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Abstract 

 PKTHPP, A1899, and doxapram are compounds that inhibit TASK-1 (KCNK3) and 

TASK-3 (KCNK9) tandem pore (K2P) potassium channel function and that stimulate breathing.  

To better understand the molecular mechanism(s) of action of these drugs, we undertook studies 

to identify amino acid residues in the TASK-3 protein that mediate this inhibition.  

HYPOTHESIS:  Guided by homology modeling and molecular docking, we hypothesized 

PKTHPP and A1899 bind in the TASK-3 intracellular pore.  METHODS: To test our hypothesis, 

we mutated each residue in or near the predicted PKTHPP and A1899 binding site (residues 118 

to 128 and 228 to 248), individually, to a negatively charged aspartate.  We quantified each 

mutation's effect on TASK-3 potassium channel concentration-response to PKTHPP.  Studies 

were conducted on TASK-3 transiently expressed in a Fischer rat thyroid epithelial monolayers;  

channel function was measured in an Ussing chamber.  RESULTS: TASK-3 pore mutations at 

residues-122 (L122D, E, or K) and -236 (G236D) caused the IC50 of PKTHPP to increase more 

than 1000-fold.  TASK-3 mutants L122D, G236D, L239D, and V242D were resistant to block 

by PKTHPP, A1899, and doxapram.  CONCLUSIONS: Our data are consistent with a model in 

which breathing stimulant compounds PKTHPP, A1899, and doxapram inhibit TASK-3 function 

by binding at a common site within the channel intracellular pore region, although binding 

outside the channel pore can not yet be excluded.  
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Introduction 

TASK-1 (KCNK3) and TASK-3 (KCNK9) proteins are members of the tandem pore 

(K2p) potassium channel family.   There are fifteen human tandem pore potassium channels, 

which in general provide a background "leak" potassium conductance important in determining a 

cell's resting membrane potential and excitability (Yost, 2003).  TASK-1 and TASK-3 proteins 

share approximately 60% amino acid identity with similarity highest in their potassium-

conducting, pore-forming, membrane-associated domain.  TASK potassium channel conductance 

is inhibited by extracellular acidic-pH and is a homo- or heterodimeric channel composed of two 

TASK-1 protein subunits, two TASK-3 subunits, or one TASK-1 and one TASK-3 subunit.  

Crystal structures of three homologous members of the human family, TWIK-1, TRAAK, and 

TREK-2 were recently solved (Brohawn et al., 2012; Dong et al., 2015; Lolicato et al., 2014; 

Miller and Long, 2012).  These structures have markedly advanced understanding of tandem 

pore structure-function and support homology model development to guide TASK studies (Fig. 

1).  

TASK-1 and TASK-3 channels are widely expressed in various tissues including the 

cerebral cortex (Callahan et al., 2004), the brainstem Pre-Botzinger and retrotrapezoid regions 

(Koizumi et al., 2010; Mulkey et al., 2007), the carotid bodies (Buckler et al., 2000), hypoglossal 

and spinal cord motor neurons (Lazarenko et al., 2010), pulmonary artery smooth muscle 

(Olschewski et al., 2006), the adrenal cortex(Czirjak and Enyedi, 2002), and the atrium of the 

heart (Limberg et al., 2011).  The TASK-3 channel is also over expressed in a variety of cancers 

and confers hypoxia resistance on tumors (Mu et al., 2003).  Knockout mice lacking one or both 

TASK channels display a variety of phenotypes including impaired carotid body chemosensing 

(Lopez-Barneo), sleep fragmentation (Pang et al., 2009), anti-depressive behavior (Gotter et al., 
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2011), primary hyperaldosteronism and low-renin essential hypertension (Davies et al., 2008; 

Guagliardo et al., 2012), and cardiac conduction and repolarization abnormalities (Decher et al., 

2011; Donner et al., 2011; Petric et al., 2012).  An inactivating mutation in the human TASK-3 

channel pore (G236R) is associated with the Birk-Barel syndrome of mental retardation, 

hypotonia, and facial dysmorphism (Barel et al., 2008).  Inactivating mutations in human TASK-

1 (G203D, G97R, V221L, E182K, T8K, Y192C) are associated with familial pulmonary arterial 

hypertension (Ma et al., 2013) and atrial arrhythmias (V123L) (Liang et al., 2014). 

Drugs that modulate TASK function may have utility in the treatment of breathing 

disorders such as sleep apnea or drug-induced ventilatory depression, cardiac atrial 

dysrhythmias, sleep disorders, neurodegenerative disorders, major depression, and/or 

malignancy.  A number of selective, high-potency TASK blocking compounds have been 

identified, and some are in clinical use or have undergone preclinical studies (Brendel, 2008; 

Brendel, 2009; Coburn et al., 2012; Flaherty et al., 2014; Putzke et al., 2007; Streit et al., 2011).  

Doxapram is a breathing stimulant and carotid body activating drug developed in the 1960s for 

use in human and veterinary medicine (Lunsford et al., 1964).  Doxapram may act on TASK-

1/TASK-3 heterodimeric channels, which provide the predominant hypoxia-sensitive 

background potassium conductance in rodent carotid body glomus cells (Cotten et al., 2006; Kim 

et al., 2009).  Other potent TASK blockers including Merck's PKTHPP (Compound 23) and 

Sanofi Aventis' A1899, AVE0118, and related analogs, cause stimulation of breathing in rats 

(Brendel, 2009; Cotten, 2013) and rabbits (Brendel, 2009) and promote airway patency in rat 

(Brendel, 2009) and pig models (Kiper et al., 2015; Wirth et al., 2013) of obstructive sleep 

apnea.  TASK-1 expression in human and pig hearts, unlike that in rodents, is limited to the atria 

and promotes action potential recovery (Limberg et al., 2011; Schmidt et al., 2014).  TASK-1 
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inhibiting compounds increase cardiac atrial tissue refractoriness and may prevent and/or treat 

atrial fibrillation (Kiper et al., 2015; Wirth et al., 2007; Wirth et al., 2003).  Other TASK 

inhibiting drugs with known cardiac pro- or anti-arrhythmic properties include lidocaine, 

bupivicaine, amiodarone, and carvedilol (Gierten et al., 2010; Kindler et al., 1999; Staudacher et 

al., 2011). 

Mutagenesis and modeling studies of TASK-1 by Streit et al. and Kiper et al. using 

A1899 and other inhibitory compounds have suggested an intracellular potassium channel pore 

site of action (Kiper et al., 2015; Streit et al., 2011).  We undertook homology modeling, 

docking, and scanning aspartate mutagenesis studies to determine where on the TASK-3 channel 

the breathing stimulant compounds PKTHPP, A1899, and doxapram act.  Our results are 

consistent with a common site of action on TASK-3, the intracellular pore.  
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Materials and Methods 

 Homology modeling --   The sequence of human TASK-3 was downloaded from the 

universal protein resource (Uniprot entry Q9NPC2) and homology modeling was performed 

using SWISS-MODEL (http://swissmodel.expasy.org/).  Models were generated based upon two 

structural templates, PDB 3UM7 (TRAAK) and PDB 3UKM (TWIK-1), which share high 

sequence identity with TASK-3, (35.19%, and 30.54% respectively).  Both templates here are 

K+ ion channels, affording high confidence that they share structural similarities with the target 

protein.  The model generated using the 3UKM (TWIK-1) template was preferred based upon its 

superior QMEAN score (Benkert et al., 2009), and the significant amount of random coil in the 

TRAAK-based model.  The TWIK-1-based homology model was superimposed on PDB 3UKM 

using the Discovery Studio 3.5 Visualizer (BIOVIA, San Diego, CA) before molecular docking..  

 Molecular docking -- Docking studies were performed using the Molecular Forecaster 

suite of docking software developed at and licensed by McGill University (Moitessier et al., 

2004) and its associated modules.  Default settings were used unless otherwise noted. The protein 

structure of TASK-3 generated by homology modeling was prepared using the PROCESS 

module with a ligand cutoff of 60 Å.  Ligands to be docked were prepared using the SMART 

module.  Docking calculations using the entire TASK-3 protein were performed using the 

FITTED module with the ‘rigid’ protein setting. The final top-scoring (i.e., lowest energy) 

binding poses/locations were considered as reasonable initial guesses for protein/ligand 

interaction sites.    

 Molecular biology -- Rat TASK-3 were cloned into variants of the pcDNA3.1 vector 

(Invitrogen, Carlsbad, CA).  Mutations were introduced into cDNAs by high fidelity PCR with a 

Q5 Mutagenesis Kit (New England Biolabs, Ipswich, MA) or using the method of overlapping 
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extension (Phusion HF Mastermix, New England Biolabs).  The sequence of all mutant cDNA 

was confirmed through bidirectional sequencing (MGH DNA Core Facility).  

 The TASK-3 dimers were prepared by ligating a PCR fragment encoding wild-type or 

L122D TASK-3 cDNA, minus its stop codon, between restriction sites Hind III and KpnI 

upstream of L122D or wild-type TASK3 coding sequence in the pcDNA3.1/V5-His-TOPO-TA 

vector (Invitrogen).  This introduced an eighteen amino acid linker sequence 

(LVPSSDPLVQCGGIALAT) between TASK-3 subunits.   

 Cell culture, transfection, and Ussing chamber studies --  Fischer rat thyroid (FRT) 

epithelial cells were maintained in Ham's F-12 media supplemented with 5% fetal calf serum 

(Sigma-Aldrich) at 37°C and 5% CO2 in a humidified incubator.  Following trypsinization, cells 

were pipetted onto semipermeable supports (~1.5 x 105 cells per support; Corning Snapwell 

polycarbonate; 0.4 μm pore size; 12 mm diameter; Fisher Scientific, Pittsburgh, PA) and 

transfected while still in suspension using Lipofectamine 2000 (Invitrogen).  Transfected 

monolayers were studied 48 h after transfection in a custom built Ussing chamber.    

 Ussing chamber methods were based on that described in Sheppard et al. (1994).  Junction 

potentials were offset prior to placement of a study monolayer in the chamber.  A potassium 

gradient was applied across each study monolayer, and the transepithelial voltage was clamped at 

0 mV (DVC-1000 amplifier, World Precision Instruments, Sarasota, FL).  The potassium 

concentration gradient provides the only driving force for potassium flux (>100 mV by Nernst 

Equation).  Apical bathing solution (in mM): 135 NaCl, 1.2 MgCl2, 1.2 CaCl2, 10 HEPES, 10 

Dextrose, pH 7.4 with NaOH.  Basolateral bathing solution (in mM): 135 KCl, 1.2 MgCl2, 1.2 

CaCl2, 10 HEPES, 10 Dextrose, pH 7.4 with KOH.  MES was used in lieu of HEPES in the pH 

5.5 apical solution.   The amplified current signal was digitized with no filtering at 10 Hz using a 
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USB-6009 data acquisition board (National Instruments, Austin, TX) interfaced with an Apple 

Computer running Labview 8.5 software (National Instruments).  Potassium current data were 

averaged every 1 sec for analysis.  By convention, positive current indicates positive charge 

flowing in the basolateral to apical direction.  +5 mV (1 sec duration) transepithelial voltage 

pulses, referenced to the apical surface, were applied intermittently to assess transepithelial 

resistance and monolayer integrity.  Air was continuously bubbled through apical and basolateral 

solutions.  All studies were conducted at room temperature (22-24°C).  

 Graphing and statistical analysis -- Data analysis, graphing, and regression were done 

using Microsoft Excel (Microsoft, Redmond, WA) and Prism 5.0 (GraphPad Software, La Jolla, 

CA).  A one-way analysis of variance and a post hoc Tukey's multiple comparison test was used 

to compare group means.  For fitted data, an extra sum-of-squares F test in Prism 5.0 was used to 

individually compare each Log IC50 determined by non-linear regression between wild-type 

TASK-3 and each mutant.  The calculated P-value for each mutant was multiplied by a 

Bonferroni correction factor to account for multiple comparisons.  Molecular volume and 

calculated LogP were estimated using the Molinspiration online web tool 

(www.molinspiration.com).  Molecular graphics and analyses were performed with the UCSF 

Chimera package.  Chimera is developed by the Resource for Biocomputing, Visualization, and 

Informatics at the University of California, San Francisco (supported by NIGMS P41-

GM103311)(Pettersen et al., 2004). 

  Reagents -- PKTHPP and A1899 were custom synthesized by Aberjona Laboratories 

(Beverly, MA) and Dr. Brijesh Bhayana (MGH Dept. of Dermatology), respectively, using 

published methods (Coburn et al., 2012; Peukert et al., 2003).  PKTHPP and A1899 were 

solubilized in DMSO (10 mM stock); NEM was solubilized in DMSO (1 M stock).  From prior 
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work, we known TASK-3 function is unaffected by DMSO at bath concentrations up to 1%; and 

our concentration-response studies remained below this level.  Dopram (doxapram-HCL, 20 

mg/ml) was obtained from McKesson Medical-Surgical (Richmond, VA).  All other chemical 

supplies and reagents were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 

(Pittsburgh, PA) unless otherwise noted.    
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Results 

 TASK-3 homology model and PKTHPP and A1899 docking (Data Supplement) -- Fig. 

1 shows the superimposition of the best two poses of PKTHPP docked in the TASK-3 homology 

model pore.  PKTHPP binds asymmetrically along one wall of the pore (Fig. 1).  In one pose, the 

biphenyl group extends deep into the pore pointing towards the potassium ions; in the other, the 

biphenyl folds and crosses the pore.  Relative to PKTHPP, A1899 docked deeper in and across 

the pore with its difluorophenyl group in close proximity to several aliphatic residues 

(Supplemental Figure 1).  Doxapram, which has an IC50 significantly higher than that of 

PKTHPP and A1899, failed to dock in this model.  The TASK-3 model retains the fenestrations 

observed in TWIK-1 (Miller and Long, 2012).   Leu-122 and Leu-239, which are in close 

approximation, line the aperture of the fenestration (Fig. 1B).  Leu-122 and Leu-239 contribute 

to the overall hydrophobicity of the deep inner TASK-3 pore and to a hydrophobic narrowing in 

the pore diameter (Fig. 1C).      

 Aspartate scanning mutagenesis in the TASK-3 pore disrupts PKTHPP inhibition -- 

The docking studies suggested pore lining residues in M2 and M4 transmembrane domains 

contribute to PKTHPP binding (Fig. 1).  To test this model, residues in or near the predicted 

PKTHPP binding site were mutagenized to potentially alter PKTHPP binding.  Because 

PKTHPP is hydrophobic (cLogP = 4.2; Fig. 2A), a polar aspartate residue was introduced, 

sequentially, at positions 118 to 128 in the M2 domain of TASK-3 or at  residues 228 to 248 in 

the M4 domain (Fig. 2B).  The PKTHPP concentration-response of wild-type TASK-3 and each 

mutant were determined by Ussing chamber (Fig. 3).  Eight (8) of the 33 aspartate mutants failed 

to provide sufficient current for IC50 determination (Figs. 3E, F and Supplemental Figure 2).  

However, of the 25 mutants with sufficient function, 10 demonstrated a greater than 10-fold shift 
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in their PKTHPP IC50 relative to wild-type TASK-3 10 nM (9 to 11) (95% confidence, n = 6).  

Several TASK-3 mutants had marked (~90 to >1000-fold) increases in their IC50, L122D (> 10 

μM),  G236D (7 μM), L239D (895 nM), and V242D (1.6 μM) (Fig. 3E, F).  PKTHPP solubility 

limited concentration-response analysis for TASK-3 L122D, and the obtained data could not be 

fitted with confidence.  All of the functional mutants were inhibited by extracellular acidic pH 

5.5 (Figs. 3, 4, and 5 and data not shown).      

 Residue-122 amino acid requirements for PKTHPP inhibition --  A range of amino acid 

substitutions were introduced at residue-122 to better understand the requirements on this site for 

PKTHPP inhibition of TASK-3 function.  Similar to that observed with the TASK-3 L122D 

mutant, other charged residues both negative (E) or positive (K), had strong effects on PKTHPP 

IC50, all increasing it greater than ~1000-fold (Fig. 4).  However, every substitution at residue-

122, polar or hydrophobic, small or large, impaired PKTHPP inhibition to some extent relative to 

wild-type TASK-3; even the conservative L122I mutation right-shifted PKTHPP IC50 ~30-fold 

(to 310 nM).     

 A single pore Asp-122 is sufficient to impair PKTHPP inhibtion -- The TASK-3 

channel is composed of two protein subunits, each contributing one residue-122 to the pore.  The 

subunit composition of TASK-3 channels can be forced by expressing both subunits as a single 

polypeptide joined by a linker region (Fig. 5A).  To determine the number of Asp-122 residues 

required to impair PKTHPP binding, TASK-3 dimeric channels containing two Asp-122s 

(L122D/L122D), two Leu-122s (wild-type/wild-type), or one Asp-122 and one Leu-122 

(L122D/wild-type and wild-type/L122D) were prepared and studied.  The IC50 for PKTHPP 

inhibition of the wild-type and L122D/L122D TASK-3 homodimers was similar to that of freely 

associated wild-type and L122D subunits: 5 nM (4 to 6) (n = 4) and >10 μM (n = 4), respectively 
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(Fig. 5B, C).  The L122D/wild-type and wild-type/L122D heterodimers had PKTHPP 

sensitivities intermediate to the others, such that a single aspartate in the pore right shifts the 

PKTHPP IC50 ~100-fold to 576 nM (431 to 770) and 695 nM (492 to 981) (n = 3 to 4), 

respectively (Fig. 5C).              

 Aspartate mutations at residue-122, -236, -239, and -242 in TASK-3 impair inhibition 

by A1899 and doxapram -- Prior studies have determined that A1899 binds in the TASK-1 pore, 

and the TASK-1 pore shares significant amino acid homology with that of TASK-3.  

Additionally, our docking studies suggest A1899 binds in the TASK-3 pore (Supplemental 

Figure 1).  Consistent with these observations, L122D, G236D, L239D, and V242D mutations all 

impaired A1899 inhibition of TASK-3 channel function (Fig. 6A, B).  Like PKTHPP and A1899, 

doxapram inhibition of TASK-3 was impaired by the above mutations, as well, although to a 

lesser extent (Fig. 6C, D).    

   Gating mutations outside the TASK-3 pore can modify PKTHPP inhibition -- From the 

above, it is clear that mutations in the pore modify PKTHPP inhibition of TASK-3.  However, 

mutations in the pore may impact gating, as well; and gating may have significant effects on 

protein conformation.  For this reason, we studied the effect of mutations at residue-159 outside 

the pore.  The M159W mutation activates TASK-3 function as does N-ethylmaleimide (NEM)-

modification of M159C (Conway and Cotten, 2012).  We hypothesized that gating changes via 

residue-159 may modify PKTHPP potency through alterations in pore accessibility and/or pore 

affinity.  The PKTHPP IC50 for M159W TASK-3, relative to wild-type TASK-3, was increased 

approximately 4-fold from 10 nM (9 to 11) to 46 nM (40 to 52) (95% confidence) (P < 0.0001; n 

= 3).  Similarly, NEM-modification of Cys-159, which increased TASK-3 current 229±12% (n = 

3), caused an approximately 3-fold shift in PKTHPP IC50 from 10 nM (9 to 12) to 28 nM (23 to 
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34) (P < 0.0001).  Though significant, the shifts in PKTHPP IC50 were small relative to those 

observed with the pore mutations.        

Discussion 

 Molecular docking and scanning site-directed aspartate mutagenesis experiments were 

conducted to determine the inhibitory site of action of three breathing stimulant compounds, 

PKTHPP, A1899, and doxapram on TASK-3.  Docking studies with a TASK-3 homology model 

led us to hypothesize PKTHPP and A1899 binding in the channel pore, and we undertook 

aspartate scanning mutagenesis studies of TASK-3 to test this pore binding hypothesis.  Of the 

24 functional TASK-3 pore aspartate mutants studied, 16 displayed decreased and 5 displayed 

increased PKTHPP inhibitory potency.  Four TASK-3 residues stood out, Leu-122, Gly-236, 

Leu-239, and Val-242.  When mutated to aspartate (L122D, G236D, L239D, and V242D), these 

residues caused significant decreases in potency for PKTHPP (~100 to >1000-fold),  A1899 (~50 

to >1000-fold), and doxapram (~10 to 100-fold).  As point of reference, loss or gain of a strong, 

charged hydrogen bond (~5.45 kcal/mol) can shift ligand potency ~25,000-fold.  Leu-122, Gly-

236, and Leu-239 project into the TASK-3 homology model pore, and Leu-122 and -239 from 

apposing subunits appear to interact near the transmembrane domain fenestration (Fig. 1B) and 

to create a hydrophobic narrowing of the TASK-3 pore (Fig. 1C). 

 Do PKTHPP, A1899, and doxapram bind in the pore? -- The simplest interpretation of 

our results is that PKTHPP, A1899, and doxapram bind in the TASK-3 pore close to residues-

122, -236, and -239.  Mutagenesis of these residues may lead to loss of favorable or gain of 

unfavorable interaction(s).  Notably, every residue-122 mutation studied, including the 

conservative L122I substitution, diminished PKTHPP potency (Fig. 4).  This implies a lack of 

tolerance for small structural changes and close contact between PKTHPP and residue-122.  
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Mutations at residues 244 through 248 impact PKTHPP potency, but their relationship to the 

pore are less clear as they were not included in our homology model due to poor alignment 

between TASK-3 and TWIK-1 in this region. 

 It is interesting that three different compounds bind with high affinity in the TASK-3 

pore, and that the same set of mutations, L122D, G236D, L239D, and V242D impact each.  

However, the channel pore is an accessible hydrophobic cavity (Fig. 1C) in which a hydrophobic 

drug can dock.  Doxapram, the least potent, is also the smallest and the least hydrophobic (Fig. 

2A).  Additionally, there is precedence as the hERG potassium channel binds a variety of drugs 

in its pore (Perry et al., 2010) and mutagenesis and docking studies suggest the pore of TASK-1 

may bind a range of structurally different blocking compounds (Kiper et al., 2015; Streit et al., 

2011). 

 Several of the mutations caused small increases in PKTHPP potency (Fig. 3).  We 

speculate this may be due in part to a favorable interaction (e.g., a hydrogen bond) between the 

introduced carboxylate and the carbonyl oxygen of PKTHPP (Fig. 2A), although other effects 

are possible (see below).  

  Mutations may have effects beyond direct binding -- Mutations may modify potency 

through effects on binding site availability (i.e., gating and/or pore access) and/or through 

allosteric effects on the binding site.  This applies to all mutations, including those of residues 

that do line the pore and those that do not.  Several residues with PKTHPP potency effects direct 

side chains away from the pore (Ser-127, Ala-237, Val-230, Asn-240, Leu-241, and Val-242) 

(Fig. 2).  We speculate these mutations modify pore access through a gating or pore access 

effect. Asn-240 and Leu-241 may reside near Met-159, which has a role in TASK-3 anesthetic 
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activation and gating (Bertaccini et al., 2014; Conway and Cotten, 2012).  Mutations at residue-

159 outside the pore, have small but significant effects on PKTHPP IC50.    

 In TREK-1 and TWIK-1 tandem pore potassium channels, the gate which regulates 

potassium flow resides deep in the pore (Aryal et al., 2014; Piechotta et al., 2011).  A 

hydrophobic "cuff" in the TWIK-1 pore created by Leu-146, Leu-261, and Leu-264 compose this 

gate.  Leu-122, Gly-236 and Leu-239 of TASK-3 align with those of TWIK-1 and create a 

similar hydrophobic cuff in the TASK-3 pore (Fig. 1C and 7).  Molecular dynamic and 

mutagenesis studies suggest increased polarity in the pore of TWIK-1 at residues-146 or -261 

may increase pore hydration or "wetting" and overall potassium channel activity.  Therefore, 

Leu-122, Gly-236, Leu-239, and adjacent residues of TASK-3, when mutated to aspartate may:  

1) present a hydrophilic (lipid repelling) barrier in the pore to impede inhibitor access to the 

hydrophobic residues deep in the pore; 2) impair drug binding by increasing water and potassium 

occupancy of the pore; and 3) serve as a fulcrum point for channel gating and thereby modify 

inhibitor binding site(s) access.  These considerations are not mutually exclusive with a role in 

direct binding.       

 Agreement with prior studies -- Streit et al. undertook a scanning alanine mutagenesis 

approach in the TASK-1 pore to identify residues involved in A1899 binding (Streit et al., 2011).  

Though we focused on a different compound, PKTHPP, there were similarities in our results.  Of 

note, TASK-1 and TASK-3 sequences are nearly identical in the pore.  Excluding Ile-118 and 

Thr-121, every residue in TASK-1 indentified by Streit et al. as contributing to A1899 binding 

also contributes to PKTHPP binding in TASK-3 (Figs. 3 and 7).  This includes Leu-122, Gly-

236, and Leu-239.  The outliers, I118D, M124D and L128D were non-functional in TASK-3; 

and the TASK-1 mutant T121A had minimal effect on A1899 blockade.  Our results agree with 
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that of Kollewe et al., as well (Kollewe et al., 2009).  They used a compensatory countercharge 

approach to identify pore lining residues in the Drosophila K2pø tandem pore channel.  Seven of 

the eight residues in K2pø that line the pore align with residues in TASK-3 that alter PKTHPP 

binding (Fig. 7).           

 We had previously determined that doxapram is a potent inhibitor of TASK-1 and 

TASK-3 channels, however TASK-1 is (~90-fold) more sensitive.  Yet, doxapram sensitivity can 

be mostly swapped between TASK-1 and TASK-3 by swapping intracellular, carboxy terminal 

domains (distal to amino acid 246) (Cotten et al., 2006).  In the GIRK2 potassium channel 

crystal structure, the carboxy terminal domain provides an additional gate to regulate channel 

pore access (Whorton and MacKinnon, 2011).  We speculate, therefore, that the carboxy 

terminal domains of TASK-1 and TASK-3, which share little homology, may also regulate pore 

access to doxapram.  It will be interesting to determine if PKTHPP and A1899 potency, like 

doxapram, is modified by the carboxy terminus.   

 Implications for TASK-3 structure and function --  Since unpaired, charged residues are 

unstable when buried in a hydrophobic environment, scanning aspartate mutagenesis has been 

used to identify water-exposed residues (Collins et al., 1997; Perutz, 1978).  This assumes, of 

course, the pKa of the aspartate is acidic (pKa ~3.9).  Though the non-functional aspartate 

mutants in our study could be defective for many reasons, the homology model shows most to 

project away from the pore into other membrane-associated helices or the membrane itself (e.g., 

residues 119, 120, 124, 128, and 231)(Fig 2C).  Conversely, for functional mutants, the residues 

mutated in general project into the pore vestibule or into the intracellular surface of the protein 

(Fig. 2C).  The M4 domain from residue 231 to 248, excluding Phe-246, is tolerant to aspartate 

scanning mutagenesis implying this helix projects into an aqueous environment; Asn-240 and 
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Leu-241, which project away from the pore (Fig. 2C), may contribute to a solvent accessible 

anesthetic binding vestibule (Bertaccini et al., 2014).     

 Leu-122 of TASK-3, which provided the strongest effects on PKTHPP potency when 

mutated, projects into the pore in the homology model (Fig. 1 and 2C).  Consistent with this, 

L122E and L122D mutants provided robust currents, which contrast with the small currents 

provided by L122K (Fig. 4F).  The positively charged lysine residue likely interferes 

electrostatically with conducting potassium ions.  Similarly, the Birk-Barel mutation (G236R) is 

believed to project a positive charge into the TASK-3 pore (Barel et al., 2008).  In our model, 

Gly-236 lines the TASK-3 pore, and the G236D mutation provides strong potassium currents and 

strongly shifts PKTHPP, A1899, and doxapram potency.       

 The properties of the TASK-3 inhibitors inform on the dimensions and properties of the 

TASK-3 pore.  Our data suggest the TASK-3 pore is able to accommodate hydrophobic 

inhibitors with cLogPs of 4.2,  5.2, and 3.7 and volumes of 445, 447, and 372 Å3 for PKTHPP, 

A1899, and doxapram, respectively.  In addition to the hydrophobic narrowing caused by Leu-

122 and Leu-239, the homology model suggests the TASK-3 pore is hydrophobic, which might 

explain its proclivity for hydrophobic blockers (Fig. 1C).    

 Pharmacologic targeting of TASK channels may have utility in  treating a range of 

medical disorders including those of breathing, sleep, neoplasia, mood, and cardiac rhythm.  In 

this study, we identified several mutations in the TASK-3 pore which modify potency of three 

breathing stimulants compounds, PKTHPP, A1899, and doxapram, suggesting they share a 

common binding site.  A detailed understanding of how inhibitors interact with TASK-3 will 

facilitate optimization for improved selectivity, formulation, and pharmacokinetics and may 

guide development of inhibitors for other potassium channels.  The inhibitor-resistant TASK-3 
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mutants may have utility when expressed in vivo (i.e., in a transgenic animal) to understand the 

role of TASK channel modulation in eliciting physiologic responses such as breathing 

stimulation.   
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Figure Legends  

Figure 1.  A, homology model of TASK-3 potassium channel and docking predictions for 

PKTHPP.  Top two poses for PKTHPP are superimposed within TASK-3 pore. Residues Leu-

122 (colored red) and Leu-239 (colored purple) are shown within TASK-3 subunit A (colored 

green) and subunit B (colored blue).  B, side/membrane view through fenestration into pore; note 

close proximity of Leu-122 (colored red) and Leu-239 (colored purple).  C, bottom/cytoplasmic 

view "looking up" into pore.  Molecular surfaces are colored by Kyte-Doolittle amino acid 

hydrophobicity (dodger blue for the most hydrophilic, to white, to orange red for most 

hydrophobic).  Potassium ions (colored yellow) are present in the pore selectivity filter of each 

image.     

Figure 2.  A, chemical structures of PKTHPP, A1899, and doxapram.  B, cartoon illustrating 

TASK-3 topology and relationship of various domains in primary amino acid structure.  

Alternate names for PKTHPP (Compound 23) and A1899(S20951) are in parentheses.  Regions 

of scanning aspartate mutagenesis are colored red (residues 118 to 128 in M2 and residues 228 to 

241 in M4).  C, relative orientations of the mutated residues in M2 and M4 to each other and to 

the pore.  IN, intracellular surface;  OUT, extracellular surface.  P1 and P2, potassium ion 

selectivity filters 1 and 2.  M1 thru M4, transmembrane domains 1 thru 4. 

 

Figure. 3. Scanning aspartate mutagenesis in the inner TASK-3 pore disrupts PKTHPP 

inhibition.  A-C, Ussing chamber potassium current records using Fischer rat thyroid cell 

monolayers transiently expressing TASK-3 channels (wild-type, G236D, and L122D).  Black 

bars indicate PKTHPP application.  Perforated lines indicate zero current level.  'L' shaped bar 
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indicates current and time scale.  D, Ussing chamber concentration-response for PKTHPP; each 

data point is the mean ± SEM of at least 3 monolayers.   E, F, concentration required for 50% 

inhibition TASK-3 potassium current (IC50).  M2 and M4, 2nd and 4th transmembrane domain of 

TASK-3 protein.  IC50 results are mean ± 95% confidence interval from curve fitting of data 

derived from at least 3 monolayers, each, using the equation: Normalized Response 

=100/(1+10^((Log[IC50]-Log[PKTHPP])*HillSlope)).  Asterisks (***, **, and *) indicate 

significance (P < 0.001, P < 0.01, and P < 0.05, respectively) relative to wild-type TASK-3.  n.d., 

not determined due to insufficient potassium current.  

 

Figure 4. Most mutations at residue-122 disrupt PKTHPP inhibition and charged residues 

are the most disruptive.  A-C, Ussing chamber potassium current records using Fischer rat 

thyroid cell monolayers transiently expressing rat TASK-3 channels (L122E, L122K, L122T).  

D, Ussing chamber concentration-response for PKTHPP.  E, concentration required for 50% 

inhibition of potassium current (IC50; mean ± 95% confidence; data fitted as in Fig. 3).  F, basal 

current levels for each mutant (mean ± SEM; n = at least 3, each).  Asterisks (***, **, and *) 

indicate significance (P < 0.001, P < 0.01, and P < 0.05, respectively) relative to wild-type 

TASK-3. 

 

Figure 5.  A single Asp-122 in the pore is sufficient to disrupt PKTHPP inhibition of 

TASK-3.  A, cartoon illustrating location of the mutation(s) in the various TASK-3 dimer 

constructs.  B, Ussing chamber potassium current records using Fischer rat thyroid cell 

monolayers transiently expressing rat TASK-3 dimer channels (wild-type/wild-type or 
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L122D/L122D).  C, Ussing chamber concentration-response for PKTHPP.  PKTHPP IC50 (in 

nM; data are mean with 95% confidence interval): 5 (23 to 56) for wild-type/wild-type, 576 (431 

to 770) for L122D/wild-type***, 695 (492 to 981) for wild-type/L122D***, and >10,000 for 

L122D/L122D.  Data are fitted as in Fig. 3; n = at least 3 for each.  Asterisks (***) indicate 

significance (P < 0.001) relative to wild-type TASK-3. 

Figure 6.  L122D, G236D, and L239D mutations in the TASK-3 pore disrupt inhibition by 

A1899 and doxapram.  A and C, Ussing chamber potassium current records using Fischer rat 

thyroid cell monolayers transiently expressing rat TASK-3 channels (wild-type and L122D).  B 

and D, Ussing chamber concentration-response for A1899 and doxapram.  A1899 IC50 (in nM; 

data are mean with 95% confidence interval): 36 (23 to 56) for wild-type, 1744 (1392 to 2185) 

for V242D***, 9490(6432 to 14,000) for G236D***, >10,000 for L239D, and >10,000 for 

L122D.  Doxapram IC50 (in μM): 16 (12 to 21) for wild-type, 176 (154 to 201) for L239D***, 

202 (163 to 249) for V242D***, 865 (742 to 1009) for G236D***, and 1349 (1096 to 1660) for 

L122D***.  Data are fitted as in Fig. 3; n = at least 3 for each.  Asterisks (***) indicate 

significance (P < 0.001) relative to wild-type TASK-3. 

Figure 7.  Amino acid sequence alignment of TWIK-1, TASK-3, TASK-1, and K2pø 

tandem pore potassium channels in relevant portions of M2 and M4 transmembrane 

domains.  Data and alignment based on results published in Kollewe, A., et al. (2009), Streit, 

A.K., et al. (2011), and Miller, A.N. & Long, S.B. (2012).     

Data Supplement.  TASK-3 homology model with PKTHPP and A1899 docking results.     
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