residues in hTRESK fulfil a comparable role
remains unresolved. Unlike TWIK-1, hTRESK exhibits robust basal activity, and the present
study was not designed to examine gating effects independently of ligand binding. Future
structural studies and molecular dynamics simulations will therefore be required to determine
whether the proposed UDIS overlaps with a hydrophobic gate and how ligand binding is

coupled to channel activation or inhibition.

K2P1.1 (hTWIK-1) TVLSTTGYGHTVPLSDGGKAFCIIYSVIGIPFTLLFLTAVVQRITVHVT--—---——--—-— 161
K2P18.1 (hTRESK) TVFSTVGYGYIYPVTRLGKYLCMLYALFGIPLMFLVLTDTGDILATILSTSYNRFRKFPF 171

K2P1.1 (hTWIK-1) CYLLLGLIAMLVVLETFC-ELHELKKFRKMFYVKKDKDEDQVHIIEHDQLSEFSSITDQAA 309
K2P18.1 (hTRESK) -YITVGMEIVFIAFKLVONRLIDIYKNVMLFFAK-GKF---YHLVKK-—-——————————— 384

Figure 27: Multiple Sequence Alignment of hTRESK showing alignment with hTWIK-1
L146 and h\TWIK-1 L261

4.4 Conclusion and future outlook

This study expands the pharmacology of hTRESK by identifying several previously
unrecognized high-affinity modulators, including the small-molecule inhibitor C101248,
multiple endogenous lipid inhibitors, and the direct activator PD-307243. Beyond broadening
the repertoire of hTRESK ligands, these findings provide new insight into how chemically

diverse compounds regulate channel function.

A central finding of this work is that structurally unrelated inhibitors—including QA™ ions,
small molecules and lipids—and the activator PD-307243 converge on a common region within
the intracellular pore. Independent lines of evidence, including mutagenesis, ligand competition
and SCAM protection experiments, consistently localize this pharmacologically important
region to the intracellular cavity in the vicinity of L148. Together, these data support a model
in which partially overlapping ligand-binding sites form an unselective drug interaction site
(UDIS), capable of accommodating both agonists and antagonists. Within this framework,
L148 appears to represent a key point of convergence for ligand binding, whereas F145 and
F352 primarily influence ligand affinity by shaping the structural and electrostatic properties of

the pore rather than serving as direct binding residues.
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The identification of PD-307243 as a pore-binding activator is particularly noteworthy.
Although the compound shares its binding region with inhibitors, it produces the opposite
functional outcome, indicating that ligand efficacy is determined not only by binding location
but also by the specific molecular interactions established within the UDIS. Defining the
structural basis of this divergent pharmacology represents an important objective for future
studies and may provide a framework for the rational development of selective hTRESK
activators with improved efficacy. Several avenues for future investigation emerge from these
findings. High-resolution structural approaches, including cryo-electron microscopy and
molecular dynamics simulations, will be essential to define the architecture of the proposed
UDIS and to establish how chemically diverse ligands occupy overlapping regions within the
pore. Computational docking of different ligand classes to AlphaFold-derived or
experimentally determined hTRESK structures could further refine this model and generate
testable predictions for structure-guided mutagenesis. In parallel, elucidating how PD-307243
stabilizes the activated state of hTRESK may reveal general principles governing allosteric

coupling between pore occupancy and channel gating.

Finally, the physiological and therapeutic relevance of PD-307243 warrants investigation in
native sensory neurons and in animal models of migraine and pain. Such studies will determine
whether pharmacological activation of hTRESK through the UDIS can be exploited
therapeutically and whether this newly identified pore-centered interaction site represents a

viable target for the development of next-generation hTRESK modulators.
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Appendix

Table 4: 1Cso values of disparate hTRESK inhibitors. Data are shown as mean + SEM.

Inhibitor Inhibitor Class ICso Inhibitor (uM)
CPZ Small molecule inhibitors 1.92+0.72
C101248 0.11+0.03
Loratadine NCAs 0.22 £0.04
BL-1249 11.23+2.5
ML67-33 1.08 £ 0.08
DCPIB 0.14+0.02
AA Lipid Inhibitors 7.86 +3.07
DHA 3.534+0.80
DiC8 3.55+1.28
2-AG 1.28 £0.64
AEA 0.61 £0.36

hTRESK-WT
100uM
TpenA 0.001uM
A- 101248 +
_ aK

0.01 0.1

0OnA

g D —
5s

Figure 28: Anomalous Inhibition of hTRESK by concentrations of C101248 below 100
nM. Representative hTRESK channel continuous current trace recorded in inside-out patches
of Xenopus laevis oocyte, showing anomalous inhibition of hTRESK channel by 0.001 uM
C101248. Currents were analysed at +40 mV. Recordings were performed in a physiological
K™ gradient of 120 mM K™ (intracellular) and 4 mM K* (extracellular), at a holding voltage of
-80 mV.
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Table 5: ICso values of the inhibition of some hTRESK TM2 and TM4 cysteine mutants by

TPenA.
hTRESK WT/Mutants ICso (M) Sample Size (n)

hTRESK-WT 0.17+£0.03 18
TM2 cysteine mutants

L143C 0.3+0.03 6

M144C 0.36 £0.08 5

F145C 0.01 £ 0.0005 12

L146C 0.22 £0.02 6

V147C 0.29 £0.06 5

L148C 0.32+£0.08 7
TM4 cysteine mutants

V351C 0.23 £0.02 7

F352C 0.29 £0.02 7

1353C 0.41 £0.05 7
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Figure 29: hTRESK TpenA inhibition of cysteine mutants of TM2 and TM4 residues. (A)
Representative hTRESK channel continuous current trace recorded in inside-out patches of
Xenopus laevis oocytes, showing TpenA inhibition of cysteine mutants of TM2 residues, L143,
M144 and L146-1.148. (B) Representative hTRESK channel continuous current trace recorded
in inside-out patches of Xenopus laevis oocytes, showing TpenA inhibition of the cysteine
mutants of TM4 residues V351-1353. Currents were analysed at +40 mV. Recordings were
performed in a physiological K* gradient of 120 mM K* (intracellular) and 4 mM K*
(extracellular), at a holding voltage of -80 mV. The data are shown as mean + SEM.
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Table 6: TPenA affinity of various hTRESKF145 and F352 mutants

hTRESK Mutants

F145L

F145A

F145G

F145E

F352L

F352A

F352G

F352E

F145CF352A

ICso (uM)

0.11 £0.02

0.03 £0.002

0.3+0.07

0.04 £0.03

0.14 +£0.04

1.69 £0.40

1.83 £1.05

0.04 £0.01

0.23 £0.02

Sample Size (n)

12

11

14

10

10

9

W



F145AF352A
A TPenA B

F145CF352A
TPenA

0.001uM 4 g9 04

Figure 30: TpenA affinity of hTRESKF145/F325 alanine and cysteine double mutants is
influenced by F145/F352 interaction. Representative hTRESK channel continuous current
trace recorded in inside-out patches of Xenopus laevis oocytes, showing TpenA inhibition of
hTRESK double mutants, (A) F145AF352A, (B) F145CF352C and (C) F145CF352C. Currents
were analysed at +40 mV. Recordings were performed in a physiological K* gradient of 120
mM K™ (intracellular) and 4 mM K* (extracellular), at a holding voltage of -80 mV. The data
are shown as mean + SEM.
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Figure 31: Influence of hydrophobic amino acid substitutions at positions F145/F352 of
hTRESK on TpenA affinity. Representative hTRESK channel continuous current trace
recorded in inside-out patches of Xenopus laevis oocytes, showing TpenA inhibition of
hydrophobic amino acid mutants of hTRESK F145/F352 and the corresponding dose response
relationships. (A) F145W/F352W, B) F145L/F352L, C) F145V/F352V, D) F145A/F352A.
Currents were analysed at +40 mV. Recordings were performed in a physiological K* gradient
of 120 mM K™ (intracellular) and 4 mM K* (extracellular), at a holding voltage of -80 mV. The
data are shown as mean = SEM.
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Figure 32: Influence of polar amino acid substitutions at positions F145/F352 of hTRESK
on TpenA affinity. Representative hTRESK channel continuous current trace recorded in
inside-out patches of Xenopus laevis oocytes, showing TpenA inhibition of polar amino acid
mutants of hTRESK F145/F352 and the corresponding dose response relationships. (A)
F145T/F352T, B) F145G/F352G, C) F145K/F352K, D) F145E/F352E. Currents were analysed
at +40 mV. Recordings were performed in a physiological K* gradient of 120 mM K"
(intracellular) and 4 mM K™ (extracellular), at a holding voltage of -80 mV. The data are shown
as mean + SEM.
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Table 7: Competition data of hTRESK inhibitors with 30 uM TButA

Inhibitor Inhibitor Inhibitor ICso Inhibitor ICso Inhibitor +
Class Subclass (M) 30uM TButA
(uM)
CPZ Small molecule | - 1.92 +£0.72 9.70 £1.66
C101248 0.11+0.03 3.94+222
Loratadine NCA 0.22 +£0.04 1.70 £ 0.04
BL-1249 11.23+£2.5 20.48 £ 0.64
ML67-33 1.08 £ 0.08 536 +0.21
DCPIB 0.14 +£0.02 3.22+0.49
DHA Lipid PUFA 3.53+0.80 59.96 + 17.1
Table 8: Competition data of hTRESK lipid inhibitors with 3 uM TPenA
Inhibitor Inhibitor Inhibitor ICso Lipid ICso Lipid
Class Subclass Inhibitor (uM) | Inhibitor +
3 uM TPenA
(nM)
2-AG Lipid Endocannabinoid | 1.28 + 0.64 96.12 £37.90
DiC8 DAG Analogue | 3.55+1.28 281.41 £90.3"

* - [Cso estimated from Hill-fit
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Table 9: Comparison of ICso values of hTRESK inhibitors for WT and F352A

Inhibitor Inhibitor Inhibitor | ICso ICs0o hTRESK

Class Subclass | hTRESK- F352A (uM)
WT (uM)

CPZ Small - 1.92£0.72 27.36+7.23

C101248 molecule 0.11£0.03 101"

BL-1249 NCA 11.23+2.5 81"

Loratadine 0.22+£0.04 20.9

AA Lipid - 7.86 £3.07 134"

DHA 3.53+0.80 145"

AEA 0.61 £0.36 64.03 £ 10.7

2-AG 1.28 £0.64 156"

DiC8 3.55+1.28 93"

* . [Cso estimated from Hill-fit
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Figure 33: hTRESK F352A decreases binding affinity of C101248 and lipid inhibitors of
hTRESK. Representative hTRESK channel continuous current traces recorded in inside-out
patches of Xenopus laevis oocytes, showing inhibition of hTRESK-WT and hTRESK F352A
by C101248 and lipid inhibitors of hTRESK, AA, DHA, AEA, 2-AG and DiC8 and the
corresponding dose response relationships. Currents were analysed at +40mV. Recordings were
performed in a physiological K* gradient of 120 mM K* (intracellular) and 4 mM K*
(extracellular), at a holding voltage of -80 mV. ICso values were determined with the Hill-
Function. The data are shown as mean + SEM.
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Figure 34: MTSET modification of hTRESK TM2 residues, 1141, L.143, M144, L.146,
V147, P1 residue, T116 and P2 residue, T323. Representative hTRESK channel continuous
current traces recorded in inside-out patches of Xenopus laevis oocytes, showing 1 mM MTSET
modification of the cysteine mutants of hTRESK 1141, L143, M144, 1L.146, V147 and T323
using the SCAM method. Currents were analysed at +40 mV. Recordings were performed in a
physiological K* gradient of 120 mM K™ (intracellular) and 4 mM K™ (extracellular), at a
holding voltage of -80 mV. The data are shown as mean = SEM. P142C did not express

appreciable current.
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Table 10: Results of MTSET modification experiment of hTRESK residues

hTRESK Relative SEM n Modification
WT/Mutants Current Status

WT 1.00 0.02 7 unmodified
1141C 0.93 0.01 6 unmodified
L143C 0.93 0.04 4 unmodified
M144C 0.93 0.02 7 unmodified
F145C 0.11 0.01 8 modified
L146C 0.97 0.02 5 unmodified
V147C 0.94 0.02 5 unmodified
L148C 0.18 0.01 13 modified
F352C 0.06 0.01 11 modified
T116C 1.04 0.03 5 Unmodified
T323C 1.03 0.04 7 Unmodified

Table 11: Results of TButA protection of hTRESK modifiable pore residues from MTSET

modification
hTRESK Relative SEM n Modification
Mutants Current Status
F145C 0.19 0.04 10 modified
L148C 0.85 0.03 12 unmodified
F352C 0.04 0.01 12 modified

Table 12: Results of CPZ protection of hTRESK modifiable pore residues from MTSET

modification
hTRESK Relative SEM n Modification
Mutants Current Status
F145C 0.02 0.01 4 modified
L148C 0.47 0.1 4 unmodified
F352C 0.02 0.01 4 modified
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Table 13: Results of AEA protection of hTRESK modifiable pore residues from MTSET

modification
hTRESK Relative SEM Modification
Mutants Current Status
F145C 0.17 0.1 modified
L148C 0.61 0.1 unmodified
F352C 0.10 0.02 modified
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