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Niels Decher,*,§ and Wendy Gonzaĺez*,†
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ABSTRACT: A1899 is a potent and selective inhibitor of the two-pore domain potassium
(K2P) channel TASK-1. It was previously reported that A1899 acts as an open-channel
blocker and binds to residues of the P1 and P2 regions, the M2 and M4 segments, and the
halothane response element. The recently described crystal structures of K2P channels
together with the newly identified side fenestrations indicate that residues relevant for TASK-
1 inhibition are not purely facing the central cavity as initially proposed. Accordingly, the
TASK-1 binding site and the mechanism of inhibition might need a re-evaluation. We have
used TASK-1 homology models based on recently crystallized K2P channels and molecular
dynamics simulation to demonstrate that the highly potent TASK-1 blocker A1899 requires
binding to residues located in the side fenestrations. Unexpectedly, most of the previously
described residues that interfere with TASK-1 blockade by A1899 project their side chains toward the fenestration lumina,
underlining the relevance of these structures for drug binding in K2P channels. Despite its hydrophobicity, A1899 does not seem
to use the fenestrations to gain access to the central cavity from the lipid bilayer. In contrast, binding of A1899 to residues of the
side fenestrations might provide a physical “anchor”, reflecting an energetically favorable binding mode that after pore occlusion
stabilizes the closed state of the channels.
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■ INTRODUCTION

Two-pore domain potassium (K2P) channels are widely
expressed in the central nervous system and the cardiovascular,
genitourinary, and gastrointestinal systems.1 The mammalian
K2P channel family consists of 15 family members divided into
six subfamilies based on sequence similarity and their functional
hallmarks.2 They are crucial for setting the resting membrane
potential, regulation of excitability, ion transport, sensory
transduction, metabolic regulation, and neuroprotection, just
to name some (patho)physiological processes and therapeutical
potentials.3

The TASK subgroup includes three members: TASK-1,4

TASK-3,5 and TASK-5.6 Functional K2P channels form dimers,
and each subunit has two pore-forming loops (P1, P2), four
transmembrane domains (M1−M4), and an extended extrac-
ellular loop between M1 and P1.7 The crystallized structures of
K2P channels TWIK-1,8 TRAAK,9,10 TREK-1 (PDB: 4TWK),
and TREK-211 reveal differences giving insights into distinctive
gating and ion permeation properties. Near the membrane
center, the M2 transmembrane segment is kinked by
approximately 20°. This twist generates in each subunit a
fenestration: open lateral passages connecting the pore with the
lipid bilayer inner leaflet.12 Recently it has been hypothesized
that opening or closing of the fenestrations in response to

bilayer inner leaflet deformation determines the gating of
TRAAK channel by allowing lipids to penetrate into the inner
cavity and interfering with ion permeation. The conductive and
nonconductive conformations of TRAAK channels would
therefore be associated with the closed and open fenestration
state, respectively.13 However, one should mention that this
view of TRAAK gating mechanism is not shared by a
contemporary structural study,14 or by an experimental work
pointing to a selectivity filter opening and closing as the sole
mechanism of K2P channel gating.15−17 Nevertheless, the
intramembrane fenestrations appear to be important in the
interaction of lipids and hydrophobic molecules with K2P

channels. This is supported by the work of Dong et al.,
which describes how lipids and other hydrophobic molecules
such as Prozac interact with the TREK-2 fenestrations.11 These
side cavities of K2P channels are, therefore, potentially
mechanistic “active sites” and/or pathways which can warrant
blockers access to their binding sites.
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K2P channels have been associated with several human
pathophysiological processes and can also provide novel
therapeutic options: for instance TASK-1 is an important
modulator of multiple sclerosis18 and modulates T cell effector
function.19 These channels are blocked by a variety of
compounds and molecules, such as bupivacaine,20 Zn2+,21

doxapram,22 loratadine, mevastatin, mibefradil, and octoclothe-
pin,23 and also by congeneric series such as THPP-derived
compounds24 and bis-amide derived compounds.25 The highly
potent TASK-1 blocker A1899, originally designed as a Kv1.5
channel blocker but with a strong preference for TASK-1
channels,26 blocks TASK-1 in the low nanomolar range.27 The
blockade is selective for TASK-1 as the closely related TASK-3
channel is inhibited with only a tenth of the potency. It was
previously reported that A1899 acts as an open-channel blocker
and binds to residues at P1 and P2 regions, M2 and M4
segments, and the halothane response element.27 The presence
of side fenestrations within the crystallized structures of K2P
channels might redefine the drug binding site of TASK
channels, initially proposed at the wall of the central cavity. In
the same way side fenestrations might represent a route for
A1899 to access its binding site. In this study, we describe the
binding mechanism of A1899 to TASK-1 by using several
computational techniques as well as experimental electro-
physiological measurements. Our results show that A1899
binds to the central cavity and causes physical pore occlusion.
They are in agreement with those reported by Chokshi et al.
where they found that compounds A1899, PK-THPP, and
doxapram inhibit TASK-3 channels by binding at a common
site in the central cavity.28 However, most of the residues
relevant for TASK-1 inhibition by A1899 face into the side
fenestrations, nevertheless A1899 does not appear to travel
from the membrane through the fenestrations to reach the
binding site in the central cavity.

■ EXPERIMENTAL SECTION
Scheme 1 summarizes the major steps followed in the present
work to formulate a hypothesis about the configuration of
A1899 inhibitor binding site in TASK-1 channel, which will be
presented in more detail within the Experimental Section.
TASK-1 Homology Modeling. Since the structure of

human TASK-1 channel has not yet been solved, we built four
homology models for TASK-1 (UniProtKB accession number:
O14649) using as template the crystal structures of TRAAK
channel (PDBs: 4I9W, 3UM7), TREK-2 (PDB: 4BW5), and
TWIK-1 (PDB: 3UKM), according to the multiple sequence
alignment published by Brohawn et al.9 (Figure S2 in the
Supplementary Data of ref 9). The rationale for using multiple
structures as templates for the TASK-1 homology models was a
need to study the interactions between A1899 and the
fenestrations in open and closed conformations. The four
homology models (PDB files provided in the Supporting
Information) were named according to the template and the
fenestration state of the structures used (Table 1). The models
are named T1treCC (TASK-1 from TREK-2 in closed−closed
fenestration state); T1twiOO (TASK-1 from TWIK-1 in
open−open fenestration state), T1trCO (TASK-1 from
TRAAK in closed−open fenestration state), and T1trOO
(TASK-1 from TRAAK in open−open fenestration state)
(Figure S1). The amino acids that were included in each
TASK-1 model are as follows: T1treCC, Arg3 to Asn250;
T1twiOO, Lys2 to Ala251; T1trCO, Arg3 to Met249; and
T1trOO, Met1 to Asp253. TASK-1 homology models were built

and optimized using ICM software.29 Models were built as
monomers and assembled as dimers using the STAMP
algorithm30 implemented in VMD program;31 then they were
validated using PROCHECK.32 Two K+ ions were associated
with the models in positions S2 and S4 of the selectivity filter
and two water molecules at sites S1 and S3. Schrödinger Master
version 9.2 software33 interface was used to add hydrogen
atoms by assigning the bonds and charges to the homology
models.
The models were embedded into a pre-equilibrated

phosphatidyl oleoylphosphatidylcholine (POPC) bilayer in a
periodic boundary condition box with pre-equilibrated simple
point charge (SPC) water molecules. The OPLS-2005 force
field34,35 was used to add charges and atom types to the TASK-
1 homology models, ions, lipids, and waters. Each system was
subjected to a conjugate gradient energy minimization and 10
ns molecular dynamics simulation (MDs) in Desmond v3.0
program.33,36 A restriction was applied to the protein backbone
atoms and the K+ ions at the selectivity filter using a spring
constant force of 0.5 kcal mol−1 Å−2.

HOLE Radius Profiles. To determine the dimensions of the
fenestrations and the pore, the algorithm HOLE was used.37

For each MDs, one snapshot each 0.5 ns was taken. A total of
80 structures (20 per model) were collected from the TASK-1
homology model MDs to perform HOLE and further analyses.

A1899 Modeling. The TASK-1 blocker A1899 (Figure
S2A) was sketched with the GaussView software38 and
optimized with the Gaussian09 software39 by using the hf/3-

Scheme 1. Flow Chart Summarizing the Steps Followed in
the Present Work To Formulate a Hypothesis about the
Configuration of A1899 Inhibitor Binding Site in TASK-1
Channel

Table 1. Nomenclature of the TASK-1 Homology Models

template TASK-1 homology model name

TREK-2 (PDB: 4BW5) T1treCC
TWIK-1 (PDB: 3UMK) T1twiOO
TRAAK (PDB: 4I9W) T1trCO
TRAAK (PDB: 3UM7) T1trOO
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21g ab initio calculations40 to obtain the equilibrium geometry,
the geometrical parameters, and the potential energy surfaces.
Later, A1899 was processed using LigPrep33 with the force field
OPLS_2005.41 The charges were maintained during the
parametrization process before docking and molecular
dynamics simulations.
Molecular Docking. To find the best A1899 pose

interacting with TASK-1 models, and considering the flexibility
of the receptor, we performed several molecular dockings in the
structures collected every 0.5 ns (20 structures) from the 10 ns
MDs of all homology models using the software Glide v5.733,42

and the standard precision (SP) scoring function, obtaining 10
poses per docking simulation. The incorporation of conforma-
tional rearrangements of the receptor binding pocket into
predictions of the ligand binding pose was critical for improving
docking results.43,44 The ligand-binding site was defined by the
residues forming the experimentally determined binding site of
A1899 in TASK-1.27 The center of the grid box was focused
into the residues Thr92 and Thr198 at the bottom of the
selectivity filter. The molecular docking simulations were
carried out with the outer box edge of the grid setting as 30
Å. The generated grid information for each receptor is given in
Table S1 and in Figure S3. We obtained a total of 200 poses
(10 poses for each frame, 20 frames for each model) per model.
Rescore of Docking Poses Using MM-GBSA. To

overcome the different limitations and challenges of molecular
docking method such as the prediction of correct binding
modes and the accurate estimation of the corresponding
binding affinity (prediction performed by the scoring
function45,46), the 200 A1899 poses per model obtained
previously were postprocessed by using the molecular
mechanics generalized Born surface area (MM-GBSA) method
implemented in Prime software.33 This method combines
molecular mechanics energy and implicit solvation models,47

and it has been employed to rescore docking solutions,
resulting in the prediction of better binding modes compared
with the results obtained with the docking scoring functions
alone.48−51

In MM-GBSA, the binding free energy between the ligand
(A1899) and the receptor (TASK-1 channel) to form a
complex is calculated as

Δ = Δ − Δ ≈ Δ + Δ − ΔG H T S E G T Sbind MM sol (1)

where ΔEMM = ΔEinternal + ΔEvdw and ΔGsol = ΔGPB/GB + ΔGSA.
ΔEMM, ΔGsol and TΔS are the changes in the molecular
mechanics energy, the solvation free energy, and the conforma-
tional entropy upon binding at a certain temperature T,
respectively. ΔEMM includes ΔEinternal (bond, angle, and
dihedral energies), electrostatic, and van der Waals energies,
and the term is the difference in energy between the complex
structure and the sum of the ligand energies and the receptor
alone. ΔGsol is the electrostatic solvation energy ΔGPB/GB (polar
contribution) and nonelectrostatic solvation component ΔGSA
(nonpolar contribution) sum; this term corresponds to the
difference in the GBSA solvation energy of the complex and the
solvation energies for the ligand and the unliganded receptor
sum. The polar contribution is calculated using the generalized
Born model, while the nonpolar energy is calculated by solvent
accessible surface area (SASA).52,53 Corrections for entropic
changes were not applied because here we used MM-GBSA to
rescore docking poses and not to estimate the real binding free
energy of A1899 and TASK-1 channel. It has repeatedly been

suggested that the entropy term does not improve the results of
MM-GBSA binding free energy calculation in large tests.54−58

Experimental Interaction Scoring. According to the
alanine mutagenesis screening (AMS) results previously
reported,27 we assigned a score for each interaction between
A1899 and the residues of the binding site for each A1899
conformation. The experimental interaction score (EIS)
represents the sum of the contribution to the inhibition
obtained by AMS for each amino acid when the block by 400
nM A1899 was analyzed. EIS was normalized in such a way that
residues contribution to the binding site sum 100 (Thr92, 5.7;
Thr93, 9.8; Ile118, 12.4; Leu122, 7.3; Thr198, 7.4; Thr199, 8.5;
Ile235, 7.5; Gly236, 6.8; Leu239, 11.8; Asn240, 8.1; Val243, 7.5; and
Met247, 7.1). Accordingly, we analyzed the interactions of all
A1899 poses from docking; for instance, the pose 1 (Table S2)
interacts with Thr92 (5.7); Thr93 (9.8); Ile118 (12.4); Leu122

(7.3); Leu239 (11.8); Thr198 (7.4); Thr199 (8.5); Gly236 (6.8);
Asn240 (8.1); and Val243 (7.5); therefore the EIS is 85.3.

Clustering of Conformers. A total of 800 poses (10 poses
for each frame, 20 frame for each model, 4 different TASK-1
models) was obtained. To process and to organize the 800
poses we used the Conformer Cluster script (available in www.
schrodinger.com/scripcenter/). This script builds a matrix57

using a measure of pairwise distance between conformations.
This measure was the root-mean-square displacement (RMSD)
between pairs of corresponding atoms following optimal rigid-
body superposition.59 The atomic RMSD was calculated
considering the atoms from A1899 numbered in Figure S2B,
and the linkage average method was used to cluster the A1899
poses.

Molecular Dynamics Simulations. The eight complexes
A1899−TASK-1 with the best ΔGbind and EIS were subjected
to a conjugate gradient energy minimization and MDs in
Desmond v3.0 using OPLS-200534,35 force field. The receptor−
ligand complexes were embedded into a POPC lipid bilayer and
were solvated by an orthorhombic box of SPC water model,
covering the whole surface of each system. Cl− ions were used
as counterions in order to neutralize the systems, and a 0.096 M
concentration of KCl was added to match the concentration
used in electrophysiological measurements of A1899 on TASK-
1.27 The temperature was maintained at 300 K, while pressure
was kept at 1 atm, employing the Nose−Hoover thermostat
method with a relaxation time of 1 ps using the MTK
algorithm.60 Data were collected every 5 ps during the MDs for
further analysis. We performed two MDs for each A1899−
TASK-1 complex. For the first 40 ns, simulation was performed
with application of a restraint spring constant of 0.5 kcal mol−1

Å−2 to the secondary structure of the receptor; then, the last
frame was taken and a second nonrestricted 100 ns MDs was
performed. For the TASK-1 homology model T1trOO, two
MDs −one with the ligand and one without it− using the same
protocol described above were performed.

Oocyte Preparation, cRNA Synthesis, and Injection.
Oocytes were obtained from anesthetized Xenopus laevis frogs
and incubated in OR2 solution containing (in mM) NaCl 82.5,
KCl 2, MgCl2 1, and HEPES 5 (pH 7.5), supplemented with 2
mg/mL collagenase II (Sigma) to remove residual connective
tissue. Subsequently, oocytes were stored at 18 °C in ND96
solution containing (in mM) NaCl 96, KCl 2, CaCl2 1.8, MgCl2
1, and HEPES 5 (pH 7.5), supplemented with 33.6 μM
gentamycine, 2.5 mM sodium pyruvate, and 0.5 mM theophyl-
line. Human TASK-1 (KCNK3, NM_002246) was subcloned
into the oocyte expression vector pSGEM. Mutations were
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introduced with the QuickChange Site Directed Mutagenesis
Kit (Stratagene) according to the manufacturer’s instructions.
Subsequently, cDNA was linearized and cRNA was synthesized
with the mMESSAGE mMACHINE-Kit (Ambion). The quality
of cRNA was tested using agarose gel electrophoresis. cRNA
was quantified using a UV−vis spectrophotometer (NanoDrop
2000). Oocytes were each injected with 50 nL (5 ng) of cRNA.
Electrophysiology. Two electrode voltage clamp (TEVC)

recordings were performed 48 h after cRNA injection at room
temperature (20−22 °C) with a TurboTEC 10CD (npi)
amplifier and a Digidata 1200 series (Axon Instruments) as A/
D converter. Micropipettes were made from borosilicate glass
capillaries GB 150TF-8P (Science Products) and pulled with a
DMZ-Universal Puller (Zeitz). Recording pipettes had a
resistance of 0.5−1.5 MΩ and were filled with 3 M KCl
solution. ND96 was used as recording solution. Inhibition by
400 nM A1899 was analyzed with voltage steps from a holding
potential of −80 mV. A first test pulse to 0 mV of 1 s duration
was followed by a repolarizing step to −80 mV for 1 s, directly
followed by another 1 s test pulse to +40 mV. The sweep time
interval was 10 s. Wash in was studied at +40 mV. For current−
voltage (IV) curves, voltage was ramped from −120 to +45 mV
within 3.5 s from a holding potential of −80 mV. Bath exchange
time was determined from experiments in which the pipet
offset was continuously recorded when switching from a water
containing solution to a high potassium solution.

■ RESULTS

Characterization of the Side Fenestrations in TASK-1
Models. To simulate the behavior of TASK-1 within a lipid
membrane, and considering the different conformation and
fenestration states of the crystallized K2P channels, we built four
homology models: T1treCC, T1twiOO, T1trOO, and T1trCO
(Experimental Section and Table 1). All models were subjected
to 10 ns MDs. The RMSDs of the position for all backbone
atoms of the TASK-1 models from their initial configuration as
a function of simulation time are illustrated in Figure S4. All
models were equilibrated after 1 ns of MDs. The RMSD values
remain within 0.65 Å for all TASK-1 models, demonstrating the
conformational stabilities of the receptor structures.
For each MDs, 20 structures (0.5 ns frames each) were taken.

In total we collected 80 structures from the TASK-1 homology
models MDs. All structures were analyzed with the HOLE
algorithm to gain insight into the putative relevance of the
fenestrations for the interaction of A1899 with the TASK-1
channel. The fenestrations (F1, F2) formed at the interface

between the subunits A (orange) and B (red) are illustrated in
Figure 1A. HOLE radius profile analysis (along the 10 ns MDs)
showed differences in diameter between the three models
exhibiting open fenestrations: T1trCO, T1trOO, and T1twOO
(Figure 1B). T1trCO presents F1 (left) open with a bottleneck
diameter (BD) of 4.25 ± 0.91 Å in contrast to F2 (right), which
is closed and has a BD of 1.79 ± 1.07 Å. In T1trOO the
fenestrations showed a BD of 2.44 ± 0.71 Å in F1 and 2.57 ±
0.98 Å in F2. In the case of T1twOO, its fenestrations exhibited
the largest BD compared to the other two models mentioned
above, 4.82 ± 0.71 Å in F1 and 4.36 ± 0.99 Å in F2.
Next we analyzed the position of residues previously

identified as forming part of the A1899 binding site.27 In
more detail, we studied Thr92 and Thr93 in the P1 region,
Thr198 and Thr199 in the P2 region, Ile118 and Leu122 in the M2
segment, Leu232, Ile235, Gly236, Leu239, and Asn240 in the M4
segment; and Val243 and Met247 in the halothane response
element (HRE). We examined for each model the relative
presence of these amino acids during the MDs in the central
cavity and/or fenestrations using the HOLE algorithm.37 Table
2 summarizes whether the residues of the A1899 binding site
face into the fenestration and/or the pore.
Unexpectedly from the initial description of the A1899

binding site using a KvAP open state model of TASK-1, only
the residues Thr93, Asn240, and Met247 are exclusively present in

Figure 1. Characterization of the side fenestrations in TASK-1 models. HOLE profiles of the fenestrations for the TASK-1 models derived from 10
ns MDs. (A) Representation of the fenestrations F1 and F2 (green dotted surface) connected to a portion of the inner pore at the bottom of the
selectivity filter (blue dotted surface) in the T1twiOO model. Subunits A (orange) and B (red) are shown in cartoon representation. (B) Graphs
show the average diameter and the standard deviation of the fenestrations in T1trCO (blue), T1trOO (orange), and T1twOO (green) models for
each MDs (20 structures from each MD0.5 ns frames eachwere taken). F1 left, F2 right. The bottleneck diameters are at the following positions
in the z-axis in each model. T1trCO: F1 z-axis = −8 Å and F2 z-axis = 10 Å. T1trOO, F1 z-axis = −8 Å and F2 z-axis = 10 Å. T1twiOO: F1 z-axis =
−7 Å and F2 z-axis = 8 Å.

Table 2. HOLE Results. Residues in the Fenestration (F)
and the Pore during the MDsa

residue T1treCC T1trCO T1trOO T1twOO

Thr92 NP NP NP NP
Thr93 pore pore pore pore
Ile118 NP F F F
Leu122 pore pore, F pore, F pore, F
Thr198 NP F F F
Thr199 pore pore, F pore, F pore, F
Leu232 NP NP F F
Ile235 NP F F F
Gly236 NP F F F
Leu239 NP F F pore, F
Asn240 pore NP pore pore
Val243 NP NP NP NP
Met247 pore pore NP NP

aA residue is considered as part of a cavity if it remains more than 50%
of the MDs time in the cavity. NP: No presence.
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the central cavity of the channel during the MDs. Residues
Leu122, Thr199, and Leu239 are present both in the pore and in
the fenestrations. In addition, unlike in our previous study,
which lacked a K2P crystal structure as a modeling template,27

we observed that the residues Ile118, Thr198, Leu232, Ile235, and
Gly236 were exclusively oriented toward the fenestrations and
did not protrude into the central cavity.
In a model with closed fenestrations (T1treCC) 5 out of 13

of the residues belonging the experimentally determined
binding site are present in the central cavity, with the other
residues hidden inside the protein. Also in models with open
fenestrations, the majority of the binding site residues are not
facing the central cavity, but point into the lateral openings: 7
out of 13 of the residues in T1trCO, and 8 out of 13 in both
T1trOO and T1twOO models. Only 4 out of 13 of the binding
site residues are present in the pore in both T1trCO and
T1trOO models, and 5 in T1twOO (Table 2).
Ordering of A1899 Docking Solutions in TASK-1 by

Cluster Analyses. To study the interaction of A1899 with
TASK-1 in the four different TASK-1 homology models, we
considered the flexibility of the residues of the structures,
especially those of the binding site. For this purpose, we
performed docking assays in the 80 frames obtained from the
four TASK-1 homology models during the 10 ns MDs. The
structures were prepared for molecular docking simulations
retaining the structural and energetic properties from the MDs.
The top 10 poses for each docking were saved. With this
protocol we collected 200 poses of A1899 for each of the four
TASK-1 models (800 in total). All poses were clustered using a
RMSD matrix (see Experimental Section). Figure 2A shows the
RMSD matrices before and after grouping into clusters by
conformational similarities. Significant conformational clusters,
for which the populations depart by more than 2σ from the
mean cluster population,61 are summarized in Table 3. Figure
2A illustrates the significant clusters and their size as blue
squares, visible on the diagonal lines. The significant clusters
within the different TASK-1 models, located in the central

cavity and/or fenestrations, are depicted in different colors
(Figure 2B). From the clustering process it can be seen that
A1899 poses docked in T1twiOO exhibit a lower RMSD than
in other models (Figure 2A). The most populated clusters of
A1899 in the T1twiOO model (Table 3), Cluster-17 (black)
and Cluster-18 (blue), are located within the fenestrations
(Figure 2B zoom). Also cluster no. 57 (Table 3) of the T1trCO
model, which has 93 conformations (the highest population of
all the clusters we identified), is oriented inside the open
fenestration F1 (Figure 2B zoom). These open hydrophobic
fenestrations allow the ligand (LogP value = 4.738) to anchor
inside. Accordingly, the T1trCO and T1twiOO structures
which have side fenestrations with a larger diameter (Figure
1B) have increased populations within their clusters.

Ordering A1899 Poses of Significant Clusters by Their
MM-GBSA Binding Free Energy. A1899 poses from the
significant clusters were further analyzed and rescored by their
MM-GBSA free binding energy, ΔGbind (kcal mol

−1). In Figure
3A we plot the experimental interaction score (EIS) against the
ΔGbind for all A1899 poses within significant clusters. The
framed poses in the top left corner represent the best docking

Figure 2. Ordering of A1899 docking solutions in TASK-1 by cluster analyses. Clustering of A1899 poses was performed by atomic RMSD
comparison. (A) The symmetrical distance matrix illustrates atomic RMSD comparison of the 200 poses of A1899 found by molecular docking per
model. On the diagonal line the RMSD is zero because the poses are compared with themselves. Left: Matrix of A1899 poses organized by number
before clustering. Right: Matrix of A1899 poses after clustering. The poses are organized using atomic RMSD. The input order is kept on the
diagonal; accordingly, the significant clusters are now visible as squares on the line. The inferior bar is the RMSD atomic distance scale in Å. Table S3
shows all the clusters of A1899 poses per model, the mean cluster population, and the associated standard deviation (σ). (B) Significant clusters are
represented by colored lines. K+ ions are shown in sphere representation and TASK-1 models in cartoon representation. For clarity only the
segments P1, M1, and M2 are shown. The binding site is represented in pink surface representation. Clusters no. 17 (black) and no. 18 (blue)
interacting with T1twiOO and cluster no. 57 (black) interacting with T1trCO are zoomed for a better visualization.

Table 3. Significant Clusters of All Models with the
Population and Average Docking Energy

model no. of cluster population av docking energy (kcal mol−1)

T1treCC 1 37 −48,392
2 31 −51,927
3 23 −47,410
4 23 −50,966

T1twiOO 17 67 −48,712
18 45 −49,873

T1trOO 36 26 −49,706
37 26 −47,979
38 20 −49,878
39 18 −48,945
40 17 −49,347

T1trCO 57 93 −51,124
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solutions according to their lower ΔGbind value (between −120
and −100 kcal mol−1) and their higher EIS (between 65 and
95). The best A1899 poses are found for models in which both
fenestrations are in the open state. For instance, 224 and 387
are from T1twiOO, and poses 479, 562, 565, 567, 569, and 570
are from the T1trOO model (Figure 3A,B).
The analysis of all A1899 poses from the significant clusters

(black dots in Figure 3A) reveals that the drug is mostly
oriented perpendicular to the pore, consistent with a direct
blockage of the ion flux through the channel. This becomes also
evident from the best docking solutions illustrated in Figure 3B.
We found that residues Thr93 and Thr199 located at the base of
the selectivity filter are relevant for these interactions. 95.1%
and 98.8% of the poses interact with residues Thr93 and Thr199,
respectively. This interaction with A1899 probably occurs
through H-bonds. Analyzing all complexes with the four
different models, a total of 56 H-bonds are found to be present
in the interaction between A1899 and Thr93 and a total of 26
H-bonds in the interaction with Thr199. Note that the T1treCC
model, the only one with a closed−closed fenestration state,
presents only one pose (pose 161) with a H-bond to Thr93

(Table S2). This phenomenon probably indicates that
fenestrations may strengthen the interactions between A1899
and TASK-1.
To study how A1899 interacts with the residues of the

binding site, the complexes of A1899 with TASK-1 having the
lowest ΔGbind energy and the highest EIS (poses 224, 387, 479,
562, 565, 567, 569, and 570; Figure 3A) were selected and
subjected to MDs. The atomistic systems were equilibrated and
relaxed for 40 ns. Then, the relaxed complexes were subjected

to 100 ns unrestrained MDs. In all MDs the TASK-1 structure
remained stable (Figure S5A), even for the A1899−TASK-1
complex (pose 387). The A1899 poses were stable during the
MDs, and the structures showed only minor deviations from
their initial docking positions (Figure S5B).

Contacts of A1899 with Residues of the TASK-1
Binding Site and the Nature of the Chemical
Interactions. We analyzed how frequently A1899 interacts
with the residues of the binding site during the 100 ns MDs. To
this end the contact frequencies of A1899 were calculated by
looking at the residues within less than 4 Å distance to the
ligand. Of all the samplings along the fitted simulation time,
A1899 pose 479 was the conformation that correlated better
with the experimental data reported previously, as transient
interactions along the MDs were established with all the
residues of the binding site described by Streit et al.,27 including
with Met247, which had not been predicted by docking (Figure
4A).
To characterize changes in the A1899 heavy atoms position

along the 100 ns unrestrained MDs of our final model (pose
479 from the T1trOO model), the RMSF (root-mean-square
fluctuation) was calculated. RMSF shows the stability of the
ligand along the MDs due to the established interactions with
the residues of the binding site. The low RMSF values indicate
that A1899 remains in the binding site during the whole MDs
(Figure S6A,B). This is in agreement with the stable time
dependence of RMSD for A1899 in our model (Figure S5A)
and indicates that A1899 has not undergone a major
rearrangement of its conformation during the MDs (Figure
S5B).

Figure 3. Ordering A1899 poses of significant clusters by their MM-GBSA free binding energy. (A) ΔGbind energy vs experimental interaction score
plot of the A1899 poses of significant clusters are represented in black dots. The best A1899 poses are represented in red dots. In Table S2 the
ΔGbind for each pose in the significant clusters is given. The best pose selected for further experiments, as it reflects all the functional data from a
previous mutagenesis study,27 is highlighted with a green square (pose 479). (B) A1899 best poses in stick representation interacting with TASK-1
models (cartoon representation); only the segments P1, M1, and M2 are shown. The binding site described previously by mutagenesis study27

surrounding each A1899 conformation is illustrated in pink surface representation.
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We also analyzed the chemical nature of the A1899
interaction with TASK-1 over the time period of the
unrestricted MDs. The data were categorized and summarized
into two types: hydrophobic and water bridges (Figure 4B).
The stacked bar charts were normalized over the course of the
trajectory. It can be seen that although pose 479 is within 4 Å
from all the residues of the binding site, not all of them interact
chemically with A1899. Only Thr93, Leu122, and Thr199 from
subunit A and Gly236 and Asn240 from subunit B form water

bridges with the drug through H-bonds. Residues Ile118 and
Leu122 from subunit A and Leu122 and Leu239 from subunit B
interact with A1899 via hydrophobic contacts (Figure 4B). This
network of hydrophobic and water bridges interactions allows
A1899 to block the K+

flux due to its conformational location at
the bottom of the SF (Figure 5).

A1899 Stabilizes the Open Fenestrations of TASK-1.
To study how the fenestrations change over time due to the
presence of A1899, HOLE radius profiles were determined for
the T1trOO model and the A1899−T1trOO complex after 0
and 100 ns of the unrestricted MDs. A1899 is located in the
inner cavity protruding into fenestration F2. At the beginning
of MDs (0 ns, green) both fenestrations were open. With
A1899 the F1 fenestration remains unchanged but F2 changed
and opened by an additional 4 Å (after 100 ns, blue), indicating
that the ligand favors the fenestration open state despite its
location in the inner cavity. This phenomenon can be
appreciated at 16.2 Å in the z-axis (Figure 6).

A1899 Does Not Pass the Side Fenestrations To
Reach the Binding Site. To determine if A1899 can go from
the membrane through the fenestrations to its binding site, we
experimentally blocked the fenestrations by individually
mutating the residues Leu115 and Phe238 to tryptophan, as
these large moieties will project into the fenestration lumina
markedly decreasing their diameter. That both L115W and
F238W mutations are likely to close the fenestrations (Figure
7A) can be seen by analyzing the HOLE radius profiles of the
mutant models in comparison with the wild-type channel
model. At position 16.25 Å of the z-axis where the fenestration
diameter in WT is 6.34 Å, that of L115W is decreased to 4.18 Å
and that for F238W mutant to 2.76 Å (Figure 7B). In voltage
clamp recordings, the mutants are inhibited as efficiently as
wild-type TASK-1 by 400 nM A1899 (Figure 7C,D), as

Figure 4. Contacts of A1899 with residues of the TASK-1 binding site
during the 100 ns MDs and the nature of the chemical interactions.
(A) A1899 pose 479 is at 4 Å of all the binding site residues. Contact
frequencies of A1899 with T1trOO residues at 4 Å. Bars indicate the
contact frequency along the 100 ns MDs. (B) Interactions between the
residues of T1trOO and A1899 pose 479 are categorized into two
types: hydrophobic and water bridges. The stacked bar charts are
normalized over the course of the unrestrained MDs.

Figure 5. Redefined binding mode of A1899 in TASK-1 includes residues that contribute to the side fenestrations. Residues Thr93 (blue) from P1
and Asn240 (magenta) from M4 segment are exclusively in the pore. Residues Leu122 (yellow) from M2 and Thr199 (light yellow) from P2 are facing
the pore and the fenestrations; Gly236 (cyan) and Leu239 (gray) from the M4 segment and Ile118 (red) from M2 are exclusively in the fenestrations
(Table 2). All the amino acids as well as the water molecules are shown in stick representation. The H-bond interaction between A1899−Thr93,
A1899−Thr199, A1899−Gly236, and A1899−Asn240 through water bridges are shown as black dotted lines. Fenestrations are shown as green dotted
surface, and the inner pore region where A1899 is interacting is shown as a red dotted surface; the rest of the inner pore is shown as a blue dotted
surface.
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expected, given that these residues do not directly contribute to
A1899 binding. Importantly, however, occlusion of the
intramembrane fenestrations by the tryptophane side chains
did not alter the kinetics for the onset of inhibition. This
suggests that the intramembrane fenestrations are not an
important pathway for drug access to its binding site in the
central cavity (Figure 7E). The onset of block in our
experimental setting includes time for drug application, drug
mixing in the bath, and slow diffusion through the vitelline
membrane. Given the very slow off rate of A1899 in this voltage
clamp setting27 compared to the relatively fast bath exchange,
an additional prominent delay in the onset of inhibition by
limited or restricted diffusion through the side fenestrations
should have become evident. Effective bath exchange is

completed in less than 1 min, while drug block requires several
minutes.

■ DISCUSSION
A key feature of K2P channels is the presence of intramembrane
side fenestrations located just underneath the selectivity filter
that, according to the recent literature, could be “druggable”.62

In our study we probed whether the TASK-1 specific blocker
A1899 is utilizing these fenestrations to cause channel
inhibition. To study the interaction of A1899 with TASK-1 in
four different TASK-1 homology models with different
fenestration states, we considered the flexibility of the binding
site residues, and collected 200 poses of A1899 for each one of
the models (800 in total). We then faced the problem of
choosing a single binding mode from several different docking
conformations. The model had to reflect, in addition, details
about the binding of A1899 to the channel as uncovered by our
previous experimental results.27 Often, docking scoring
functions might not help with the choice.45,46 To tackle this
issue, it was proposed to utilize a clustering approach.61 The
pose 479 selected belongs to cluster #40 with a population of
17 conformations docked into the T1trOO model (Table 3 and
Table S3). As expected from our previous work A1899 pose
479 blocks the K+

flux due to its conformational location
underneath the selectivity filter (Figure 5). However, the ligand,
despite being located in the central cavity, favors a binding to
open fenestrations (Figure 6).
Almost all the poses of A1899 are located underneath the

selectivity filter. These results are in concordance with those
reported by Kiper et al.26 in their study of the interaction of
A1899 and other biphenyl derivatives such as AVE01118 and

Figure 6. A1899 stabilizes the open fenestrations of TASK-1. A1899
pose 479 protrudes into the side fenestration F2. HOLE radius profile
of the T1trOO fenestrations at the start of the MDs (0 ns, green) and
after 100 ns with (blue) and without (red) A1899. The bottleneck
diameters at F2 are as follows: T1trOO, 0 ns, BD = 2.29 Å, z-axis →
16.7 Å; T1trOO, 100 ns, BD = 2.29 Å, z-axis → 16.7 Å; T1trOO +
A1899, 100 ns, BD = 6.34 Å, z-axis → 16.2 Å.

Figure 7. A1899 does not pass the side fenestrations to reach the binding site. Replacement of Leu115 and Phe238 by tryptophan reduces fenestration
radii. (A) Surface representation of the fenestrations of T1trOO-WT (corresponds to T1trOO−A1899 after 100 ns of MDs), L115W, and F238W
residues are shown in sphere representation. The in silico mutations were done at the structure of T1trOO−A1899 after 100 ns of MDs. Fenestration
radii > 2.30 Å (blue), fenestration radii < 2.30 Å (green). (B) HOLE radius profile of T1trOO−A1899-L115W (pink), T1trOO−A1899-F238W
(gray), and T1trOO−A1899 (blue); only fenestration F2 is represented. (C) TEVC recordings of TASK-1 (black) and TASK-1 F238W (blue)
before and after application of 400 nM A1899 (gray). (D) Percentage of block by 400 nM A1899 of TASK-1 wild-type (black) or the mutants
L115W (red) and F238W (blue) analyzed at +40 mV. (E) Wash in kinetics of A1899 of TASK-1 wild-type (black) and the mutants L115W (red)
and F238W (blue). Gray squares indicate the average effective speed of bath exchange determined by measuring microelectrode offset change
elicited by switching to a KCl solution into a water-filled bath chamber (n = 6).
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S9947 with TASK-1. Kiper et al.26 proposed a common
pharmacophore for A1899, AVE01118, and S9947 including
two H-bond acceptors and one aromatic ring. The authors
suggested that these common chemical features correspond to a
shared binding mode in TASK-1, located at the bottom of the
selectivity filter, rather remote from the distal part of the M4
segment, including the residue Met247 of the TASK-1 binding
site for A1899.27 Streit et al., 2011,27 could not explain the
interaction of A1899 with the remote Met247 and therefore
suggested that this residue might be only relevant as it is
located in the pathway to the central cavity. But here, as we
explored eight-hundred A1899 conformations, we found a pose
(479) within 4 Å from all the residues of the binding site
including Met247 (Figure 4A). Therefore, our final binding
model of A1899 could also be a starting point to study the
structural differences in the drug affinities of TASK-1 and
TASK-3 channels, given that Met247 is the only amino acid of
the A1899 binding site not conserved in TASK-3 that has a Leu
residue at the homologous position. Chokshi et al.28 studied the
PK-THPP, A1899, and doxapram binding sites in TASK-3
channels, and found that mutation L247D impacts PK-THPP
potency. Note that the authors also observed that L122D,
G236D, L239D, and V242D mutations impair A1899 and
doxapram inhibition in TASK-3. In contrast, we did not identify
Val242 as a relevant residue for the binding of A1899 in TASK-1.
In all our TASK-1 models generated in the current study Val242

does not face toward the pore. From the unrestrained MDs
performed for the best docking solutions according to their
lower ΔGbind value (Figure 3A), only pose 387 exhibits a 10.7%
of contact frequency interaction with Val242 at 4 Å (data not
shown). The docking experiments reported by Chokshi et al.
illustrate how A1899 binds to TASK-3 deeper in and across the
pore with its difluorophenyl moiety interacting with several
aliphatic residues at the fenestration. The best docking pose of
A1899 reported in the present study (479) is not interacting
with TASK-1 in the same way (Figure 5), a fact that might in
part explain the different affinities for TASK-1 and TASK-3.
Pose 479 during the unrestricted MDs is interacting with
TASK-1 through a network of water bridges and hydrophobic
interactions along both pore and fenestration cavities. The
water bridges are established between both oxygens from the
carbonyl groups of A1899 through two water molecules with
the threonines located at the bottom of the SF (Thr93 and
Thr199) as well as with the Asn240 in the pore and Gly236 at
fenestration F2. The difluorophenyl and the p-phenyl methoxy
moieties present nonpolar interactions with pore residue Leu122

and with Ile118, Leu122, and Leu239 at the fenestration (Figure
4B). It is worth highlighting that Leu122 is located in both pore
and fenestration cavities (Table 2) allowing a dynamic
interaction of A1899, like the biphenyl moiety which interacts
within the pore and with fenestration F2 (Figure 5).
It has been previously suggested that Met247 might influence

drug sensitivity because it regulates the accessibility of A1899 to
the pore. As A1899 was able to tightly bind to TASK-1 models
with open fenestrations, and these lateral cavities can
potentially work as drug access pathways,62 we wondered
whether Met247 regulates A1899 access to the pore or whether
the compound travels a completely different way entering the
central cavity via the side fenestrations. When residues Leu115

and Phe238, which are exposed to the lateral cavities in the
homology models, are replaced by voluminous residues, the
respective mutants are inhibited by A1899 just as efficiently and
with the same kinetics as wild-type TASK-1 (Figure 7). These

data suggest that A1899 does not travel laterally from the lipid
face through the side fenestrations to reach the binding site.
The lateral fenestrations in K2P channels are only present in

what has been called the “down state”, which refers to the
position of the M4 segment that extends intracellularly in a
rather straight way. In the “up state”, the fenestrations are
closed by the upward movement and rotation of M4.11 All of
our TASK-1 homology models exhibit different fenestration
shapes; in fact, these structural differences appear to play a
major role in the interaction between A1899 and TASK-1. In
the model with closed fenestration states (T1treCC) the sole
possibility is for an interaction of A1899 at the base of the
selectivity filter. The open fenestrations in T1trCO and
T1twiOO, on the other hand, allow A1899 hydrophobic
moieties to be oriented toward the interior of the fenestrations
(Figure 2B, zoom view). The T1trOO fenestrations are not
large enough to allow the complete entry of A1899 into the
fenestrations (Figure 1B). We observed A1899 average poses of
the five significant clusters in T1trOO (Table 3), and all of
them are placed in the central cavity (Figure S7) but anchored
by the residues of the binding site located at the fenestrations in
T1trOO (Table 2). A mechanism in which blockers acting at
the central cavity require lateral interactions anchoring them to
residues in the side fenestrations might be conserved among
K2P channels, as the relevant residues forming the fenestrations
share high sequence similarities within the K2P channel
family.9,62

The relevance of the structural differences in the
fenestrations for the interaction of A1899 with TASK-1 is
also supported by the number of binding site residues that
become available in the open fenestrations. In a model with a
closed fenestration state (T1treCC) A1899 would be able to
interact with only 5 out of 13 binding site residues, i.e., those
present in the central cavity. In contrast, in models with lateral
fenestrations interactions with binding site residues located
within these structures become possible: these represent 7 out
of 13 of the TASK-1 binding site residues in T1trCO, and 8
residues in both T1trOO and T1twOO models (Table 2).
Streit et al. previously reported that A1899 acts as an open-

channel blocker and binds to residues of the P1 and P2 regions,
M2 and M4 segments, and the halothane response element
(HRE) in TASK-1 channel.27 The mode of A1899 binding was
modeled using an open state KvAP crystal structure as a
template as no K2P structures were available at the time. That
TASK-1 homology model had a 4-fold symmetry and lacked
side fenestrations. Although A1899 can bind to structures with
closed fenestrations such as T1treCC, our data suggests a
redefinition of the A1899 binding mode, in which the blocker
additionally binds tightly to structures within the open
fenestrations. TASK-1 open probability increases with depola-
rization,63 suggesting that there are more channels in the up
state with closed fenestrations. However, A1899 is not a state-
dependent blocker, because there was no voltage dependence
of inhibition.27 In fact no reduced block was observed during
depolarization, which one would expect for a preferential
binding to the down state with open fenestrations. On the
other hand our data suggest that, once A1899 has bound and
blocked TASK-1, the closed state of the channel with open
fenestrations is more favorable. This becomes evident (1) as in
open fenestration structural models all the residues of the
binding site can participate in drug binding and (2) as we found
in MDs, an opening of the fenestrations occurs in the presence
of A1899 (Figure 6). This stabilization of the closed state might

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.7b00005
Mol. Pharmaceutics 2017, 14, 2197−2208

2205

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.7b00005/suppl_file/mp7b00005_si_002.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00005


be directly mediated by residues of the drug binding site in or
near the fenestrations, i.e., Ile235 and Leu239, as the homologous
residues in TWIK-1 (Met260 and Leu264) were reported to be
crucial for the equilibrium between open and closed
fenestration states.62 Taken together these data suggest that
A1899 can bind to both the open and the closed fenestration
states and that the drug will stabilize the closed state after pore
block.
In the present work, we have developed a systematic pipeline

(Scheme 1) that includes different homology models with
different conformations along a fitted simulation time. Massive
dockings, clustering of conformers, and MM-GBSA binding
free energy calculations, followed by long MDs, have allowed us
to explore and to describe properly the TASK-1 accessible
conformational landscape for the interaction with A1899. This
scheme is more effective in sampling the full range of
conformational space of ligands compared to the individual
application of each of the methods used here alone.
In summary, we demonstrate that the TASK-1 specific

blocker A1899 requires a binding to residues that are located in
the side fenestrations. Unexpectedly, the majority of residues
previously described to interfere with TASK-1 block by A1899
project their side chains toward the fenestration lumina,
underlining the relevance of these structures for drug binding
in K2P channels. Despite its hydrophobicity, A1899 does not
seem to use the fenestrations to gain access to the central cavity
from the lipid bilayer. In contrast, binding of A1899 to residues
of the side fenestrations might provide a physical “anchor”,
reflecting an energetically favorable binding mode that stabilizes
the closed state of the channels after pore occlusion.
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