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detected in the TREK-2 cocrystal with BL-12495"
(Fig. 2D and fig. S3, C and D). A role for L304 in
this presumed binding site was further supported
by cysteine-modification protection experiments
in which the time course of irreversible pore
blockade induced by application of the cysteine-
modifying agent MTS-TBAO [8-(tributylam-
monium)octyl methanethiosulfonate] (20) to
TREK-1 L304C (Leu®®*  Cys) channels was mark-
edly slowed by the presence of BL-1249 (Fig. 2, E
and F). This effect was specific for BL-1249, as
two further channel activators with distinct bind-
ing sites [2-APB at the C terminus (21) and ML335
behind the SF (22)] both failed to slow this rate
(Fig. 2, E and F). Furthermore, TREK-1 activation

Fig. 2. Identification

of the BL-1249 A
binding site in TREK
Kzp channels. (A) The
structure depicts
TREK-2 (PDB 4XDJ),
with pink spheres
representing the
positions of Br atoms in
a brominated BL-1249

out-

with 2-APB or ML335 was not antagonized by QA; *
inhibition, and mutations at the BL-1249 site did
not affect 2-APB activation (fig. S4, A, B, and E).
In addition, we performed MD simulations to
examine the orientation of BL-1249"" within its
proposed binding site (Fig. 2G). The favored bind-
ing pose oriented the negatively charged tetrazole
group of BL-1249 toward the S6 “cavity binding
site” for K* just below the SF. The remainder of
the BL-1249 molecule engaged with residues in
M2 and M4 consistent with our scanning muta-
genesis data (Fig. 2D and fig. S3D). Moreover, the
bromine atom in these simulations was found to
be within 3 to 4 A of the bromine densities de-
termined by crystallography (fig. S3E). Together,
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these data indicate that BL-1249 binds to a site
below the SF and reveal a critical role of the
negative charge of the acidic tetrazole ring (pK,
around 5, where K, is the dissociation constant),
implying a pH-dependent compound efficacy.
Indeed, when tested with the Kyp channel TALK-2
[exhibiting little intrinsic intracellular pH (pHj;)
sensitivity], BL-1249 potency dropped strongly
with a lowering of the solution pH; to 5, whereas
control experiments with 2-APB lacked this pH
dependence (Fig. 3F).

We have recently used atomistic MD simula-
tions and a double-bilayer setup to study ion per-
meation in the TRAAK Kyp channel (7). Therefore,
we carried out simulations of ion permeation in
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current inhibition, respectively). Error bars indicate SEM. (D) Scanning
mutagenesis of M2 and M4 helices showing BL-1249 median effective
concentration (ECsp) values £ SEM determined at +40 mV, the inset shows
a Kop channel alignment for channels strongly activated by BL-1249 (see also
fig. S1D) with residues homologous to TREK-1 P183 and L304 highlighted.
(E) Time courses of 10 M MTS-TBAO cysteine modification of L304C in
TREK-1 before and after maximal activation by BL-1249 (50 M), ML335

(50 M), and 2-APB (1 mM) (left panel). The graphic depicts TREK-1 with
predicted drug binding sites relative to the position of residue L304C.
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(F) Time values + SEM for half-maximal MTS-TBAO modification inhibition
(t1/2) in the presence of different agonists. ***P < 0.001; n.s., not significant.
(G) Representation of favored binding pose of BL-1249 (pink) in TREK-2 along
with the location of the TREK-1 corresponding mutations (green) that reduce
BL-1249 activation. For (A) and (G), the A and B superscripts indicate the
subunit of the TREK-2 dimer. Single-letter abbreviations for amino acid
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;

H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser;

T, Thr; V, Val; W, Trp; and Y, Tyr.
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TRAAK with BL-1249 modeled into the equiva-
lent site in the TRAAK channel structure (PDB
419W) (Fig. 3A). This indicated several changes
induced by BL-1249: (i) K* occupancy at the S6
site located adjacent to the negatively charged
tetrazole group of BL-1249 increased ~16-fold
(Fig. 3, A and B), (ii) K* occupancy of the S1and
S4 sites increased (Fig. 3B), and (iii) the rate of
K" permeation increased by 1.6-fold (24 + 2 ions/
us compared to 15 + 2 ions/us without BL-1249;
Fig. 3C).

The effect of BL-1249 on ion permeation was
further investigated with single-channel record-
ings of TREK-2 expressed in human embryonic
kidney (HEK) 293 cells. Besides an increase in
open probability, an increase in the measured
single-channel amplitude was also observed
in both the inward (from -29.3 + 1.5 to —34.1 =
1.9 pA at -100 mV; n = 7) and outward (from
17.7 £ 1.3 to 21.7 £ 1.4 pA at +100 mV; n = 7)
directions in response to BL-1249 (Fig. 3, D and
E). This result is consistent with the observed
increase in SF ion occupancy at S1 and S4 that
is expected to enhance ion permeation via a
direct knock-on effect for ions entering the SF
from either side (23). A similar increase in uni-
tary conductance was also observed for TREK-1
channels recorded in patches from Xenopus
oocytes (fig. S4, A to C). Notably, increases in
single-channel conductance have not been ob-
served upon activation of TREK-1, TREK-2, or
TRAAK K,p channels by other physiological
stimuli (24, 25).

Collectively, these results indicate that BL-1249
increases ion permeation and channel-open prob-
ability by influencing K™ occupancy at sites below
and within the SF. In line with this notion, muta-
tions in the SF that change filter ion occupancy
at the S1 and S4 sites (17, 26) and induce the ac-
tivated “leak mode” in Kyp channels (17) also
render them insensitive to BL-1249 (and var-
ious other activators discussed below; fig. S6,
A to D).

The negatively charged moiety identified with-
in BL-1249, PD-118057, and NS11021 is also found
in a series of known activators of TREK-1 and
TREK-2 Kyp channels [ML67-33 (27), tetrazole;
DCPIB (28), carboxylate], hERG channels [PD-
307243 (29), carboxylate; NS3623 (30), tetrazole],
and BKc, channels [GoSlo-SR-5-6 (3I), sulpho-
nate], and its requirement for channel activation
has been demonstrated for ML67-33 and GoSlo-
SR-5-6 (27, 31). Indeed, these compounds also
share all the hallmark features of BL-1249 action,
including polypharmacology [i.e., mutual activa-
tion of Kyp, BK,, and hERG channels (Fig. 4, C
and D), sensitivity to QA" (Fig. 4A; fig. S7, A to
C; and tables S2 and S3] and mutations that
reduce BL-1249 activation in TREK-1 (fig. S4, C
and D). In addition, MD simulations of their
interaction with structures of the TREK-2, BK,,
and hERG channel pores identified similar stable
binding poses below the SF with orientation of
the negative moiety toward the cavity and a con-
comitant increase in K™ occupancy at cavity and
SF ion binding sites (Fig. 4, C and D, and figs.
S7D and S8, A to C). Notably, this assumed NCA
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Fig. 3. Effects of BL-1249 on pore K* occupancy and permeation. (A) lon occupancy
(frequency/us) of K* binding sites (SO to S6) obtained from permeation MD simulations of
TRAAK in the presence or absence of BL-1249, with BL-1249 adopting the identical position in
TREK-2 (see Fig. 2G), that is, the negatively charged tetrazole ring (blue) in close proximity

to the S6 K" ion. Coordinates were saved every 40 ps. The black arrow points to the increase

in S6 K* occupancy. (B) Fold change in ion occupancy for the SO to S6 sites. (C) MD simulations of
K* permeation in TRAAK. Bars represent permeation events/us from independent 200-ns MD
simulations without (n = 50) and with BL-1249 (n = 30). **P < 0.01. (D) Single-channel TREK-2
currents recorded at +80 mV from i-o patches before (basal) and after addition of 3 uM BL-1249,
with arrows pointing to expanded scales of framed sections. The lower-middle panel depicts
current amplitude histograms with or without 3 uM BL-1249 from i-o patches with <2 active
channels (the right-hand peak represents the amplitude of two BL-1249-activated channels).
Dotted lines indicate the single-channel amplitude maxima with or without BL-1249. (E) Paired
single-channel current amplitudes before and after addition of 3 uM BL-1249 (n = 7). **P < 0.01.
(F) Fold activation of TALK-2 currents in i-o patches with 50 uM BL-1249 or 1 mM 2-APB applied at

the indicated pH; values. Error bars indicate SEM.

binding site overlaps with the “promiscuous in-
hibitor binding site” in the hERG channel, which
underlies drug-induced long QT syndrome (12, 32).
This site is thought to accommodate many hy-
drophobic molecules (e.g., terfenadine), and
consistent with this, we found that activation by
PD-118057 strongly reduced inhibition by ter-
fenadine (Fig. 4B).

The molecular features of the NCA compounds
define a common pharmacophore that, besides
the negatively charged group, comprises both aro-
matic and hydrophobic moieties (Fig. 4E). As a
control, we tested tetrazole-containing compounds
that do not fit this common pharmacophore on
TREK-1, BK¢,, and hERG channels and found
that they were unable to promote channel acti-
vation (fig. S9, A to C).

Our results uncover a class of K* channel
openers, the NCAs, that act as a universal master
key to unlock the SF gate. Mechanistically, these
NCAs bind below the SF, where their negative
charge promotes K™ binding to the pore cavity,
and thereby also alter the ion occupancy in the
SF in a way that is known to promote activa-
tion of the filter gate (17). We hypothesize that,
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in particular, the increase at the S1 and S4 sites
is responsible for activating the SF gate because
all NCA-responsive channels are also activated by
Rb* permeation, which is thought to increase
ion occupancy at these sites, whereas mutations
known to reduce S1 and S4 ion occupancy in
Kyp channels abolish NCA activation. Further-
more, a loss of K" binding to the S1 site has been
implicated in SF inactivation in K, channels (33),
hERG channels (32), and TREK-2 Kyp channels
(19). However, at this time, we cannot exclude
the possibility that nonelectrostatic interactions
of the NCAs with their respective binding sites
also contribute to the stabilization of the active
SF state because these sites involve gating-sensitive
regions [i.e., the TM4 (8, 19) and S6 segments
(6, 34)]. In any case, our results support the view
that many K,p channels, as well as BK, channels,
adopt a low-activity (i.e., inactivated) state of their
SF at rest and that the various physiological
stimuli induce structural changes that drive the
SF into an active (open) state. The NCAs appear
to operate by means of bypassing these activa-
tion mechanisms to directly stabilize the SF in
its active state.
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Fig. 4. NCA binding sites and common pharmacophores. (A) ECs,

values (at +40 mV) for TREK-1 activation with compounds described as
activators of either Kop hERG, or BKc, channels. Competitive antagonism

is seen in the presence of QA_* (either THexA or TPenA, which produce
~70 to 80% inhibition of respective basal K™ currents). ***P < 0.001; error bars
indicate SEM. (B) Terfenadine inhibition of hERG channels with or without

10 uM PD-118057. Error bars indicate SEM. (C) Structure of the hERG
channel (PDB 5VAL) with the pore region expanded. This region was used for
molecular docking and MD simulations to obtain the favored binding pose of
PD-118057 (orange). Terfenadine-interacting residues are highlighted. The
carboxylate group (red) interacts with a K* ion below the SF (see also fig. S7D);
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the bar chart below represents the fold activation of hERG tail currents at
—-100 mV with 10 uM of the indicated compounds. Error bars indicate SEM.
(D) Same as in (C) but for the BKc, channel (PDB 5TJI), showing the favored
binding pose of NS11021 (orange) where the tetrazole group (red) interacts
with a K* ion below the SF and the residues in proximity to NS11021
highlighted. The bar chart below shows the fold activation of BKc, at +100 mV
with 10 uM of the indicated compounds (at zero Ca®*). Error bars indicate
SEM; the B and C superscripts indicate the subunit of the tetramer.

(E) Representation of the Kop hERG, and BKc, activators used to generate a
common NCA pharmacophore consisting of aromatic (blue), hydrophobic
(gray), and acidic (red) moieties, with distances and angles as shown.

In addition, our findings have important im-
plications for the development of drugs that tar-
get K channels, because they reveal the binding
sites and the mechanism of action for many es-
tablished activators in various K* channels. Our
findings have also identified the first activators
for several K,p channels (e.g., TALK-1/-2 and
THIK-1/-2). Notably, the NCA binding site over-
laps with the promiscuous inhibitor site in hERG,
and thus, targeting this NCA site might represent

Schewe et al., Science 363, 875-880 (2019)

a promising approach to circumvent the drug-
induced long QT syndrome, which is, as of now, a
serious burden in drug development (12). How-
ever, the identified polypharmacology also rep-
resents a challenge for the development of any
NCA-based compound into a highly subtype-
specific K channel agonist. Nevertheless, struc-
tural differences between K,p, hERG, and BKc,
channels may still permit a rational drug design
that reduces this promiscuity. However, in some

22 February 2019

acute situations such as ischemic stroke or status
epilepticus, exploiting the polypharmacology of
NCAs to promote simultaneous opening of mul-
tiple neuroprotective K* channels (e.g., BKc,,
TREK-1, TREK-2, TRAAK, THIK-1, and THIK-2)
may even be beneficial.
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