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ABSTRACT 

 

TRESK (K2P18.1) background K+ channel is a major determinant of the excitability of primary 

sensory neurons. It has been reported that human TRESK is activated by the protein kinase C 

(PKC) activator PMA (phorbol 12-myristate 13-acetate) in Xenopus oocytes. In the present study, 

we investigated the mechanism of this PKC-dependent TRESK regulation. We show that TRESK 

is activated by the coexpression of the novel-type PKC isoforms eta and epsilon. The effect of 

PKC is not mediated by calcineurin phosphatase, which is known to evoke the calcium-dependent 

TRESK activation. The mutations of the calcineurin-binding sites in the channel (PQAAAS-

AQAP) did not influence the PMA-induced increase of potassium current. In sharp contrast, the 

mutations of the target residue of calcineurin in TRESK, S264A and S264E, prevented the effect 

of PMA. The enforced phosphorylation of S264 by the coexpression of a microtubule-affinity 

regulating kinase construct (MARK2) also abolished the PKC-dependent TRESK activation. 

These results suggest that in addition to calcineurin, PKC also regulates TRESK by changing the 

phosphorylation status of S264. The coexpression of PKC slowed down the recovery of the K+ 

current to the resting state after the calcineurin-dependent dephosphorylation of TRESK. 

Therefore, the likely mechanism of action is the PKC-dependent inhibition of the kinase 

responsible for the (re)phosphorylation of the channel at S264. The PKC-dependent 

dephosphorylation of TRESK protein was also detected by the Phos-tag SDS-PAGE method. In 

summary, the activation of novel-type PKC results in the slow (indirect) dephosphorylation of 

TRESK at the regulatory residue S264 in a calcineurin-independent manner. 
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INTRODUCTION 

 

TRESK (Twik-Related Spinal cord K+ channel) is a member of the K2P background (leak) 

potassium channel family (Enyedi and Czirják, 2010; Sano et al., 2003). TRESK is highly and 

selectively expressed in the primary sensory neurons, it contributes to the maintenance of the 

resting membrane potential and the regulation of excitability (Dobler et al., 2007; Kang and Kim, 

2006; Liu et al., 2013; Tulleuda et al., 2011). The channel is expressed in a subset of nociceptive 

neurons, and an accumulating body of evidence indicates that TRESK is a regulator of 

nociceptive sensation in different experimental models. Accordingly, TRESK channel has been 

considered as a potential pharmacological target in the treatment of pain (for review see (Gada 

and Plant, 2018; Mathie and Veale, 2015)).  

The structure of TRESK subunit corresponds to the general 4 transmembrane segments/2 pore 

domains (4TMS/2P) topology of K2P channels, however, it is characterized by an exceptionally 

short intracellular (IC) C-terminus and a long IC loop between the 2nd and 3rd TMSs. In addition 

to the peculiar architectural proportions, TRESK also shares very low (19 %) amino acid 

sequence identity with the other K2P family members (Sano et al., 2003); accordingly TRESK 

constitutes a separate K2P subfamily on its own. Furthermore, there is an unusual divergence 

between the human and rodent TRESK orthologues, the human channel shows only 67 % amino 

acid identity with mouse TRESK (Czirják et al., 2004). Therefore, the data from rodent 

experimental models should only be extrapolated with caution to human TRESK. 

We previously described the unique mechanism of calcium-dependent TRESK activation, 

which is exceptional within the K2P family (Czirják et al., 2004). Both human and mouse TRESK 

channels are activated several-fold by dephosphorylation via the calcium/calmodulin-dependent 

protein phosphatase calcineurin in Xenopus oocytes. This substantial activation can be detected in 
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HEK-293 cells under special whole-cell patch clamp conditions (Braun et al., 2011). TRESK 

activation by the stimulation of Gq protein-coupled calcium-mobilizing receptors was also 

reported in isolated primary sensory neurons (Kang et al., 2008; Kollert et al., 2015). Human 

TRESK contains two binding motifs for calcineurin in its long intracellular loop, PQIIIS and 

LQLP (Czirják and Enyedi, 2006a; Czirják and Enyedi, 2014). The direct interaction with 

calcineurin is apparently conserved in mammalian TRESK channels, whereas the intracellular 

loop also harbors an even more ancient regulatory sequence, the binding motif for 14-3-3 adaptor 

protein, which is conserved from fish to human (Czirják et al., 2008; Enyedi et al., 2012). 

Recently, a further anionic phospholipid binding motif of human TRESK was reported, which is 

absent in the rodent orthologues (Giblin et al., 2018).  

Calcineurin dephosphorylates two major regulatory regions in TRESK (Czirják and Enyedi, 

2010). One of them is the above mentioned 14-3-3-binding motif RSNSCPE. The S252 

(underlined) residue of this sequence controls the phosphorylation-dependent association of 14-3-

3 adaptor protein with TRESK (Czirják et al., 2008). The other major regulatory sequence 

dephosphorylated by calcineurin is a cluster of three adjacent serine residues, S262, S264 and 

S267 in the RLSYSIISNLD sequence of human TRESK. The regulatory regions are 

phosphorylated by different TRESK-inhibitory kinases, the S252 residue of the 14-3-3-binding 

site by protein kinase A (PKA), whereas the S262-267 serine cluster by microtubule-affinity-

regulating kinases, MARKs (Braun et al., 2011). 

It has recently been reported that human TRESK current is activated several-fold by the 

application of the nonselective PKC activator phorbol 12-myristate 13-acetate (PMA, 100 nM) in 

Xenopus oocytes (Rahm et al., 2012). Three different PKC inhibitors reduced the activation of 

TRESK evoked by PMA, indicating that PKC indeed mediated the effect. Thymeleatoxin, the 

activator of conventional PKC isoforms, did not activate TRESK, thus excluding the role of 
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conventional PKC enzymes in the regulatory mechanism (for a review about PKC isoforms see 

(Steinberg, 2008)). Since cyclosporine A (CsA), the inhibitor of calcineurin, did not affect the 

PKC-dependent TRESK activation, it was concluded that PKC does not act via this phosphatase. 

The mutations of the eight putative consensus PKC sites in human TRESK did not interfere with 

the effect of PMA, suggesting that the activation of the K+ current was not caused by the direct 

phosphorylation of TRESK protein by PKC. It has been proposed that TRESK is activated by 

PKC via a novel mechanism, independent of the calcineurin pathway (Rahm et al., 2012). Since 

the activation by novel-type PKC represents a new regulatory mechanism of TRESK, we 

embarked on the investigation of the interaction between TRESK and PKC by using 

pharmacological and molecular biological methods. 
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METHODS 

 

Plasmid constructs 

 

The cloning of human TRESK (K2P18.1) was previously described (Czirják et al., 2004). 

Novel-type PKC isoforms  and  were amplified by PCR using Pfu polymerase (Thermo 

Scientific, Waltham, MA, USA) after the reverse transcription (RevertAid Reverse Transcriptase, 

Thermo Scientific) of total RNA purified from mouse brain with TRIzol reagent (Invitrogen, 

Carlsbad, CA). The sense and antisense primers were 5’ 

CAGGAATTCGCCGCCACCATGTCGTCCGGCACGATGAAGTTC 3’ and 5’ 

GCGCTCGAGCTTTGGTTCTGACTCCCCATAAG 3’ for PKC and 5’ 

GCGCCTAAGGCCGCCACCATGGTAGTGTTCAATGGCCTTCTTAAG 3’ and 5’ 

GCGCTCGAGCTCCCTCCATCCGAAGCAGC 3’ for PKC, respectively. PKC product was 

cloned to pXEN vector (GenBank: EU267939.1) at EcoRI-XhoI sites, whereas PKC at Eco81I-

XhoI. Different mutant versions of TRESK and PKC were produced with QuikChange site-

directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s instructions. 

The cloning of isoform 2 of mouse MARK2 kinase was previously described (Braun et al., 2011). 

MARK2 was produced by truncating this kinase with PCR at residue 361 using the antisense 

primer 5’ CGCGCAAGCTTTCAAAGGAGCAGATAGGTAGCC 3’ and the PCR product was 

cloned to pXEN vector by taking advantage of the Hind III restriction enzyme site of the primer. 

For efficient detection of TRESK protein using Western blot, two influenza haemagglutinin 

epitope tags (double HA tag) were incorporated into the channel. The “MEVSGHP” N-terminus 

of wild type TRESK was modified to „MEVSG-(YPYDVPDYA)-GG-(YPYDVPDYA)-GHP”, 
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where the epitope tag sequences are in brackets. In the HA2-N70Q-hTRESK constructs used for 

Western blot, the N70Q mutation was also introduced to disrupt the N-glycosylation site 

(Egenberger et al., 2010). This mutation changed the apparent molecular weight to the value 

expected on the basis of amino acid sequence on conventional SDS-PAGE gels. 

 

Maintenance of Xenopus laevis and oocyte microinjection 

 

Xenopus oocytes were prepared, the cRNA was synthesized and microinjected as previously 

described (Czirják et al., 2004). Typically, 0.3-2.5 ng cRNA was microinjected per oocyte to 

obtain appropriate expression, with the exception of the N70Q mutant TRESK constructs, where 

about ten-fold higher amounts of cRNA were required for suitable expression levels of the N-

glycosylation-defective channels. Fifteen frogs were used for the experiments. The animals were 

maintained in two 50 L tanks, with continuous filtering and water circulation through aquarium 

pumps at 19C in an air conditioned room. The frogs were anaesthetized with 0.1% tricaine 

solution and sacrificed by decerebration and pithing. All treatments of the animals were 

conducted in accordance with state laws, institutional regulations, and National Institutes of 

Health guidelines. The experiments were approved by the Animal Care and Ethics Committee of 

Semmelweis University (approval ID: XIV-I-001/2154-4/2012). 

 

Two-electrode voltage clamp measurements 

 

Two-electrode voltage clamp experiments were performed three or four days after the 

microinjection of cRNA, as previously described (Czirják et al., 2004). Low [K+] solution 

contained (in mM): NaCl 95.4, KCl 2, CaCl2 1.8, HEPES 5 (pH 7.5 adjusted with NaOH). High 
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[K+] solution contained 80 mM K+ (78 mM Na+ of the low [K+] solution was replaced with K+). 

Background K+ currents were measured at the end of 300 ms long voltage steps to -100 mV 

applied in every 4 s. In several experiments, TRESK currents of the same cell were measured 

twice. The oocyte was removed from the recording chamber between the measurements and 

incubated in 0.1-0.2 ml solution (containing phorbol esters). In some experiments, the cells were 

also microinjected after the first measurement with 50 nl EGTA (50 mM) plus HEPES (50 mM, 

pH 7.3 adjusted with KOH) solution. The injected 50-nl volume was diluted about 10-fold in the 

cytoplasm of the oocyte. 

 

Separation of differently phosphorylated TRESK proteins by Phos-tag SDS-PAGE and 

detection by anti-HA immunoblot 

 

The plasma membrane fraction was prepared from the oocytes on the third day after the 

microinjection of HA2-N70Q-hTRESK cRNA. Before the homogenization, the cells were 

stimulated with PMA (100 nM) in the low [K+] recording solution for 45 min (see above) in the 

presence of inhibitors of calcineurin, cyclosporine A (1 M) and FK506 (1 M), or incubated as 

a negative control without PMA under the same conditions. Other cells were stimulated with 

ionomycin (1 M) for 3 min in the absence of calcineurin inhibitors, as a positive control for 

dephosphorylation. 

The oocytes were homogenized in 1 ml of ice cold lysis solution containing HEPES (20 mM), 

imidazole (40 mM), NaF (40 mM), EDTA (10 mM), Na-orthovanadate (1 mM), PMSF (1 mM), 

benzamidine (1 mM), leupeptine (5 g/ml), phosphatase inhibitor cocktail 1 (1%, Sigma P2850), 

pH 7.9 adjusted with NaOH, with 20 strokes in a glass Potter homogenizer on ice (typically 10-30 
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cells per ml). The homogenates were centrifuged at 1000 g for 10 min at 4 C, and the 

supernatant without the floating lipid layer was centrifuged again at 1000 g for 10 min at 4 C. 

Finally, the supernatant was centrifuged at 16000 g for 10 min at 4 C, the membrane pellet was 

dissolved in 40-80 l SDS loading buffer containing Tris (0.31 M, pH 6.8 with HCl), SDS (10 

%), glycerol (50 %), mercaptoethanol (25 %), bromphenol blue (0.2 %), and stored at -80 C. 

Differently phosphorylated TRESK proteins were separated by Zn2+-Phos-tag SDS-PAGE 

(8 % polyacrylamide gel) using the neutral-pH buffer system according to the instructions of the 

manufacturer (Wako Pure Chemical Industries). The concentration of Phos-tag was 15 M in 

each experiment, and three times higher molar concentration of ZnCl2 was applied in the gels. 

The stacking and separating gels also contained 0.1 % SDS. The samples (5-10 l membrane 

preparation per lane) were supplemented with ZnCl2 and NaOH (1 ul 25 mM ZnCl2 and 1 l 40 

mM NaOH to 5 ul sample), in order to saturate EDTA and restore alkaline pH. Electrophoresis 

was performed at 50 volts. Before blotting to nitrocellulose membrane (Schleicher and Schuell, 

Keene, NH), the gel was extensively washed in methanol-free Towbin transfer buffer (25 mM 

Tris, 192 mM glycine, pH 8.6  0.2) to remove Zn2+. In the first six washes (20 ml for 10 min 

each) the buffer was supplemented with 10 mM EDTA, whereas the seventh wash was without 

EDTA. The transfer (tank blotting) was performed overnight at 50 V in Towbin buffer containing 

20 % methanol and 0.05 % SDS.  

The nonspecific binding sites of the membrane were blocked with 0.2 g/10 ml bovine serum 

albumin, 0.5 g/10 ml non-fat dry milk and 0.2 % Tween-20 in PBS (phosphate-buffered saline). 

The primary antibody (mouse monoclonal anti-HA IgG1, Thermo Scientific 26183, Clone 2-

2.2.14, diluted 10,000 ) was applied for 2 h at room temperature in PBS containing 10 % 

blocking buffer. The secondary antibody (goat-anti-mouse IgG (H+L), horseradish peroxidase 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 11 

(HRP) conjugate, R-05071-500 Advansta, Menlo Park, CA) was applied for 1 h under similar 

conditions as the first one. The membrane was washed once after the blocking phase and four to 

six times for 5-10 min in 20-30 ml PBS containing 0.1 % Tween-20 after the antibodies. The 

bands were visualized by the enhanced chemiluminescence detection method (WesternBright 

ECL HRP, Advansta) according to the manufacturer’s instructions. 

 

Data and statistical analysis 

 

 Data are expressed as mean±S.E. The statistical difference was considered to be significant at 

p<0.05. Normality of data distribution was estimated by the Shapiro-Wilk test, and the 

homogeneity of variance by Levene test. If Shapiro-Wilk test showed significance in any groups, 

then the nonparametric Mann-Whitney U test was used (with Bonferroni’s correction when 

required for a low number of comparisons in the same experiment). If Levene test resulted in 

significance, then the heteroscedastic (Welch–Satterthwaite corrected) t-test was used for two 

groups or Welch’s analysis of variance (ANOVA) followed by Games-Howell post hoc test for 

multiple comparisons. Otherwise, Student’s t-test, or one-way ANOVA followed by Tukey HSD 

post hoc test were applied. In two cases, Wilcoxon matched pairs test, and multivariate analysis 

of variance (MANOVA) followed by Tukey HSD post hoc test were used. Statistical calculations 

were performed in Statistica 13.4 (TIBCO Software, Tulsa, OK, USA), or SPSS Statistics 25.0 

(IBM Corporation). The analysis of densitometry data was performed with ImageJ 1.47v software 

written by Wayne Rasband (Research Services Branch, NIH, Bethesda, MD). 
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Materials 

 

Chemicals of analytical grade were purchased from Sigma (St. Louis, MO), Fluka 

(Milwaukee, WI ), Enzo Life Sciences (Farmingdale, NY), Santa Cruz Biotechnology (Dallas, 

TX) or Merck (Whitehouse Station, NJ). Enzymes and kits for molecular biology applications 

were purchased from Ambion (Austin, TX), Thermo Scientific, New England Biolabs (Beverly, 

MA) and Stratagene. Phorbol 12-myristate 13-acetate (PMA), 4-α-phorbol-12-myristate-13-

acetate (4α-PMA), and 4α-phorbol 12,13-didecanoate (4-PDD) were prepared as stock solutions 

in ethanol or DMSO (0.5 mM), and ionomycin (calcium salt) at a concentration of 5 mM in 

DMSO. These stock solutions were stored at -20 C, and diluted further before the measurement. 

Phos-tagTM acrylamide was purchased from NARD institute, Wako Pure Chemical Industries 

(Osaka, Japan). 
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RESULTS 

 

Mutations of serine 264 prevent TRESK activation by PMA 

 

In order to investigate the relationship between the mechanisms of TRESK activation by PKC 

and calcineurin, we analyzed the effect of PMA on different mutant channels with defective 

calcineurin-dependent regulation. The background K+ current was estimated at -100 mV, by 

transiently changing the extracellular (EC) [K+] from 2 to 80 mM, using the two-electrode 

voltage clamp method. Human TRESK current was measured twice in the same Xenopus oocyte, 

before and after the application of PMA (100 nM) for 42-46 min (see Fig.1.A for representative 

recordings). Wild type TRESK was activated about 6-fold by PMA in this cell preparation (Fig. 

1.B, wt column). 

The mutations of both calcineurin-binding motifs of human TRESK, PQIIIS to PQAAAS and 

LQLP to AQAP, prevent the binding of the phosphatase to the channel, and thus eliminate the 

calcium-dependent regulation of TRESK (Czirják and Enyedi, 2014). This PQAAAS-AQAP 

mutant was similarly activated by PMA treatment as the wild type channel (Fig. 1.A and B), 

suggesting that the effect of PKC is not mediated by the activation of calcineurin. In sharp 

contrast, the S264A mutant, mimicking the dephosphorylated (active) state of the channel at the 

most important regulatory site targeted by calcineurin, was completely unresponsive to PMA 

(Fig. 1.A and B). This indicates that the channel lacking the inhibitory phosphorylation at residue 

264 cannot be further activated by PKC. (In this experiment, smaller amount of cRNA of the 

constitutively active S264A mutant was microinjected than that of the wild type channel, in order 

to avoid high background K+ conductance toxic for the oocytes, and obtain similar basal current 

amplitudes in the two groups. The basal currents in the S264A group were in the 1.3-7.2 A 
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range, and the K+ current was not activated by PMA in any of these cells.) 

Glutamate substitution in the S264E mutant imitates the negative charge of phosphoserine, 

and also restrains TRESK in a state that cannot be modified by phosphorylation at this location. 

The S264E mutant was not activated by PMA, confirming that the action of PKC becomes 

compromised if the phosphorylation-dependent channel regulation at position 264 is precluded. 

In this cell preparation, wild type TRESK was activated by PMA about threefold on average, and 

the S264E mutation completely eliminated this activation (Fig. 1.C.) The mutation of the other 

main regulatory site important in the calcineurin-dependent activation and 14-3-3-binding, 

S252A, did not interfere with the effect of PMA (Fig. 1.C). 

 

The application of ionomycin following PMA treatment activates TRESK to the same 

degree as the administration of ionomycin alone 

 

We examined whether the successive stimulation of PKC (by PMA) and calcineurin (by the 

calcium ionophore ionomycin) results in a higher activation of TRESK than that evoked by only 

calcineurin, or these treatments produce the same final activity level. If the effect of PMA 

depends on the phosphorylation state of S264 then the degree of activation by PMA+ionomycin 

should not exceed the effect of ionomycin. Calcineurin efficiently dephosphorylates S264 in 

response to ionomycin, irrespective of the initial effect of PMA on this residue. Ionomycin 

activates TRESK maximally within 3 minutes and the current recovers to the resting state in 

about 10-30 min (Czirják et al., 2004), however, the activation by PMA is much slower, it 

reaches its maximum in about 30 to 60 min (Rahm et al., 2012). Therefore, we first measured 

basal TRESK current, afterwards applied PMA (100 nM) for 44-48 min and finally measured the 

K+ current again and administered ionomycin (0.5 M) for 160 s (see the upper representative 
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recordings in Fig. 2.A). In the control (calcineurin only) group, the cells were treated with 4α-

phorbol 12,13-didecanoate (4-PDD, a phorbol with no effect on PKC) before the application of 

ionomycin (lower representative recordings in Fig. 2.A). 

PMA increased TRESK current more than four-fold on average in this cell preparation, 

whereas 4-PDD had no effect (Fig. 2.B, first pair of columns). Subsequent application of 

ionomycin increased the K+ current of PMA-treated cells further about 1.5-fold (third column in 

Fig.2.B), resulting in a 6.6 ± 0.5-fold final activation compared with the basal current level 

measured at the beginning of the experiment (n=11, fifth column in Fig. 2.B). Ionomycin 

substantially increased the K+ current of the cells pretreated with 4-PDD, resulting in a 8.0 ± 

1.1-fold final activation (n=12, sixth column in Fig. 2.B). The final activations after ionomycin in 

the PMA and 4-PDD groups were not significantly different, indicating that the application of 

ionomycin following PMA treatment did not results in a higher activity level of TRESK than the 

administration of the calcium ionophore alone. 

 

The activation of mouse TRESK by PMA is much weaker than that of the human channel 

 

Another phorbol ester with no effect on PKC, and structurally even more similar to PMA than 

4-PDD, has also been examined using the double-measurement protocol introduced in Fig.1.A. 

Human TRESK current was not influenced by 4-PMA under conditions when the effect of PMA 

was clearly detected, further indicating the specificity of PMA for TRESK activation (Fig. 3.A). 

In the same oocyte preparation, 4-PMA and PMA were also tested on mouse TRESK current. 

The average activation of the mouse channel by PMA was smaller than that of human TRESK, 

and in fact, it was not significantly different from the negative control 4-PMA in this 
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experiment (n=4 vs. 6, Fig. 3.A). In another oocyte preparation, PMA activated mouse TRESK 

2.1 ± 0.3-fold (n=6), whereas human TRESK current was increased 3.7 ± 0.7-fold (n=11). The 

effect of PMA on mouse TRESK proved to be statistically significant in the combined data set of 

the two experiments (p<0.05, n=12, Wilcoxon matched pairs test), suggesting that mouse TRESK 

was also activated by PKC, although the evaluation of its small and variable response required 

relatively high sample numbers. In the combined dataset, after the normalization for the distinct 

average activation levels of human TRESK in the two experiments, the difference between the 

activation of the human and mouse channel was statistically significant (p<0.01, heteroscedastic 

t-test). 

 

The effect of PMA on human TRESK is not mediated by calcineurin 

 

Regarding the apparent relationship between S264 and the effect of PMA, we would have 

liked to confirm, also by applying the wild type channel, that the action of PMA is not mediated 

by calcium and calcineurin. Therefore, we prevented the activation of calcineurin by the 

intracellular microinjection of high concentration of the calcium chelator EGTA (50 mM, 50 nl 

per oocyte, also containing 50 mM HEPES for pH stabilization). After the estimation of the basal 

TRESK current, the cells were or were not injected with EGTA, and subsequently they were 

treated with PMA. After the application of PMA, TRESK current was measured again, and 

finally all cells were stimulated with ionomycin (protocol as in Fig. 2.A). TRESK was similarly 

activated by PMA after the microinjection of EGTA as in the non-injected cells (Fig. 3.B, left 

pair of columns). The K+ current of the non-injected (no EGTA) cells was further increased about 

1.5-fold by ionomycin after the PMA treatment (third white column in Fig. 3.B), whereas 

ionomycin (after PMA) was ineffective in the cells microinjected with EGTA (fourth column in 
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Fig. 3.B). This indicates that the microinjection of EGTA prevented the action of calcineurin, 

however, it did not influence TRESK activation by PMA. Thus the effect of PMA is not mediated 

by calcineurin. 

 

The coexpression of a MARK2 construct with TRESK abrogates the effect of PMA 

 

If the activation of PKC indirectly results in the slow dephosphorylation of S264 then this 

effect can be counterbalanced by the overexpression of another kinase phosphorylating this 

residue. The S262-267 serine cluster of TRESK is specifically phosphorylated by microtubule-

affinity-regulating kinases (Braun et al., 2011), therefore we have applied a MARK2 construct 

(MARK2) to oppose the effect of PMA. In order to prevent the known inhibition of MARK2 by 

novel-type PKC (Watkins et al., 2008), the C terminus of the kinase was truncated at residue 361. 

We followed the protocol introduced in Fig. 2.A throughout this experiment: we measured basal 

TRESK current, applied PMA, measured the current again and administered ionomycin for final 

activation. Control cells injected with half amount of TRESK cRNA (TRESK (0.5x) group) were 

also examined in order to exclude the influence of the expression levels on the results. 

The coexpression of MARK2 with TRESK diminished the activation of the K+ current by 

PMA (light blue and purple columns in Fig. 4.A). Whereas TRESK was activated about threefold 

by PMA in both control groups in this cell preparation, MARK2 reduced this activation to a 

negligible level (compare the three purple columns in Fig. 4.B, p<0.001 for the comparison of 

TRESK (2x) +MARK2 to either control groups). However, MARK2 did not impede TRESK 

regulation in general. The final application of ionomycin increased the K+ current in the cells 

coexpressing MARK2 with TRESK similarly to the control groups expressing only the channel 
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(compare the light yellow columns in Fig. 4.B). Apparently, MARK2 maintained the 

phosphorylation of S264 against the slow dephosphorylating effect induced by PMA, however, it 

could not counteract the overwhelming phosphatase activity of calcineurin binding directly to the 

channel. 

 

PMA slows down the return of the current to the resting state after the activation by 

calcineurin 

 

The recovery of the current of dephosphorylated TRESK channels to the resting (inhibited) 

state after the calcineurin-dependent activation relies on the kinase activity phosphorylating the 

S262-267 serine cluster. The effect of PMA on this kinase activity was estimated by measuring 

the recovery rate of TRESK current after ionomycin application. Cells expressing wild type 

TRESK were stimulated (red bar in Fig. 5) with ionomycin (0.5 M) or with the combination of 

ionomycin plus PMA (100 nM), and the subsequent return of the K+ current to the resting state 

was compared between the two groups (purple and orange curves in Fig. 5). The peak currents 

were identical at the end of the stimulation (12.5 ± 1.1 A in the ionomycin and 11.5 ± 0.8 A in 

the ionomycin+PMA groups, n=5 each). The current recovered toward the resting state at the end 

of the measurement when only ionomycin had been administered (6.5 ± 0.6 A), however, the 

current in the ionomycin+PMA group did not decrease (13.8 ± 1.4 A, p<0.002, Student’s t-test). 

When only PMA was applied, TRESK current slowly increased during the measurement (from 

1.3 ± 0.2 A basal value to 4.8 ± 0.7 A). The reduced current recovery in the ionomycin+PMA 

group is compatible with the conclusion that the application of PMA resulted in the inhibition of 

the kinase phosphorylating TRESK.  
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Coexpression of novel-type PKC with TRESK reproduces the effects of PMA  

 

Novel-type isoforms eta (PKC) and epsilon (PKC) have been cloned from mouse brain 

RNA by RT-PCR, and their coexpression with TRESK was tested. While the resting current was 

1.4 ± 0.4 A in the group expressing only the channel (n=7), the coexpression of PKC with 

TRESK resulted in 3.0 ± 1.0 A average current (n=5). The difference was not statistically 

significant due to the large variation of channel expression in this experiment (compare the light 

blue with the orange curve in Fig. 6.A at the time point before the application of ionomycin). 

Nevertheless, TRESK was activated more strongly by ionomycin in the control cells expressing 

only the channel (7.3 ± 0.3-fold) than in the cells coexpressing PKC (4.2 ± 0.7-fold, p<0.001, 

Student’s t-test). The reduced apparent activation in the PKC group in response to ionomycin 

suggests that TRESK was activated by the coexpression of PKC under basal conditions. The 

recovery from the calcineurin-mediated activation was also strikingly different between the two 

groups. The activation recovered to 30 ± 5 % of its maximal value in the control group at the end 

of the measurement, whereas it remained as high as 73 ± 8 % in the PKC group (Fig. 6.B, 

p<0.001, Student’s t-test). This indicates that the rate of inhibitory re-phosphorylation of TRESK 

was drastically reduced by PKC. 

The above observations were also reproduced by applying wild type PKC and human 

TRESK-S252A mutant (curves not shown). The S252A mutation of the 14-3-3-binding site did 

not interfere with the mechanism of action of novel-type PKC; i.e. the effects were maintained 

when only one of the two main regulatory regions, the S262-267 cluster, was intact. Compared 

with the TRESK-S252A only group, the coexpression of PKC increased the average basal 

TRESK current from 1.2 ± 0.2 µA (n=5) to 3.6 ± 1.0 µA (n=7, not significant). PKC reduced the 
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apparent activation by ionomycin from 5.1 ± 0.6-fold to 2.5 ± 0.2-fold (p<0.05), and increased 

the remaining activation at the end of the measurement from 28 ± 6 % to 63 ± 8 % (i.e. it reduced 

the rate of recovery, p<0.01, ANOVA followed by Tukey HSD test). In the same experiment, the 

coexpression of the K437R kinase dead mutant version of PKC (Uberall et al., 1997) did not 

evoke any of the above effects (n=7 oocytes), indicating that the kinase activity of PKC was 

required for the regulation of TRESK current. 

 

MARK2 counterbalances the effects of PKC on TRESK activation and recovery rate 

 

In order to enhance the effect of PKC on TRESK, we coexpressed the A159E mutant 

constitutively active version of the kinase (PKC-CA) with the channel (Uberall et al., 1997). In 

this group, the basal background K+ current was 6.5 ± 1.2 A (n=10, see the orange PKC-CA 

average curve in Fig. 7). The additional coexpression of MARK2, i.e. triple coexpression: 

TRESK + PKC-CA + MARK2, reduced the basal current to 2.6 ± 0.3 A (n=9, p<0.01, 

heteroscedastic t-test, blue PKC-CA+MARK2 curve in Fig. 7). Ionomycin caused little 

activation in the PKC-CA group (1.5 ± 0.1-fold, measured at the end of ionomycin application), 

however, the relative activation in response to ionomycin was substantially larger in the cells also 

coexpressing MARK2 (3.2 ± 0.3-fold, p<0.002, heteroscedastic t-test). The maximum currents 

evoked by ionomycin were identical in the two groups (Fig. 7). These data clearly indicate that 

MARK2 efficiently counterbalanced the activation of basal TRESK current by PKC-CA.  

The recovery to the resting state after the calcium-dependent activation was also significantly 

different between the two groups. In the PKC-CA group, TRESK current did not recover after 

the washout of ionomycin, the activity level reached 154 ± 25 % at the end of the measurement, if 
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the degree of activation at the withdrawal of ionomycin was taken as 100 %. In sharp contrast, 

MARK2 induced complete recovery to the resting state after the withdrawal of ionomycin (9 ± 

5 % remaining activation of TRESK current at the end of the measurement, p<0.0005, Mann-

Whitney U test, Fig. 7). This indicates that MARK2 restored the phosphorylation of S264 when 

the endogenous kinase activity for this reaction was inhibited by PKC-CA. 

 

The treatment of the cells with PMA results in the dephosphorylation of TRESK protein 

 

We used the Phos-tag SDS-PAGE method to analyze the phosphorylation state of TRESK 

in the plasma membrane preparations from Xenopus oocytes. The N70Q mutation was introduced 

in order to prevent N-glycosylation and reduce the consequent molecular weight heterogeneity of 

the channel subunit. An N-terminal double HA (human influenza hemagglutinin) tag was inserted 

to provide sufficient signal intensity in Western blots after Phos-tag SDS-PAGE. The Phos-tag 

method was suitable for the investigation of TRESK dephosphorylation, however, it was also 

characterized by some initially unexpected anomalies.  

As the control group for phosphorylated TRESK, the oocytes were incubated in the presence 

of cyclosporine A (1 M) and FK506 (1 M) calcineurin inhibitors for 45 min. TRESK protein 

prepared from these cells, corresponding to the resting phosphorylation and inhibited state of the 

channel, was visible as two faint bands in the Western blot image of Phos-tag gels (CsA+FK506, 

lane 2, Fig. 8.A1-A3). If the same amount of TRESK protein, isolated from the same number of 

oocytes of the same cell preparation, was in vitro dephosphorylated with  phosphatase, then a 

very intense lower band was observed ( phosphatase, lane 5, Fig. 8.A1-A3). This indicates that 

the upper band corresponded to phosphorylated TRESK in lane 2, and its mobility was really 
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reduced compared with the dephosphorylated channel, as described by the manufacturer in the 

user’s manual of Phos-tag. Nevertheless, it is inevitable to conclude that phosphorylated TRESK 

was detected much less efficiently by the method than the dephosphorylated channel protein. The 

major amount of phosphorylated TRESK remained invisible in the CsA+FK506 group in lane 2. 

It is only possible to evaluate further data correctly if this result is accepted. 

In addition to the in vitro  phosphatase reaction, another positive control for TRESK 

dephosphorylation in the living cell was also applied. The same number of oocytes as in the 

CsA+FK506 control group were incubated with ionomycin (1 µM) for 3 minutes in the absence 

of calcineurin inhibitors. Following the dephosphorylation of TRESK by calcineurin, a prominent 

lower band was detected in the Phos-tag gels of all three representative experiments (ionomycin, 

lane 3, Fig. 8.A1-A3). The band was shifted to the dephosphorylated position and it became more 

intense than that in the CsA+FK506 group (compare lane 3 to lane 2). The comparisons of the 

CsA+FK506,  phosphatase and ionomycin control groups indicate that TRESK 

dephosphorylation is manifested as a high intensity lower band, which represents the well-

detectable fraction of the protein in Phos-tag gels. It is feasible to compare TRESK 

dephosphorylation in two samples on the basis of the intensity of the lower bands, if these 

samples contain equal amounts of total TRESK protein, which is to be determined by 

conventional (No Phos-tag) SDS-PAGE followed by Western blot (Fig. 8.B1-B3). 

 The effect of PMA on the phosphorylation status of TRESK was examined by applying the 

above principles. The same number of oocytes as in the CsA+FK506 group were incubated with 

PMA (100 nM) for 45 min, in the presence of CsA (1 M) and FK506 (1 M). The total amount 

of TRESK protein in the plasma membrane fraction of the oocytes has not been changed by the 

PMA treatment (compare lane 2 with lane 4 in Fig. 8.B1-B3). In the second representative 
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experiment, a very short exposition of the film is also shown to illustrate the precisely equal 

amounts of total TRESK protein in these samples Fig. 8.B2b. When the same samples were tested 

in Phos-tag gels, the lower band was always more intense in the PMA group than in the control 

cells (compare lane 2 with lane 4 in Fig. 8.A1-A3). Altogether we performed this experiment five 

times and analyzed the data by densitometry. After the subtraction of the background density 

counts, the data were normalized to the maximum dephosphorylation induced by ionomycin in 

each of the five independent experiments corresponding to distinct oocyte preparations. The 

intensity of the dephosphorylated TRESK band was increased by PMA in all five cases. The 

normalized densities in the two groups were statistically different (p<0.01, Mann-Whitney U 

test), unequivocally indicating that TRESK protein was dephosphorylated in response to the 

treatment of the cells with PMA. 

In the PMA-treated group, another band also appeared in the phosphorylated protein range. 

Although it may not change the above conclusion about the dephosphorylation of TRESK in 

response to PMA, it is natural to ask questions about the origin of this band. This band is present 

in all the representative Western blot images with variable intensity; it is most prominent in lane 

4 in Fig. 8.A2. Its position is slightly different from that of the upper band in lane 2, suggesting 

that it corresponds to a phosphorylated form of TRESK, which arises only in the PMA-treated 

cells, and it is characterized by higher detection efficiency than the phosphorylated protein of the 

CsA+FK506 group. These data are consistent with the hypothesis that TRESK is phosphorylated 

at one (or more) of its putative consensus PKC sites, in addition to the indirect dephosphorylation 

of its regulatory region, which gives rise to the additional band.   
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DISCUSSION 

 

TRESK (K2P18.1, KCNK18) background K+ channel contributes to the stabilization of the 

resting membrane potential of sensory neurons in the dorsal root and trigeminal ganglia (Dobler 

et al., 2007; Kang and Kim, 2006). It is expressed in the nonpeptidergic NP1 and NP2 classes of 

polymodal nociceptors categorized by the markers Mas-related G-protein-coupled receptor D and 

A3 (Mrgprd and Mrgpra3), respectively. It is also present in the low threshold mechanoreceptor, 

neurofilament heavy chain (Nefh) positive, NF1 subpopulation of myelinated neurons 

characterized by NECAB2, the N-terminal EF-hand calcium binding protein 2 (LaPaglia et al., 

2018; Usoskin et al., 2015). Furthermore, TRESK mRNA was detected in the mouse autonomic 

nervous system, in the sensory and motor neurons of the nodose and superior cervical ganglions, 

respectively (Cadaveira-Mosquera et al., 2012), and in the mouse retina (Hughes et al., 2017).  

A certain frameshift mutation of TRESK was found to be linked to familiar migraine and the 

function of the channel was also related to pain sensation in different rodent experimental models 

(Guo and Cao, 2014; Lafreniere et al., 2010; Liu et al., 2013; Tulleuda et al., 2011; Yang et al., 

2018; Zhou et al., 2013). Recently, it has been suggested that the frameshift-induced alternative 

translation initiation and the dominant negative effect of the truncated TRESK subunit on 

TREK-1 and TREK-2 channels are responsible for migraine pathogenesis (Royal et al., 2019). 

Although a highly selective TRESK inhibitor is not yet available, great efforts have been made to 

identify pharmacological compounds modulating this putative drug target (Bautista et al., 2008; 

Beltran et al., 2013; Castellanos et al., 2018; Czirják and Enyedi, 2006b; Kang et al., 2008; Kim 

et al., 2013; Monteillier et al., 2016; Park et al., 2016; Park et al., 2018; Veale and Mathie, 2016; 

Wright et al., 2013). 

Intracellular signaling pathways may influence the excitability of sensory neurons via the 
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regulation of TRESK. The calcium-dependent activation of the channel was initially reported in 

the Xenopus oocyte expression system (Czirják et al., 2004). This regulation is mediated by the 

phosphatase calcineurin, which interacts directly with the PxIxIT- and LxVP-like calcineurin-

binding motifs of TRESK (Czirják and Enyedi, 2006a; Czirják and Enyedi, 2014). The calcium-

dependent activation has been confirmed by other studies (Andres-Enguix et al., 2012; Lafreniere 

et al., 2010; Rahm et al., 2013), and it was found to influence the background K+ current and the 

excitability of sensory neurons in response to the activation of Gq-coupled receptors and the 

calcium-permeable TRPV1 channel (Kang et al., 2008; Kollert et al., 2015).  

The regulatory regions of TRESK were identified by alanine-scanning mutagenesis (Czirják 

et al., 2004). The phosphorylation of recombinant TRESK fragments was examined in vitro using 

radioactive labeling with 32P, in kinase reactions with PKA (Czirják et al., 2008) and MARK2 

(Braun et al., 2011), and in calcium-dependent phosphatase assays with mouse brain cytosol 

(Czirják and Enyedi, 2014). In the present study, we demonstrate for the first time that TRESK 

channel is dephosphorylated in the living cell, in good accordance with the previously reported 

role of calcineurin in the calcium-dependent regulation. The alteration of the migration pattern of 

TRESK subunit in Phos-tag gels, evoked by the application of ionomycin to the cells, was similar 

to the in vitro dephosphorylation of the protein with  phosphatase.  

As a new regulatory mechanism, the activation of TRESK by PMA was described in Xenopus 

oocytes (Rahm et al., 2012). We also investigated the regulation of the channel by novel-type 

PKC in this heterologous expression system. The cytoplasmic composition of oocytes is 

maintained during two-electrode voltage clamp measurement, and long and repeated current 

recordings can be performed. In contrast, even the robust calcium-dependent TRESK regulation 

is difficult to record by whole-cell patch clamp in mammalian cells (Braun et al., 2011; Czirják 

and Enyedi, 2010; Kang and Kim, 2006; Kang et al., 2008). Therefore, we did not examine the 
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slow activation of the channel by PKC using mammalian cell electrophysiology, although the 

effect of PMA on TRESK was recently detected by thallium flux measurements in baculovirus 

transduced U20S cells (Wright et al., 2017; Wright et al., 2013). The small and variable response 

of mouse TRESK to PMA also suggests that the rodent experimental systems may not be optimal 

for the investigation of the regulation by PKC. 

The effect of PMA on human TRESK was reproducible throughout several experiments. In 

this study, we report for the first time that the coexpression of novel-type PKC  and  isoforms 

with TRESK activates the background K+ current. The effects of the coexpression were similar to 

those of the pharmacological activation of PKC, both increased the basal TRESK current, 

reduced the relative activation by ionomycin, and decreased the rate of recovery after the 

withdrawal of the ionophore. Whereas PKC shows relatively low expression (Usoskin et al., 

2015), PKC is a well-established mediator of inflammatory and neuropathic pain in dorsal root 

and trigeminal ganglia (Aley et al., 2000; Dina et al., 2001; Honda et al., 2017; Khasar et al., 

1999; Pan et al., 2010). PKC also has a pivotal role in nociceptor priming (for review, see the 

book chapter (Kandasamy and Price, 2015)). In contrast to the activation of PKC in several 

models of inflammatory pain, PKC was reported to be downregulated in chronic nerve 

constriction injury (Zhou et al., 2003). If TRESK was activated by PKC in the human nociceptor 

neurons similarly to Xenopus oocytes, then this mechanism could also contribute to the regulation 

of the membrane potential, e.g. when TRPV1 is sensitized by direct PKC-dependent 

phosphorylation (Numazaki et al., 2002). 

The plausible interpretation of the mechanism of PKC-dependent TRESK activation is 

illustrated in Figure 9. Novel isoforms of PKC inhibit the kinase responsible for the steady-state 

phosphorylation of TRESK at the S262-267 cluster, afterwards the channel is slowly activated by 
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the weak phosphatase activity of the cytoplasm. This mechanism is independent of calcineurin, 

i.e. the calcium/calmodulin-dependent phosphatase does not mediate the effect. However, the 

pathway is related to the calcineurin-dependent regulation in another respect, because the 

activation of novel-type PKC results in the dephosphorylation of the same residues of TRESK as 

those targeted by calcineurin. Several lines of evidence support this conclusion. PKC does not 

activate TRESK via calcineurin, since the chelation of cytoplasmic calcium with EGTA, or the 

mutations of the calcineurin-binding sites of TRESK did not influence the effect of PKC. The 

PKC-dependent activation relies on the dephosphorylation of the S262-267 cluster, as reflected 

by the insensitivity of the S264A and S264E mutants to PMA. The importance of this 

dephosphorylation is also indicated by the MARK2 coexpression experiments, when the 

enforced phosphorylation of the S262-267 cluster prevented TRESK activation by PMA (Fig. 4) 

or constitutively active PKC (Fig. 7).  

Direct biochemical evidence also indicates that TRESK protein is dephosphorylated in 

response to the PMA treatment of the cells. Human TRESK contains 26 serine, threonine or 

tyrosine residues in its intracellular regions, and the phosphorylation of these sites may give rise 

to considerable complexity. Despite of the high number of possible phosphorylations, PMA 

treatment apparently rearranged the migration pattern of TRESK protein, and clearly resulted in 

the accumulation of the dephosphorylated form. Since the protein mobility in Phos-tag gels is 

determined not only by the number of phosphorylations but also by their position, the reduction 

of the complexity of the phosphorylation pattern may result in better detection efficiency, when a 

higher fraction of the protein runs into a given band. 

PKC may result in the dephosphorylation of TRESK by the activation of a phosphatase or via 

the inhibition of the kinase phosphorylating the channel. PMA decelerated the return of TRESK 
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current to the resting state after the calcium-dependent activation evoked by ionomycin (Fig. 5). 

The recovery was also slowed down by the coexpression of novel-type PKC constructs with 

TRESK (Fig. 6 and 7). The decelerated relative (percent) recovery from the activation suggests 

that novel-type PKC inhibited the kinase responsible for the inhibitory phosphorylation of the 

channel. 

Our results shed light on the mechanism of TRESK activation by novel-type PKC for the first 

time and explain the pharmacological effect of PMA on this channel in the Xenopus oocyte 

expression system. The calcium-dependent regulation of TRESK by calcineurin appears to be 

more direct than the activation evoked by PKC. Both mechanisms result in the dephosphorylation 

of the S262-267 regulatory cluster, however, calcineurin can dephosphorylate TRESK in general, 

as this ubiquitous phosphatase binds directly to the channel with high affinity. In contrast, the 

effect of PKC relies on an intermediate step, on the regulatory kinase phosphorylating TRESK, 

which may vary in the different cell types. MARK1-MARK3 kinases phosphorylate the  S262-

267 cluster under experimental conditions, and are expressed in the dorsal root ganglion neurons 

(Usoskin et al., 2015), however, other kinases may also act on TRESK, and their identification is 

beyond the scope of the present study. Regarding the complex mechanism of action and the slow 

development of TRESK activation in Xenopus oocytes, great efforts and substantially different 

methodology will be required in future studies to determine whether TRESK is regulated by 

PKC in human sensory neurons. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 29 

ACKNOWLEDGMENTS 

 

This work was supported by the Hungarian Research Fund (NKFIH K-127988). Enikő Pergel 

was supported by VEKOP-2.3.2-16-2016-00002. The skillful technical assistance of Alice 

Dobolyi and Irén Veres is acknowledged. The research was financed by the Higher Education 

Institutional Excellence Program of the Ministry of Human Capacities in Hungary, within the 

framework of the Molecular Biology thematic program of the Semmelweis University. 

 

 

 

AUTHOR CONTRIBUTIONS 

 

All authors conceived, designed and performed the experiments, analyzed the data and wrote the 

manuscript. 

 

 

CONFLICT OF INTEREST 

 

None. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 30 

REFERENCES 

 

Aley KO, Messing RO, Mochly-Rosen D and Levine JD (2000) Chronic hypersensitivity for 

inflammatory nociceptor sensitization mediated by the epsilon isozyme of protein kinase 

C. J Neurosci 20(12): 4680-4685. 

Andres-Enguix I, Shang L, Stansfeld PJ, Morahan JM, Sansom MS, Lafreniere RG, Roy B, 

Griffiths LR, Rouleau GA, Ebers GC, Cader ZM and Tucker SJ (2012) Functional 

analysis of missense variants in the TRESK (KCNK18) K+ channel. Sci Rep 2: 237. 

Bautista DM, Sigal YM, Milstein AD, Garrison JL, Zorn JA, Tsuruda PR, Nicoll RA and Julius 

D (2008) Pungent agents from Szechuan peppers excite sensory neurons by inhibiting 

two-pore potassium channels. Nat Neurosci 11(7): 772-779. 

Beltran LR, Dawid C, Beltran M, Gisselmann G, Degenhardt K, Mathie K, Hofmann T and Hatt 

H (2013) The pungent substances piperine, capsaicin, 6-gingerol and polygodial inhibit 

the human two-pore domain potassium channels TASK-1, TASK-3 and TRESK. Front 

Pharmacol 4: 141. 

Braun G, Nemcsics B, Enyedi P and Czirják G (2011) TRESK background K+ channel is 

inhibited by PAR-1/MARK microtubule affinity-regulating kinases in Xenopus oocytes. 

PLoS One 6(12): e28119. 

Cadaveira-Mosquera A, Perez M, Reboreda A, Rivas-Ramirez P, Fernandez-Fernandez D and 

Lamas JA (2012) Expression of K2P channels in sensory and motor neurons of the 

autonomic nervous system. J Mol Neurosci 48(1): 86-96. 

Castellanos A, Andres A, Bernal L, Callejo G, Comes N, Gual A, Giblin JP, Roza C and Gasull 

X (2018) Pyrethroids inhibit K2P channels and activate sensory neurons: basis of 

insecticide-induced paraesthesias. Pain 159(1): 92-105. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 31 

Czirják G and Enyedi P (2006a) Targeting of calcineurin to an NFAT-like docking site is 

required for the calcium-dependent activation of the background K+ channel, TRESK. J 

Biol Chem 281(21): 14677-14682. 

Czirják G and Enyedi P (2006b) Zinc and mercuric ions distinguish TRESK from the other two-

pore-domain K+ channels. Mol Pharmacol 69(3): 1024-1032. 

Czirják G and Enyedi P (2010) TRESK background K+ channel is inhibited by phosphorylation 

via two distinct pathways. J Biol Chem 285(19): 14549-14557. 

Czirják G and Enyedi P (2014) The LQLP calcineurin docking site is a major determinant of the 

calcium-dependent activation of human TRESK background K+ channel. J Biol Chem 

289(43): 29506-29518. 

Czirják G, Tóth ZE and Enyedi P (2004) The two-pore domain K+ channel, TRESK, is activated 

by the cytoplasmic calcium signal through calcineurin. J Biol Chem 279(18): 18550-

18558. 

Czirják G, Vuity D and Enyedi P (2008) Phosphorylation-dependent binding of 14-3-3 proteins 

controls TRESK regulation. J Biol Chem 283(23): 15672-15680. 

Dina OA, Chen X, Reichling D and Levine JD (2001) Role of protein kinase Cepsilon and 

protein kinase A in a model of paclitaxel-induced painful peripheral neuropathy in the rat. 

Neuroscience 108(3): 507-515. 

Dobler T, Springauf A, Tovornik S, Weber M, Schmitt A, Sedlmeier R, Wischmeyer E and 

Doring F (2007) TRESK two-pore-domain K+ channels constitute a significant 

component of background potassium currents in murine dorsal root ganglion neurones. J 

Physiol 585(Pt 3): 867-879. 

Egenberger B, Polleichtner G, Wischmeyer E and Doring F (2010) N-linked glycosylation 

determines cell surface expression of two-pore-domain K+ channel TRESK. Biochem 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 32 

Biophys Res Commun 391(2): 1262-1267. 

Enyedi P, Braun G and Czirják G (2012) TRESK: the lone ranger of two-pore domain potassium 

channels. Mol Cell Endocrinol 353(1-2): 75-81. 

Enyedi P and Czirják G (2010) Molecular background of leak K+ currents: two-pore domain 

potassium channels. Physiol Rev 90(2): 559-605. 

Gada K and Plant LD (2018) K2P channels: Emerging targets for novel analgesic drugs. Br J 

Pharmacol. 

Giblin JP, Etayo I, Castellanos A, Andres-Bilbe A and Gasull X (2018) Anionic Phospholipids 

Bind to and Modulate the Activity of Human TRESK Background K+ Channel. Mol 

Neurobiol. 

Guo Z and Cao YQ (2014) Over-Expression of TRESK K+ Channels Reduces the Excitability of 

Trigeminal Ganglion Nociceptors. PLoS One 9(1): e87029. 

Honda K, Shinoda M, Kondo M, Shimizu K, Yonemoto H, Otsuki K, Akasaka R, Furukawa A 

and Iwata K (2017) Sensitization of TRPV1 and TRPA1 via peripheral mGluR5 signaling 

contributes to thermal and mechanical hypersensitivity. Pain 158(9): 1754-1764. 

Hughes S, Foster RG, Peirson SN and Hankins MW (2017) Expression and localisation of two-

pore domain (K2P) background leak potassium ion channels in the mouse retina. Sci Rep 

7: 46085. 

Kandasamy R and Price TJ (2015) The pharmacology of nociceptor priming. Handb Exp 

Pharmacol 227: 15-37. 

Kang D and Kim D (2006) TREK-2 (K2P10.1) and TRESK (K2P18.1) are major background K+ 

channels in dorsal root ganglion neurons. Am J Physiol Cell Physiol 291(1): C138-C146. 

Kang D, Kim GT, Kim EJ, La JH, Lee JS, Lee ES, Park JY, Hong SG and Han J (2008) 

Lamotrigine inhibits TRESK regulated by G-protein coupled receptor agonists. Biochem 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 33 

Biophys Res Commun 367(3): 609-615. 

Khasar SG, Lin YH, Martin A, Dadgar J, McMahon T, Wang D, Hundle B, Aley KO, Isenberg 

W, McCarter G, Green PG, Hodge CW, Levine JD and Messing RO (1999) A novel 

nociceptor signaling pathway revealed in protein kinase C epsilon mutant mice. Neuron 

24(1): 253-260. 

Kim S, Lee Y, Tak HM, Park HJ, Sohn YS, Hwang S, Han J, Kang D and Lee KW (2013) 

Identification of blocker binding site in mouse TRESK by molecular modeling and 

mutational studies. Biochim Biophys Acta 1828(3): 1131-1142. 

Kollert S, Dombert B, Doring F and Wischmeyer E (2015) Activation of TRESK channels by the 

inflammatory mediator lysophosphatidic acid balances nociceptive signalling. Sci Rep 5: 

12548. 

Lafreniere RG, Cader MZ, Poulin JF, Andres-Enguix I, Simoneau M, Gupta N, Boisvert K, 

Lafreniere F, McLaughlan S, Dube MP, Marcinkiewicz MM, Ramagopalan S, Ansorge O, 

Brais B, Sequeiros J, Pereira-Monteiro JM, Griffiths LR, Tucker SJ, Ebers G and Rouleau 

GA (2010) A dominant-negative mutation in the TRESK potassium channel is linked to 

familial migraine with aura. Nat Med 16(10): 1157-1160. 

LaPaglia DM, Sapio MR, Burbelo PD, Thierry-Mieg J, Thierry-Mieg D, Raithel SJ, Ramsden 

CE, Iadarola MJ and Mannes AJ (2018) RNA-Seq investigations of human post-mortem 

trigeminal ganglia. Cephalalgia 38(5): 912-932. 

Liu P, Xiao Z, Ren F, Guo Z, Chen Z, Zhao H and Cao YQ (2013) Functional analysis of a 

migraine-associated TRESK K+ channel mutation. J Neurosci 33(31): 12810-12824. 

Mathie A and Veale EL (2015) Two-pore domain potassium channels: potential therapeutic 

targets for the treatment of pain. Pflugers Arch 467(5): 931-943. 

Monteillier A, Loucif A, Omoto K, Stevens EB, Lainez S, Saintot PP, Cao L and Pryde DC 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 34 

(2016) Investigation of the structure activity relationship of flufenamic acid derivatives at 

the human TRESK channel K2P18.1. Bioorg Med Chem Lett 26(20): 4919-4924. 

Numazaki M, Tominaga T, Toyooka H and Tominaga M (2002) Direct phosphorylation of 

capsaicin receptor VR1 by protein kinase Cepsilon and identification of two target serine 

residues. J Biol Chem 277(16): 13375-13378. 

Pan HL, Zhang YQ and Zhao ZQ (2010) Involvement of lysophosphatidic acid in bone cancer 

pain by potentiation of TRPV1 via PKCepsilon pathway in dorsal root ganglion neurons. 

Mol Pain 6: 85. 

Park H, Kim EJ, Han J, Han J and Kang D (2016) Effects of analgesics and antidepressants on 

TREK-2 and TRESK currents. Korean J Physiol Pharmacol 20(4): 379-385. 

Park H, Kim EJ, Ryu JH, Lee DK, Hong SG, Han J, Han J and Kang D (2018) Verapamil Inhibits 

TRESK (K2P18.1) Current in Trigeminal Ganglion Neurons Independently of the 

Blockade of Ca2+ Influx. Int J Mol Sci 19(7). 

Rahm AK, Gierten J, Kisselbach J, Staudacher I, Staudacher K, Schweizer PA, Becker R, Katus 

HA and Thomas D (2012) PKC-dependent activation of human K2P18.1 K+ channels. Br 

J Pharmacol 166(2): 764-773. 

Rahm AK, Wiedmann F, Gierten J, Schmidt C, Schweizer PA, Becker R, Katus HA and Thomas 

D (2013) Functional characterization of zebrafish K2P18.1 (TRESK) two-pore-domain K+ 

channels. Naunyn Schmiedebergs Arch Pharmacol. 

Royal P, Andres-Bilbe A, Avalos Prado P, Verkest C, Wdziekonski B, Schaub S, Baron A, 

Lesage F, Gasull X, Levitz J and Sandoz G (2019) Migraine-Associated TRESK 

Mutations Increase Neuronal Excitability through Alternative Translation Initiation and 

Inhibition of TREK. Neuron 101(2): 232-245 e236. 

Sano Y, Inamura K, Miyake A, Mochizuki S, Kitada C, Yokoi H, Nozawa K, Okada H, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 35 

Matsushime H and Furuichi K (2003) A novel two-pore domain K+ channel, TRESK, is 

localized in the spinal cord. J Biol Chem 278(30): 27406-27412. 

Steinberg SF (2008) Structural basis of protein kinase C isoform function. Physiol Rev 88(4): 

1341-1378. 

Tulleuda A, Cokic B, Callejo G, Saiani B, Serra J and Gasull X (2011) TRESK channel 

contribution to nociceptive sensory neurons excitability: modulation by nerve injury. Mol 

Pain 7: 30. 

Uberall F, Giselbrecht S, Hellbert K, Fresser F, Bauer B, Gschwendt M, Grunicke HH and Baier 

G (1997) Conventional PKC-alpha, novel PKC-epsilon and PKC-theta, but not atypical 

PKC-lambda are MARCKS kinases in intact NIH 3T3 fibroblasts. J Biol Chem 272(7): 

4072-4078. 

Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, Hjerling-Leffler J, Haeggstrom J, 

Kharchenko O, Kharchenko PV, Linnarsson S and Ernfors P (2015) Unbiased 

classification of sensory neuron types by large-scale single-cell RNA sequencing. Nat 

Neurosci 18(1): 145-153. 

Veale EL and Mathie A (2016) Aristolochic acid, a plant extract used in the treatment of pain and 

linked to Balkan endemic nephropathy, is a regulator of K2P channels. Br J Pharmacol 

173(10): 1639-1652. 

Watkins JL, Lewandowski KT, Meek SE, Storz P, Toker A and Piwnica-Worms H (2008) 

Phosphorylation of the Par-1 polarity kinase by protein kinase D regulates 14-3-3 binding 

and membrane association. Proc Natl Acad Sci U S A 105(47): 18378-18383. 

Wright PD, Veale EL, McCoull D, Tickle DC, Large JM, Ococks E, Gothard G, Kettleborough 

C, Mathie A and Jerman J (2017) Terbinafine is a novel and selective activator of the two-

pore domain potassium channel TASK3. Biochem Biophys Res Commun 493(1): 444-450. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 36 

Wright PD, Weir G, Cartland J, Tickle D, Kettleborough C, Cader MZ and Jerman J (2013) 

Cloxyquin (5-chloroquinolin-8-ol) is an activator of the two-pore domain potassium 

channel TRESK. Biochem Biophys Res Commun 441(2): 463-468. 

Yang Y, Li S, Jin ZR, Jing HB, Zhao HY, Liu BH, Liang YJ, Liu LY, Cai J, Wan Y and Xing 

GG (2018) Decreased abundance of TRESK two-pore domain potassium channels in 

sensory neurons underlies the pain associated with bone metastasis. Sci Signal 11(552). 

Zhou J, Yang CX, Zhong JY and Wang HB (2013) Intrathecal TRESK gene recombinant 

adenovirus attenuates spared nerve injury-induced neuropathic pain in rats. Neuroreport 

24(3): 131-136. 

Zhou Y, Li GD and Zhao ZQ (2003) State-dependent phosphorylation of epsilon-isozyme of 

protein kinase C in adult rat dorsal root ganglia after inflammation and nerve injury. J 

Neurochem 85(3): 571-580. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 37 

LEGEND TO FIGURES 

 

Fig. 1. PMA-induced activation of human TRESK is prevented by the S264A and S264E but 

not by the S252A and PQAAAS-AQAP mutations of the channel. 

A. Representative K+ currents were measured in Xenopus oocytes expressing wild type (upper), 

PQAAAS-AQAP (middle), or S264A mutant (lower) human TRESK, before (left) and after the 

application of PMA (100 nM) for 42-46 minutes (right recordings). TRESK current was 

measured as the difference of inward currents at -100 mV, when EC [K+] was transiently changed 

from 2 to 80 mM, as indicated above the upper left curve. This protocol and the scale bars apply 

to all recordings.  

B. Relative activation of TRESK current by PMA was calculated from the same experiment as 

illustrated in panel A. The number of cells is indicated in the columns. C. Wild type, S264E, and 

S252A mutant TRESK were tested in a similar experiment as introduced in panel A and B, in a 

different oocyte preparation. Note that the S264E mutation, similarly to S264A, completely 

prevented TRESK activation by PMA. (* p<0.01, *** p<0.0005, Welch’s ANOVA followed by 

Games-Howell test, ns: not significant.) 

 

Fig. 2. Ionomycin activates TRESK to the same degree after PMA and 4-PDD treatment. 

A. Representative TRESK currents were recorded before (left) and after (right) the application of 

PMA (100 nM, upper curves) or the inactive analogue 4-PDD (100nM, lower curves) for 44-48 

min. At the end of the second measurement, ionomycin (0.5 M) was administered for 160 s in 

80 mM [K+] as indicated by the horizontal black bar. The basal TRESK current at the beginning 

of the experiment, the current after the phorbol treatment, and the final current after the 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 16, 2019 as DOI: 10.1124/mol.119.116269

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 38 

application of ionomycin are indicated as I1, I2 and I3, respectively, by the vertical arrows. The 

small nonspecific leak current measured in 2 mM [K+] was subtracted from the values of I1, I2 

and I3 in the calculations.  

B. Relative activations of TRESK current by PMA (purple, left pair of columns, I2/I1) or 4-PDD 

(gray) were calculated from the same experiment as illustrated in panel A. The subsequent 

activation by ionomycin was estimated by comparing the currents measured before and after the 

application of the ionophore (i.e. after the PMA or 4-PDD treatment, middle pair of columns, 

I3/I2). The final activation was calculated by normalizing the current recorded at the end of 

ionomycin administration to the basal current at the beginning of the experiment (right pair of 

columns, I3/I1). Note that TRESK current reached the same (about 7-fold) final level of activation 

when ionomycin was applied after PMA or 4-PDD pretreatment. (*** p<0.0005 Mann-Whitney 

U test, also significant after Bonferroni’s correction, ns: not significant.) 

 

Fig. 3. The effect of PMA, is weak on mouse TRESK, and it is not affected by EGTA 

microinjection. 

A. The K+ currents of Xenopus oocytes expressing human or mouse TRESK were measured 

before and after the application of PMA (100 nM, for 49-56 minutes), or the inactive analogue 

4α-PMA (as indicated below the columns, protocol as in Fig. 1.A). The current measured after the 

phorbol treatment was normalized to the basal value and the averages were plotted in the graph. 

B. The relative activations of human TRESK current by PMA and ionomycin were analyzed by 

using a protocol similar as in Fig. 2.A. The cells were (purple, PMA after EGTA group) or were 

not (white, no EGTA group) microinjected with 50 nl solution containing 50 mM EGTA plus 50 

mM HEPES after the first measurement of K+ current, before the application of PMA (100 nM). 
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Note that the microinjection of EGTA did not influence TRESK activation by PMA (left pair of 

columns). The cells were finally challenged with ionomycin (0.5 M) and the relative activations 

(calculated as I3/I2 in Fig. 2.A) are shown as the right pair of columns. Note that EGTA 

prevented TRESK activation by ionomycin (compare the third white with the fourth purple 

column). (* p<0.05 Welch’s ANOVA followed by Games-Howell test, *** p<0.0005 Mann-

Whitney U test (also significant after Bonferroni’s correction), ns: not significant). 

 

Fig. 4. The coexpression of a truncated construct of MARK2 kinase with TRESK prevents 

the activation of the channel by PMA. 

A. The average amplitudes of basal TRESK currents, the currents after the application of PMA 

(100 nM), and the currents after the final administration of ionomycin (light blue, purple and 

yellow columns, respectively, as I1, I2 and I3 in Fig. 2.A) are represented. Three groups of 

oocytes, expressing human TRESK, injected with half amount of TRESK cRNA, or coexpressing 

TRESK with MARK2, are illustrated (three triads of columns, respectively, as indicated below 

the triads).  

B. Relative activations of TRESK currents by PMA (purple, as I2/I1 in Fig. 2.A) and the final 

activations by ionomycin (0.5 M) following PMA (yellow, as I3/I1 in Fig. 2.A) were calculated 

for the three groups, from the data shown in panel A. Note that the activation by PMA was 

diminished in the presence of MARK2 (compare the purple columns), however, the effect of 

ionomycin was not influenced by the coexpression of the kinase (yellow columns). In this 

experiment, double amount of TRESK cRNA was coinjected with MARK2 in order to obtain 

the same basal K+ current amplitude as in the control (TRESK) group. In a previous similar 

experiment, when equal amounts of TRESK cRNA were injected, the coexpression of MARK2 
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also prevented the activation of TRESK by PMA, although the basal K+ current was reduced in 

the cells coexpressing MARK2 compared with the control group (not shown). Note that the 

average K+ current after the application of PMA is in the same range in the TRESK (0.5x) as in 

the TRESK (2x) + MARK2 group, verifying that the degree of TRESK activation by PMA was 

independent of the current amplitudes in this experiment. (*** p<0.001, MANOVA followed by 

Tukey HSD test, ns: not significant.) 

 

Fig. 5. PMA slows down the return of TRESK current to the resting state after the 

activation by ionomycin. 

Three groups of oocytes expressing human TRESK were stimulated with ionomycin (0.5 M), 

ionomycin (0.5 M) plus PMA (100 nM), or PMA alone as indicated by the red bar (purple, 

orange and light blue curves, respectively, n=5 in each groups, S.E. is shown as gray error bars). 

The currents were measured at the end of 300-ms voltage steps to -100 mV applied in every 4s in 

2 or 80 mM [K+], as indicated above the graph. Note that the application of PMA in addition to 

ionomycin prevented the recovery of TRESK current toward the resting state (orange curve). 

 

Fig. 6. The coexpression of novel-type PKC with TRESK slows down the recovery of the 

current from the activation induced by ionomycin. 

A. The average K+ currents of Xenopus oocytes expressing human TRESK (light blue, n=7), or 

coexpressing the channel with PKC eta (PKC, orange, n=5) are plotted. The cells were 

stimulated with ionomycin (0.5 M) as indicated by the red bar. Afterwards, the return of the 

current to the resting state was recorded during a long period in 80 mM EC [K+]. [K+] changes 

are shown above the graph. Only plus or minus error bars (gray, S.E.) are shown.  
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B. The activation of the same currents as in panel A was plotted as percentage values. The K+ 

current measured before the application of ionomycin was normalized to 0 % activation, while 

the maximum current amplitude to 100 %. The major part of the variation of data in panel A was 

caused by the different channel expression in the oocytes, and the recovery from activation was 

rather uniform within the groups (see the gray error bars). Note that the recovery from the 

activated state was significantly slowed down in the presence of PKC. 

 

Fig. 7. MARK2 restores the basal inhibition of TRESK in the presence of PKC and 

accelerates the recovery of the K+ current to the resting state after ionomycin. 

The average K+ currents of Xenopus oocytes coexpressing human TRESK with the constitutively 

active A159E mutant PKC (PKC-CA, orange, n=10), or coexpressing the channel with PKC-

CA and MARK2 (triple coexpression, PKC-CA+MARK2, blue, n=9) are plotted.  The cells 

were stimulated with ionomycin (0.5 M) as indicated by the red bar. The method of 

representation is similar as in Fig. 6.A. Note the reduced basal TRESK current in the presence of 

MARK2, and the identical peak currents in the two groups. The recovery to the resting state 

after ionomycin was accelerated in the cells also coexpressing MARK2, compared with the 

group coexpressing only PKC-CA and TRESK. 

 

Fig. 8. The dephosphorylation of TRESK protein in response to PMA treatment of the cells 

is demonstrated by Phos-tag SDS-PAGE followed by anti-HA immunoblot. 

A1-A3. The oocytes expressing N70Q mutant, double HA-tagged human TRESK were incubated 

with cyclosporine A (CsA, 1M) plus FK506 (1M) for 45 min (lane 2), or with ionomycin (1 

M) for 3 min (lane 3), or with PMA (100 nM) for 45 min in the presence of CsA+FK506 (lane 
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4). The plasma membrane proteins from another group of oocytes treated with CsA+FK506 (as in 

lane 2) were in vitro dephosphorylated with  phosphatase (lane 5). Non-injected cells, treated 

with CsA+FK506 (non-inj.), were applied as a control for the specificity of the anti-HA Western 

blot (lane 1). The proteins of the plasma membrane preparation from all groups of these cells 

were analyzed on 8% SDS-PAGE gels containing 15 M Phos-tag reagent and 45 M Zn2+, 

using the neutral (Tris-MOPS) buffer system. Dephosphorylated TRESK is indicated with an 

asterisk (*), the region of phosphorylated TRESK proteins with a double asterisk (**), whereas 

dimeric TRESK with a hash (#). The phosphorylation status of TRESK was examined in three 

independent representative experiments, and in each experiment five groups of equal numbers of 

Xenopus oocytes were used (n=11, 34, and 26 for each group, in A1, A2, and A3, respectively). 

Lanes 3 and 4 were loaded in reverse order in A1.  

B1-B3. The same samples as in panels A1-A3, respectively, were run on conventional SDS-

PAGE gels without Phos-tag, and visualized by anti-HA Western blot, in order to compare the 

amounts of total (phosphorylated+dephosphorylated) TRESK protein. The numbering of the 

lanes corresponds to the samples in panels A1-A3. In panels B2a and B2b, the image of the same 

blotting membrane is shown with a longer and shorter exposition time, respectively. In B1 and 

B3, the Tris-MOPS buffer system was used for the SDS-PAGE, whereas in the B2 panels, the 

Tris-Gly system. 

 

Fig. 9. Schematics illustrating the mechanism of TRESK activation by novel-type PKC. 

TRESK is activated by the dephosphorylation of the S262,264,267 serine cluster (only S264 is 

shown), whereas it is inhibited by the phosphorylation of the same regulatory region. Novel-type 

PKC inhibits the kinase activity responsible for TRESK phosphorylation, i.e. PKC activates the 
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channel by the release of inhibition. After the inhibition of the TRESK-inhibitory kinase, the 

channel is slowly dephosphorylated by a weak protein phosphatase activity, in a process different 

from the rapid and robust calcium-dependent activation of the channel by calcineurin. 

Microtubule-affinity regulating kinase 2 (MARK2) can be used to phosphorylate the 

S262,264,267 cluster under experimental conditions, but other kinases may also phosphorylate 

TRESK in vivo. The S252 regulatory site of TRESK is not depicted, since it does not contribute 

to the effect of novel-type PKC. 
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