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ABSTRACT: K2P potassium channels generate leak currents
that stabilize the resting membrane potential of excitable cells.
Various K2P channels are implicated in pain, ischemia, depres-
sion, migraine, and anesthetic responses, making this family an
attractive target for small molecule modulator development
efforts. BL-1249, a compound from the fenamate class of non-
steroidal anti-inflammatory drugs is known to activate K2P2.1-
(TREK-1), the founding member of the thermo- and mechano-
sensitive TREK subfamily; however, its mechanism of action
and effects on other K2P channels are not well-defined. Here,
we demonstrate that BL-1249 extracellular application activates
all TREK subfamily members but has no effect on other K2P
subfamilies. Patch clamp experiments demonstrate that, similar to the diverse range of other chemical and physical TREK
subfamily gating cues, BL-1249 stimulates the selectivity filter “C-type” gate that controls K2P function. BL-1249 displays
selectivity among the TREK subfamily, activating K2P2.1(TREK-1) and K2P10.1(TREK-2) ∼10-fold more potently than
K2P4.1(TRAAK). Investigation of mutants and K2P2.1(TREK-1)/K2P4.1(TRAAK) chimeras highlight the key roles of the
C-terminal tail in BL-1249 action and identify the M2/M3 transmembrane helix interface as a key site of BL-1249 selectivity.
Synthesis and characterization of a set of BL-1249 analogs demonstrates that both the tetrazole and opposing tetralin moieties
are critical for function, whereas the conformational mobility between the two ring systems impacts selectivity. Together, our
findings underscore the landscape of modes by which small molecules can affect K2P channels and provide crucial information
for the development of better and more selective K2P modulators of the TREK subfamily.
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■ INTRODUCTION

K2P (KCNK) potassium channels are members of the voltage-
gated ion channel (VGIC) superfamily, make “background” or
“leak” potassium channels that are responsible for the mainte-
nance of cellular resting potential, and play an important role
in regulating cellular excitability.1−3 There are 15 K2P subtypes
that form six functionally distinct subfamilies. All K2P channels
comprise a dimer of subunits that each bear four transmem-
brane helices and two selectivity filter sequences.1,4−7 In con-
trast to other VGIC superfamily members, the K2P channel selec-
tivity filter forms the principle gate that controls channel
function, known as the “C-type gate”, rather than an intracellular
barrier formed by the pore-lining helices.6,8−12 The activity of
various K2P subtypes has been linked to a variety of physiological
and pathological processes including pain,13−15 anesthetic
responses,16,17 arrhythmia,18 ischemia,16,19,20 depression,21 and

migraine.22,23 Yet, despite these biological links, a paucity of
K2P-selective small molecule modulators has limited mecha-
nistic and physiological studies.1,24,25 Recent advances demon-
strate that it is possible to develop subtype-selective K2P small
molecule modulators.6,14,26−30 Such compounds and the knowl-
edge of how they engage K2P channels to modulate function
open a path toward elaborating new K2P-specific pharmacol-
ogical tools that can enlighten channel gating mechanisms and
that have potential to provide new leads for issues such as pain
and ischemia.25,31,32

The TREK K2P subfamily, comprising K2P2.1(TREK-1),
K2P10.1(TREK-2), and K2P4.1(TRAAK), is regulated by
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diverse inputs that include temperature, stretch, pH, and
lipids1−3 and stands out as the most structurally elucidated K2P
subfamily.4,6,7,33−35 TREK subfamily structures include exam-
ples of both inhibitor−channel7 and activator−channel com-
plexes6 that highlight two points of control that can be influ-
enced by small molecules: the transmembrane helices7 and the
K2P modulator pocket.6 Although these examples show how a
small molecule can engage with the K2P channel architecture to
impact function, whether other reported TREK activa-
tors14,26,28,36 act via the transmembrane domains or the K2P
modulator pocket or affect other K2P channel elements remains
to be elaborated.
Although not selective for K2P channels, a number of

fenamates, substituted derivatives of anthranilic acid,37 activate
members of the mechanosensitive TREK K2P subfamily.38,39

In particular, BL-1249, (5,6,7,8-tetrahydro-naphthalen-1-yl)-
[2-(1H-tetrazol-5-yl)-phenyl]-amine, stimulates K2P2.1(TREK-
1)-like currents in bladder smooth muscle cells39 and activates
both K2P2.1(TREK-1)

18,40 and K2P10.1(TREK-2).
7 BL-1249

action is occluded by mutations that stabilize the C-type gate,40

and activation by BL-1249 has been shown to reverse the func-
tional effects of a K2P2.1(TREK-1) genetic mutation impli-
cated in right ventricular outflow tract (RVOT) tachycardia
having a compromised ion selectivity.18 Nevertheless, how
BL-1249 stimulates K2P activity and which elements of BL-
1249 are crucial for its stimulatory effects have not yet been
defined.
Here, we investigate the mechanism of action of BL-1249.

Our studies show that this compound is a selective agonist of
the TREK subfamily when applied extracellularly, having
preferential action on K2P2.1(TREK-1) and K2P10.1(TREK-2)
over K2P4.1(TRAAK) and establish that its mechanism of
action relies on gating at the selectivity filter C-type gate.
Studies of a series of K2P2.1(TREK-1)/K2P4.1(TRAAK)
chimeras and mutants indicate that the M2/M3 helices are
key to BL-1249 action and identify residues in M2 that con-
tribute to subtype selectivity. These findings indicate that BL-1249
acts at a separate site from the site of action of a structurally
characterized activator, ML335, that directly stimulates the C-type
gate via the K2P modulator pocket.

6 Investigation of the functional
properties of a set of BL-1249 analogs with respect to K2P
2.1(TREK-1) and K2P 4.1(TRAAK) show that both the acidic
and tetralin moieties contribute to the stimulatory action of
BL-1249 and indicate that the mobility of the two aryl rings
relative to each other is key to the selective action of BL-1249
on K2P 2.1(TREK-1).

■ RESULTS
BL-1249 External Application Differentially and

Selectively Activates Mechanosensitive K2P Channels.
BL-1249 activates K2P2.1(TREK-1)

18,40 and K2P10.1(TREK-2),
7

but its effects on other K2P channels have not been charac-
terized. Hence, we sought to define how BL-1249 affected the
two channels most closely related to K2P2.1(TREK-1), K2P10.1-
(TREK-2) and K2P4.1(TRAAK), as well as representative
members of the other K2P subtypes: K2P1.1(TWIK-1), K2P3.1-
(TASK-1), K2P5.1(TASK-2), K2P9.1(TASK-3), K2P13.1(THIK-1),
and K2P18.1(TRESK) (Figure 1A,B). Two-electrode voltage-
clamp (TEVC) currents measured from Xenopus oocytes
expressing each of the target channels showed clear activation
responses after extracellular application of 10 μM BL-1249 for
only K2P2.1(TREK-1) and K2P10.1(TREK-2). Measurement of
the dose−response curves for these channels (Figure 1C)

revealed similar EC50 values (5.5 ± 1.2 μM and 8.0 ± 0.8 μM
for K2P2.1(TREK-1) and K2P10.1(TREK-2), respectively). Ten
micromolar BL-1249 weakly stimulated K2P4.1(TRAAK) in
agreement with observations by Mathie and colleagues.28 Mea-
surement of the dose−response uncovered a robust response at
higher concentrations that indicated a ∼10-fold reduction in
the K2P4.1(TRAAK) EC50 value relative to the other two
TREK subfamily members (EC50= 48 ± 10 μM, although
complete saturation of the response could not be reached due
to BL-1249 solubility limits, cf. Table 1; Figure 1C). In order
to test if the original 10 μM assay had missed BL-1249 effects
in other K2P channels, we tested concentrations of BL-1249 up
to the solubility limit (∼80 μM) against the other K2P sub-
family representatives. Despite the higher concentrations of
BL-1249, we failed to find evidence for activation of the other
K2P subfamily representatives (Figure 1D). Thus, the data
show that extracellular application of BL-1249 activates all
members of the mechano- and thermosensitive TREK sub-
family while sparing the other subfamilies and shows selectivity
for K2P2.1(TREK-1) and K2P10.1(TREK-2) over K2P4.1-
(TRAAK).

BL-1249 Activates the K2P2.1(TREK-1) C-type Gate.
Diverse types of physical and chemical stimuli activate
K2P2.1(TREK-1) by stabilizing the C-type gate and switching
the channel into a “leak” mode that is characterized by a loss of
outward rectification of the potassium current.6,8 Accordingly,
we used inside-out patch clamp experiments of K2P2.1(TREK-1)
expressed in HEK293 cells to test whether BL-1249 acts on the
C-type gate. Application of 1 μM BL-1249 caused a clear loss of
rectification similar to the effects reported for both physical and
chemical activators of K2P2.1(TREK-1) (Figure 2A−E).6,8
Additionally, TEVC studies of the effects of BL-1249 on
K2P2.1(TREK-1) channels bearing mutations that activate the
C-type gate, G137I and W275S,6,10,41 demonstrated that these
channels were insensitive to BL-1249 (Figure 2F). Together
with previous single point concentration studies showing the
insensitivity of K2P2.1(TREK-1) W275S in mammalian cells,40

our data provide definitive evidence that BL-1249 activates
K2P2.1(TREK-1) by stimulating the C-type gate. Thus, this
compound fits the mechanistic paradigm shared by varied
types of activators including mechanical stretch, pH, lipids, and
small molecules.6,8

K2P C-Terminal Tail Is Necessary for BL-1249 Action
but Is Not the Sole Determinant of Channel Respon-
siveness. Gating stimuli detected by sensors in various parts
of the channel converge on the K2P selectivity filter C-type
gate.6,8,10,12,35 Because the C-terminal tail is the sensor for
K2P2.1(TREK-1) activation by both physiological41−46 and
chemical45,47 activators, we asked whether uncoupling the
C-terminal tail from the channel using a triple-glycine mutant
at the M4/C-terminal tail junction, K2P2.1(TREK-1)GGG,

41

impacted the BL-1249 response. TEVC dose response studies
of K2P2.1(TREK-1)GGG showed that the effects of BL-1249
were significantly blunted relative to wild-type channels (EC50 =
19 ± 1 μM) (Figure 3A). This result contrasts previous studies
of the small molecule activator ML67-3326 for which
uncoupling the C-terminal tail had no effect and suggests
that unlike ML67-33, the C-terminal tail plays a role in
mediating the BL-1249 response.
K2P2.1(TREK-1) C-terminal truncations have been shown

to reduce potentiation by other activating stimuli.42,48 Hence,
to probe the role of the C-terminal tail in the BL-1249 response
further, we examined the effects of C-terminal tail truncations
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at residue 322, K2P2.1(TREK-1)Δ322, equivalent to a previously
described mutant called Δ89,48 and at residue 308, K2P2.1-
(TREK-1)Δ308. Measurement of the dose−response curves for
BL-1249 showed that these changes resulted in progressively
reduced responses (EC50 = 26 ± 8 μM and 35 ± 8 μM for
K2P2.1(TREK-1)Δ322 and K2P2.1(TREK-1)Δ308, respectively)
(Figure 3B).
Given the importance of the C-terminal tail for the BL-1249

response and the fact that the C-terminal tails of K2P2.1(TREK-1)
and K2P4.1(TRAAK) vary substantially (17.6% sequence simi-
larity, 13.5% identity), we wondered if these differences could
contribute to the different potencies observed in K2P2.1(TREK-1)
and K2P4.1(TRAAK) BL-1249 responses. To test this possibility,
we made chimeras that swapped the C-terminal tail between
K2P2.1(TREK-1) and K2P4.1(TRAAK), TREK-1/AAK_T and

TRAAK/EK_T. The TREK-1/AAK_T chimera yielded chan-
nels having responses similar to K2P2.1(TREK-1) (EC50 = 7.7 ±
0.6 μM and 5.5 ± 1.2 μM for TREK-1/AAK_T and
K2P2.1(TREK-1), respectively; Figure 3C). By contrast, swapping
the K2P2.1(TREK-1) C-terminal tail onto K2P4.1(TRAAK),
TRAAK/EK-1_T, increased the sensitivity of K2P4.1(TRAAK)
core to BL-1249 by ∼2-fold (EC50 = 23 ± 4 μM and 48 ± 10 μM,
for TRAAK/EK-1_T and K2P4.1(TRAAK) respectively)
(Figure 3D). Despite this modest change, it is clear that the
C-terminal tail alone is not sufficient to endow the K2P4.1-
(TRAAK) core with a K2P2.1(TREK-1)-like BL-1249
response. Although the C-terminal tail is not a major locus
for the selective actions of BL-1249, the strong impact that
uncoupling the C-terminal tail from the core channel and
C-terminal tail truncations has on the K2P2.1(TREK-1) response

Figure 1. External application of BL-1249 selectively activates mechanosensitive K2P channels. (A) Exemplar current traces for specified K2P
channels (black) with 10 μM BL-1249 (light blue) as measured via TEVC in Xenopus oocytes. (B) K2P channel phylogenetic tree. Stars denote
assayed representative K2P channels. Blue stars indicate BL-1249 responsive channels. (C) BL-1249 dose−response curves for K2P2.1(TREK-1)
(blue circles), K2P10.1(TREK-2) (black triangles), and K2P4.1(TRAAK) (orange squares). EC50 = 5.5 ± 1.2 μM, 8.0 ± 0.8 μM, and 48 ± 10 μM,
respectively. (D) BL-1249 responses of indicated K2P channels. Inset shows expanded view of poorly responsive K2P channels. Error bars are SEM.
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to BL-1249 indicate that this channel element is an important
factor that allows channel activation by BL-1249.
Multiple Transmembrane Regions Contribute to

BL-1249 Activation. To look for other elements that might
contribute to BL-1249 responses, we constructed a set of
K2P2.1(TREK-1)/K2P4.1(TRAAK) chimeras in which an
increasing amount of one channel was spliced with the other.
For the purposes of nomenclature, the channels are named
using the parent N-terminal portion and the C-terminal
chimera junction even though the chimera set forms a contin-
uum spanning the two wild-type channels (Figure 4A). For
example, TREK-1/AAK M4-C bears the K2P2.1(TREK-1)
sequence up to the junction with M4, whereas TRAAK/EK-1
M2-C bears K2P4.1(TRAAK) up to the junction with M2 even
though the largest portion of both of these channels comes
from K2P2.1(TREK-1).
TEVC experiments showed that all of the chimeras formed

functional channels (Figures S1 and S2). To test the ability of
the chimeras to report on channel determinants for compound
action, we examined the responses of the chimeras to two pre-
viously characterized activators, ML335, a compound that
selectively activates K2P2.1(TREK-1) but not K2P4.1(TRAAK),

6

and ML67-33, an activator showing no clear preference for
either channel.26 The chimeras showed an essentially binary
response to ML335 that was entirely dependent on the pres-
ence or absence of a lysine on the extracellular end of M4 that
forms a cation−π interaction with ML335.6 Only constructs
bearing a lysine at position equivalent to K2P2.1(TREK-1)
residue 271 (K2P2.1(TREK-1), TRAAK/EK-1 M2-C,
TRAAK/EK-1 M3-C, and TREK-1/AAK M4-C) robustly
responded to ML335 (Figure S1A−C,G). In contrast to these
results, we found no major changes with respect to the responses
of the various chimeras to ML67-33 (Figure S1D−F,H). These
findings are consistent with the inability of ML67-33 to

discriminate between K2P2.1(TREK-1) and K2P4.1(TRAAK).
26

Together, these studies show that this chimera set can identify
selectivity determinants for activator compounds within the
TREK subfamily.
We next examined how this panel of chimeras responded to

BL-1249. We found that the character of the donor channel
with respect to BL-1249 response became progressively preva-
lent as larger portions were swapped into the recipient channel,
contrasting the binary changes seen for ML335 responses
(Figures 4A−C and S1G, Table 1). Further, the patterns of
changes in the BL-1249 responses were not equivalent with
respect to the direction of the substitution. Substituting
K2P4.1(TRAAK) sequence into K2P2.1(TREK-1) from the
C-terminal direction caused stepwise changes in EC50 as the
construct became dominated by the K2P4.1(TRAAK) sequence
(Figure 4A,C, clockwise in Figure 4A from K2P2.1(TREK-1),
EC50 = 5.5 ± 1.2, 19 ± 3, 28 ± 2, and 39 ± 9 μM for
K2P2.1(TREK-1), TREK-1/AAK M4-C, TREK-1/AAK M3-C,
and TREK-1/AAK M2-C, respectively). By contrast, substi-
tution of K2P4.1(TRAAK) sequence into K2P2.1(TREK-1)
from the N-terminal direction caused a loss, mild recovery, and
then further loss of BL-1249 response (Figure 4A,B, counter-
clockwise in Figure 4A from K2P2.1(TREK-1), EC50 = 5.5 ±
1.2, 28 ± 5, 18 ± 2, 45 ± 2, and 48 ± 10 μM, for
K2P2.1(TREK-1), TRAAK/EK-1 M2-C, TRAAK/EK-1 M3-C,
TRAAK/EK-1 M4-C, and K2P4.1(TRAAK)). The complexity
of the EC50 changes displayed by the chimeras with respect to
BL-1249 contrasted with how these chimeras responded for
the case in which there is a single site responsible for com-
pound selectivity (Figure S1G). Such a contrast suggests that
multiple parts of the channel make contributions that influence
BL-1249 selectivity rather than just a single site.

K2P2.1(TREK-1) M2 Residues Contribute to BL-1249
Selectivity. In the course of converting K2P2.1(TREK-1) to
K2P4.1(TRAAK) and vice versa by chimeras, the M2/M3
region stood out as a point where we found both gradual
changes in EC50 (i.e., TREK-1/AAK M3-C → TREK-1/AAK
M2-C) and stepwise changes that reversed the general EC50
trend (i.e., TRAAK/EK-1 M3-C → TRAAK/EK-1 M2-C). To
investigate this issue further, we generated two chimeras in
which only the M2 helix was exchanged between K2P2.1-
(TREK-1) and K2P4.1(TRAAK), TREK-1/TRAAK M2 and
TRAAK/TREK-1 M2. The substitution of the K2P2.1(TREK-1)
M2 helix into K2P4.1(TRAAK) had little effect on the BL-1249
response, yielding a channel having a response indistinguishable
from K2P4.1(TRAAK) (EC50 = 43 ± 11 μM and 48 ± 10 μM
for TRAAK/TREK-1 M2 and K2P4.1(TRAAK), respectively)
(Figure 5A). By contrast, the substitution of the K2P4.1-
(TRAAK) M2 helix into K2P2.1(TREK-1) caused a substantial
loss in BL-1249 response (EC50 = 26 ± 8 μM and 5.5 ± 1.2 μM
for TREK-1/TRAAK M2 and K2P2.1(TREK-1), respectively),
indicating that elements from M2 contribute to the K2P2.1-
(TREK-1) response to BL-1249.
To identify K2P2.1(TREK-1) M2 residues that might partici-

pate in the BL-1249 response, we mapped the residues that
differ between K2P2.1(TREK-1) and K2P4.1(TRAAK) in the
context of the K2P2.1(TREK-1) structure

6 (Figure 5B,C). Two
K2P2.1(TREK-1) M2 residues stood out as candidates that
could explain the reduction in BL-1249 response when the
entire M2 helix was replaced with M2 from K2P4.1(TRAAK).
One is at the M2/M4 interface and occurs between Phe172
and Arg297 via a π−cation interaction that would be lost when
Phe172 is replaced with the equivalent K2P4.1(TRAAK)

Table 1. Summary of K2P Response to BL-1249a

background mutant EC50 (μM) n (≥)

K2P2.1(TREK-1) 5.5 ± 1.2 3
K2P2.1(TREK-1)GGG 19 ± 1 3
K2P2.1(TREK-1)Δ322 26 ± 8b 2
K2P2.1(TREK-1)Δ308 35 ± 8b 2
TREK-1/AAK_T 7.7 ± 0.6 2
TREK-1/AAK M4-C 19 ± 3 3
TREK-1/AAK M3-C 28 ± 2 3
TREK-1/AAK M2-C 39 ± 9 3
TREK-1/TRAAK M2 26 ± 8 3
F172M 15 ± 2 3
F185L 27 ± 5 3

K2P10.1(TREK-2) 8.0 ± 0.8 3
K2P4.1(TRAAK) 48 ± 10b 3

TRAAK/EK-1_T 23 ± 4 2
TRAAK/EK-1 M4-C 45 ± 2 3
TRAAK/EK-1 M3-C 18 ± 2 3
TRAAK/EK-1 M2-C 28 ± 5 3
TRAAK/TREK-1 M2 43 ± 11 3
M134F 58 ± 34b 2
L147F 27 ± 4 3

aData derived from at least two independent experiments with each
data point averaged from at least three oocytes. bExperiments where
complete saturation of the response could not be reached due to BL-
1249 solubility limits. For these cases, fits were imposed with an upper
boundary of 15 (fold activation, I/I0) to estimate EC50 and error.
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residue Met134 (Figure 5C, right inset). The second is an
intrasubunit π−π interaction between Phe185 from M2, a site
whose equivalent in K2P10.1(TREK-2) (Phe215) has a role in
membrane stretch responses,7 and Phe214 from M3 that
would be disrupted by the replacement with the equivalent
K2P4.1(TRAAK) residue Leu147 (Figure 5C, left inset). To
assess the importance of these interactions in the context of
BL-1249 response, we made the K2P2.1(TREK-1) mutants
F172M and F185L and measured their responses to BL-1249
(Figure 5D). Both changes reduced the BL-1249 response
(EC50 = 15 ± 2 μM and 27 ± 5 μM for F172M and F185L,
respectively) to levels similar to the M2 helix swap. Notably,
the M2/M3 interface substitution, F185L had a larger impact
on the EC50, whereas the M2/M4 change F172M caused a
substantial reduction in the extent to which the channel could
be activated by BL-1249 (Figure 5D). Unlike the case for
K2P2.1(TREK-1), the two corresponding inverse mutations in
K2P4.1(TRAAK), M134F at the M2/M4 interface and L147F
at the M2/M3 interface did not cause similar outcomes. The
mutation at the M2/M4 interface had no impact on BL-1249
response (EC50, M134F 58 ± 34 μM), whereas the change in
the M2/M3 interface conferred a modest improvement in the
BL-1249 response (EC50, L147F EC50 = 27 ± 4 μM; p < 0.001

at 35 μM (n = 7)) (Figure 5E). Taken together, these data
highlight the importance of the M2 helix in BL-1249 acti-
vation. The observation that amino acid swaps in the M2/M3
interface are able to blunt the response of K2P2.1(TREK-1)
but enhance the response of K2P4.1(TRAAK) points to the
M2/M3 interface as a key element in the differential effects of
BL-1249 on TREK subfamily members.

The BL-1249 Acidic Group and Tetralin Are Critical
for Potency and Selectivity. Fenamates are weak K2P modu-
lators38,39,49 and their structure−activity relationships (SAR)
with respect to K2P channels are poorly defined. Hence, we
synthesized a set of BL-1249 derivatives in order to probe
which portions of the small molecule were important for
channel activation in the context of the differential responses of
K2P2.1(TREK-1) and K2P 4.1(TRAAK). BL-1249 has two ring
systems, one bearing a tetrazole and a second bearing a tetralin
moiety. Replacement of the tetrazole by other similar func-
tionalities resulted in compounds having poorer potency than
BL-1249 against K2P2.1(TREK-1) (EC50 = 22 ± 8 μM and 44 ±
10 μM for BL-1249-amide and BL-1249-acid, respectively;
Figure 6A,B, Table 2). Notably, even though BL-1249-acid was
slightly less potent than BL-1249-amide (∼2-fold), it had a
stronger stimulatory effect on the current than either BL-1249

Figure 2. BL-1249 activates the K2P2.1(TREK-1) C-type gate. (A, B) Exemplar current traces for (A) K2P2.1(TREK-1) and (B) K2P2.1(TREK-1)
with 1 μM BL-1249 in HEK293 inside-out patches in 150 mM K+

[out]/150 mM Rb+[in]. Inset shows voltage protocol. (C, D) Current−voltage
relationships for (C) K2P2.1(TREK-1) and (D) K2P2.1(TREK-1) with 1 μM BL-1249. (E) Rectification coefficients (I+100mV/I−100mV) from
recordings (n ≥ 3) made in panels A−D. (F) Dose−response curves in Xenopus oocytes for K2P2.1(TREK-1) (blue circles), K2P2.1(TREK-1)
G137I (purple squares), and K2P2.1(TREK-1) W275S (orange triangles). K2P2.1(TREK-1), 5.5 ± 1.2 μM; G137I and W275S, >60 μM.
K2P2.1(TREK-1) data are from Figure 1C. Error bars are SEM.
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or BL-1249-amide, suggesting that the acidic nature of the side
chain is important for BL-1249 function (Figure 6B). Curi-
ously, unlike what we observe for the TREK subfamily, for
K2P18.1(TRESK) the change from BL-1249 to BL-1249-acid
has been reported to switch the functional effects of the com-
pound from an activator to an inhibitor.49 Both BL-1249-amide

and BL-1249-acid retained selectively for K2P2.1(TREK-1)
over K2P4.1(TRAAK) (Figure 6C,D) indicating that this
moiety is not the key determinant of selectivity.
To test the importance of the tetralin moiety, we synthesized

a BL-1249 derivative in which this entity was replaced by a
simple phenyl ring (BL-1249-Ph) (Figure 6A). This substitution

Figure 3. K2P2.1(TREK-1) C-terminus affects BL-1249 response. (A) Exemplar current traces for K2P2.1(TREK-1)GGG (black) with 20 μM BL-
1249 (green) and BL-1249 dose−response curves for K2P2.1(TREK-1) (blue circles) and K2P2.1(TREK-1)GGG (green circles) (EC50 = 5.5 ±
1.2 μM and 19 ± 1 μM, respectively). Green star in cartoon indicates site of GGG mutation. (B) Exemplar current traces for K2P2.1(TREK-1)μ322
(magenta) and K2P2.1(TREK-1)μ308 (purple) with 20 μM BL-1249 and BL-1249 dose−response curves for K2P2.1(TREK-1) (blue circles),
K2P2.1(TREK-1)Δ322 (purple squares), and K2P2.1(TREK-1)Δ308 (magenta triangles). (EC50 = 5.5 ± 1.2 μM, 26 ± 8 μM, and 35 ± 8 μM,
respectively). Magenta and purple lines in cartoon indicate sites of Δ322 and Δ308 truncations, respectively. (C) Exemplar current traces for
TREK-1/AAK_T alone (black) and with 20 μM BL-1249 (cyan). BL-1249 dose−response curves for K2P2.1(TREK-1) (blue circles),
K2P4.1(TRAAK) (light orange squares), and TRAAK/EK-1_T (light blue triangles). (EC50 = 5.5 ± 1.2 μM, 48 ± 10 μM, and 7.7 ± 0.6 μM,
respectively). Cartoon indicates TREK-1/AAK_T channel regions from K2P2.1 (blue) and K2P4.1 (yellow). (D) Exemplar current traces for
TRAAK/EK_T alone (black) and with 20 μM BL-1249 (orange). BL-1249 dose−response curves for K2P2.1(TREK-1) (blue circles),
K2P4.1(TRAAK) (light orange squares), and TRAAK/EK_T (orange triangles) (EC50 = 5.5 ± 1.2 μM, 48 ± 10 μM, and 23 ± 4 μM, respectively).
Cartoon indicates TRAAK/EK_T channel regions from K2P2.1 (blue) and K2P4.1 (light orange). In panels A−D, K2P2.1(TREK-1) and
K2P4.1(TRAAK) data are from Figure 1C. Error bars are SEM.
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proved very detrimental to activity and yielded a compound
that had only a small amount of stimulatory effect against
K2P2.1(TREK-1) (EC50 > 200 μM) and showed a similar pro-
file against K2P4.1(TRAAK) revealing the importance of the
bicyclic tetralin ring for BL-1249 function (Figure 6B,E).
Finally, we tested whether the conformation of the two aryl
rings with respect to each other was important for the potency
and selectivity of BL-1249. We made a BL-1249 derivative in

which the tetralin structure was fused into a tricyclic scaffold to
constrain the available conformations between the two aryl
rings (BL-1249-tricycle) (Figure 6F). BL-1249-tricycle showed
poorer activity against K2P2.1(TREK-1) relative to BL-1249
(Figure 6G,H, EC50 = 34 ± 6 μM versus 5.5 ± 1.1 μM for
BL-1249-tricycle and BL-1249, respectively) but, surprisingly,
retained essentially the same activity against K2P4.1(TRAAK)
(Figure 6G,H, EC50 = 42 ± 9 μM versus 48 ± 10 μM for

Figure 4. BL-1249 responses of TREK-1/TRAAK chimeras (A) Exemplar current traces for of BL-1249 responses for K2P2.1(TREK-1) (blue),
K2P4.1(TRAAK) (light orange), and chimeras TREK-1/AAK M4-C (light blue), TREK-1/AAK M3-C (green), TREK-1/AAK M2-C (light green),
TRAAK/EK-1 M4-C (light green), TRAAK/EK-1 M3-C (green), and TRAAK/EK-1 M2-C (light blue). Black and colored traces show basal and
currents with 20 μM BL-1249, respectively. Cartoon schematics show channel portions from K2P2.1(TREK-1) (blue) and K2P4.1(TRAAK) (light
orange). (B, C) Dose−response curves for K2P2.1(TREK-1), K2P4.1(TRAAK), and the indicated chimeras. (EC50 = 5.5 ± 1.2 μM, 48 ± 10 μM,
19 ± 3 μM, 28 ± 3 μM, 39 ± 9 μM, 45 ± 2 μM, 18 ± 2 μM, and 28 ± 5 μM for K2P2.1(TREK-1), K2P4.1(TRAAK),
TREK-1/AAK M4-C, TREK-1/AAK M3-C, TREK-1/AAK M2-C, TRAAK/EK-1 M4-C, TRAAK/EK-1 M3-C, and TRAAK/EK-1 M2-C,
respectively). K2P2.1(TREK-1) and K2P4.1(TRAAK) data are from Figure 1C. Error bars are SEM.
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Figure 5. M2 residues contribute to BL-1249 selectivity between K2P2.1(TREK-1) and K2P4.1(TRAAK). (A) Exemplar current traces for TREK-1/
TRAAK M2 (light blue) and TRAAK/TREK-1 M2 (orange) with 20 μM BL-1249 (left). Insets depict M2 helix swap. BL-1249 dose−response curves
(right) for K2P2.1(TREK-1) (blue circles), TREK-1/TRAAK M2 (light blue squares), K2P4.1(TRAAK) (light orange circles), and TRAAK/TREK-1
M2 (orange triangles). (EC50 = 5.5 ± 1.2 μM, 26 ± 8 μM, 48 ± 10 μM, and 43 ± 11 μM, respectively). (B) Alignment of K2P2.1(TREK-1) and
K2P4.1(TRAAK) M2 sequences. Nonconserved residues are highlighted in yellow. (C) K2P2.1(TREK-1) (PDB 6CQ6)6 structure. Residues that differ
from K2P4.1(TRAAK) are highlighted yellow. Panel insets show the environment surrounding the highlighted M2 residues. (D) Exemplar current
traces for TREK-1/F172M (pink) and TREK-1/F185L (light blue), with 20 μM BL-1249. BL-1249 dose−response curves for K2P2.1(TREK-1) (blue
circles), TREK-1/F172M (pink circles), K2P2.1 (F185L) (light blue squares), and K2P4.1(TRAAK) (light orange circles). (EC50 = 5.5 ± 1.2 μM, 15 ±
2 μM, 27 ± 5 μM, and 48 ± 10 μM, respectively). (E) Exemplar current traces for TRAAK/M134F (orange triangles) and TRAAK/L147F (olive
green squares) with 20 μM BL-1249. BL-1249 dose−response curves for K2P2.1(TREK-1) (blue circles), TRAAK/M134F (orange triangles),
TRAAK/L147F (olive green squares), and K2P4.1(TRAAK) (light orange circles). (EC50 = 5.5 ± 1.2 μM, 58 ± 34 μM, 27 ± 4 μM, and 48 ± 10 μM,
respectively). K2P2.1(TREK-1) and K2P4.1(TRAAK) data are from Figure 1C. Inset compares responses at 35 μM BL-1249: *** indicates p < 0.001
for a one-way ANOVA test; ns indicates no significant difference. Error bars are SEM.
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BL-1249-tricycle and BL-1249, respectively). This loss in
selectivity between K2P2.1(TREK-1) and K2P4.1(TRAAK)
indicates that the ability of the aryl and tetralin rings to
adopt non-coplanar conformations is key to the preferential
action of BL-1249 on K2P2.1(TREK-1). We also observed that
BL-1249-tricycle showed a small but robust “mode switch”
behavior versus K2P2.1(TREK-1) manifested as inhibition
between 0.1 and 10 μM followed by activation at higher con-
centrations. This behavior was not evident against K2P4.1-
(TRAAK) and further indicates the importance of the mobility

between the two ring systems for the stimulatory action of
BL-1249 on K2P2.1(TREK-1). Notably, other tricyclic com-
pounds have been reported to inhibit K2P2.1(TREK-1) but not
K2P4.1(TRAAK)

50 similar to the properties of BL-1249-tricycle.
Together, our studies demonstrate that both the acidic and
tetralin moieties are important contributors to the stimu-
latory action of BL-1249 against K2P2.1(TREK-1) and indicate
that the mobility of the two aryl rings relative to each other is
key to its selective effects on K2P2.1(TREK-1) over K2P

4.1(TRAAK).

Figure 6. Structure−activity relationships of BL-1249 analogues. (A) Chemical structures of BL-1249 and analogues. “I” and “II” indicate the
substitution sites. (B) Dose−response of K2P2.1(TREK-1) for BL-1249 (black) (from Figure 1C), BL-1249-amide (blue), BL-1249-acid (light
blue), and BL-1249-Ph (red) (EC50= 5.5 ± 1.2 μM, 22 ± 8 μM, 44 ± 10 μM, and >100 μM, respectively). K2P2.1(TREK-1) and K2P4.1(TRAAK)
data are from Figure 1C. (C−E) Exemplar current traces for K2P2.1(TREK-1) with 25 μM BL-1249-amide (blue), BL-1249-acid (light blue), and
BL-1249-Ph (red), respectively (top), chemical structures of BL-1249 analogues (middle), and dose response of K2P2.1(TREK-1) (blue) and
K2P4.1(TRAAK) (light orange) (bottom). (F) Chemical structure of BL-1249-tricycle. (G) Exemplar current traces for K2P2.1(TREK-1) and
K2P4.1(TRAAK) with 25 μM BL-1249-tricycle (purple). (H) Dose−response of K2P2.1(TREK-1) (blue) and K2P4.1(TRAAK) (light orange) for
BL-1249-tricycle (EC50= 34 ± 6 μM and 42 ± 9 μM, respectively). Error bars are SEM.
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■ DISCUSSION
Addressing the relatively poor chemical biology surrounding
the K2P family is an important goal that has the potential to
provide tool compounds that can remove the current barriers
to understanding how diverse inputs modulate K2P function, as
well as the physiological roles of K2P channels in various
tissues.1,24,25 Our studies show that the fenamic acid derivative
BL-1249,39 previously shown to activate K2P2.1(TREK-1)

18,40

and K2P10.1(TREK-2),
7 potently and selectively activates all

three members of the mechanosensitive TREK K2P subfamily,
K2P2.1(TREK-1), K2P10.1(TREK-2), and K2P4.1(TRAAK), by
potentiating the potassium currents with EC50 values in the
low micromolar range when applied extracellularly. Similar to
many K2P activators,6,8,10,26,41 BL-1249 enhances TREK sub-
family currents by stimulating the selectivity filter C-type gate.
This mode of action provides further evidence for the central
role of this C-type gate in the control of K2P function.
There are currently two structurally characterized examples

for how small molecules can engage members of the K2P
family. The cocrystal structure of K2P10.1(TREK-2) with
inhibitor norfluoxetine shows that this inhibitor binds in a
pocket underneath the P2 helix of the selectivity filter at a site
that is framed by the M2, M3, and M4 transmembrane helices
and that becomes accessible when the pore lining M4 helix
adopts a “down” conformation.7,51 Although the binding site is
clearly demarcated, how state-dependent binding of norfluox-
etine inhibits is still unclear. Interestingly, besides inhibiting
the movement of the M4 helix, the structural data indicates
that the primary amine of norfluoxtine is near to the lower side
of the selectivity filter where it could impact ion conduction by
interfering with the electrostatic environment of the pore. The
other structural example shows that a pair of related molecules,
ML335 and ML402, bind to a cryptic binding site, the K2P
modulator pocket, situated behind the selectivity filter and
sandwiched at the interface between the P1 pore helix and top
of the M4 transmembrane helix of K2P2.1(TREK-1).

6 These
activators act as wedges that stabilize the mobility of the P1/
M4 interface, a site also impacted by gain-of-function muta-
tions,6,10,35,41 and directly activate the C-type gate.6 Under-
standing the extent to which other K2P modulators, such as
BL-1249 and ML67-33, act at the norfluoxetine site, the K2P
modulator pocket, or elsewhere on the channel is important for
outlining the landscape of druggable sites for the K2P potas-
sium channel class.
Our studies of mutants and chimeras of K2P2.1(TREK-1)

and K2P4.1(TRAAK) indicate that multiple channel elements
that include C-terminal tail and the M2, M3, and M4 trans-
membrane helices contribute to BL-1249 responses. The integrity

of the C-terminal tail is essential for BL-1249 stimulation
(Figure 3), placing BL-1249 within a diverse class of TREK
subfamily activators that are functionally dependent on this
channel element including lipids,42 arachidonic acid,45 intra-
cellular acidosis,46 chloroform,45 and temperature.41 This
dependence on the C-terminal tail is notably not shared by
another tetrazole containing small molecule activator, ML67-33.26

Despite the importance of the C-terminal tail in the BL-1249
response, our data indicate that this channel element has a limited
role in mediating the selective action of BL-1249 on K2P2.1-
(TREK-1) over K2P4.1(TRAAK). By contrast, we do find
evidence that multiple transmembrane domains contribute to
BL-1249 selectivity. Although in the context of K2P2.1(TREK-1)/
K2P4.1(TRAAK) chimeras no single transmembrane domain
emerged as the predominant contributor, we were able to identify
a site in the M2/M3 interface where exchange of a single
amino acid between K2P2.1(TREK-1) and K2P4.1(TRAAK),
F185L and L147F, respectively, was able to shift the BL-1249
phenotype in the direction of the donor channel, impairing the
K2P2.1(TREK-1) response while enhancing the K2P4.1(TRAAK)
response. Interestingly, the M2/M3 interface is also important
for TREK subfamily responses to temperature35 and membrane
stretch.52 Taken together, our findings suggest that BL-1249 does
not act in the K2P modulator pocket but affects a site that is a
composite of elements from multiple transmembrane helices.
Although this general characteristic is shared with the
norfluoxetine site, the role of the M2/M3 interface in BL-1249
selectivity suggests that BL-1249 may act outside of both struc-
turally defined small molecule sites.
Our studies of a small set of BL-1249 derivatives show that

the two defining moieties of BL-1249, the tetrazole and the
tetralin groups, contribute to the stimulatory effect of BL-1249
TREK subfamily channels. The acidic nature at the tetrazole
site and the hydrophobicity of the tetralin ring are both crucial
for the potency of BL-1249 (Figure 6). Whether or not the two
rings are constrained is key for the compound to discriminate
between K2P2.1(TREK-1) and K2P4.1(TRAAK) as demon-
strated by the properties of BL-1249-tricycle. This dependence
on the ability of the ring systems to adopt non-coplanar con-
formations in order to achieve selectivity within the TREK
subfamily suggests that further exploration of strategies to
modify the conformational preferences between the two ring
systems might be a means to achieve better subtype discrimi-
nation. Interestingly, the importance of the tetrazole is a prop-
erty shared by BL-1249 and ML67-33,26 and both compounds
share the general architecture of a hydrophobic ring system
linked to the tetrazole. However, ML67-33 is not selective
within the TREK subfamily and, rather than having hydro-
phobic moieties that can adopt a non-coplanar conformation,
has an acridine ring system that is constrained, not unlike
BL-1249-tricycle. This commonality between ML67-33 and
BL-1249-tricycle lends further support to the idea that con-
strained versus conformationally adaptable hydrophobic ring
systems are an important property for the tetrazole-bearing
class of TREK subfamily activators. These shared features sug-
gest that further optimization of hydrophobic scaffolds bearing
tetrazoles or other acidic groups could provide a path toward
the development of other TREK family modulators.
The actions of multiple diverse physical and chemical activators

of the TREK subfamily converge at the C-type gate.6,8−10,12,26,41

Our observation that BL-1249 also stimulates the C-type gate
fits this paradigm. Our data support the idea that the BL-1249
site of action is not in the K2P modulator pocket, the chemical

Table 2. Summary of BL-1249 Analogue Activation of
K2P2.1(TREK-1) and K2P4.1(TRAAK)

a

compound
K2P2.1(TREK-1)

EC50 (μM) n (≥)
K2P4.1(TRAAK)

EC50 (μM) n (≥)
BL-1249 5.5 ± 1.2 3 48 ± 10b 3
BL-1249-amide 22 ± 8 3 >200 3
BL-1249-acid 44 ± 10c 4 >200 2
BL-1249-Ph >200 3 >200 3
BL-1249-tricycle 34 ± 6 2 42 ± 9 3
aData derived from at least two independent experiments with each
data point averaged from at least three oocytes. bEC50 estimated
imposing an upper boundary of 15 (fold activation, I/I0).

cEC50
estimated imposing an upper boundary of 20 (fold activation, I/I0)
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modulator site closest to the C-type gate, but appears to reside
among the transmembrane helices and supports the notion
that changes in the channel architecture distant from the selec-
tivity filter can impact the C-type gate.6,35

Elaboration of small molecule modulators for the TREK
subfamily provides essential chemical biology tools for unraveling
channel function and may offer new paths for treating issues such
as pain14,25 and arrhythmia.18 Our study, together with recent
structural work,6,7 paints a complex landscape in which there are
multiple points for small molecules to intervene in K2P function.
Given the growing and diverse list of small molecules that
influence various K2P channels,14,26−28,36,50,53−57 further defi-
nition of the types of sites with which small molecules can bind
and impact K2P function through combined efforts of structural,
functional, and computational studies will be crucial for defining
how precise chemical control of K2P activity can be achieved.

■ MATERIALS AND METHODS
Molecular Biology. Constructs for murine K2P channels, includ-

ing K2P2.1(TREK-1) (Gene ID 16526), K2P10.1(TREK-2) (Gene ID
72258), K2P4.1(TRAAK) (Gene ID 16528), K2P5.1(TASK-2) (Gene
ID 16529), K2P3.1(TASK-1) (Gene ID 16527), K2P9.1(TASK-3)
(Gene ID 223604), and K2P18.1(TRESK) (Gene ID 332396) in
pGEMHE/pMO, were used for Xenopus oocyte experiments as
previously described.10,26 Murine K2P2.1(TREK-1) (Gene ID 16526)
was expressed in HEK-293 cells using a pIRES-EGFP construct as
previously described.26 Murine K2P13.1(THIK-1) (Gene ID 217826)
and K2P1.1(TWIK-1) (Gene ID 16525) were cloned into pGEMHE/
pMO for use in Xenopus oocytes. Chimeras were designed using
EMBOSS Needle pairwise sequence alignment tool58 to match
homologous helices in K2P2.1(TREK-1) and K2P4.1(TRAAK) and
were assembled using the Gibson assembly method.59 Chimera
boundaries are Thr152 (TREK-1/AAK M2-C), Trp199 (TREK-1/
AAK M3-C), Y272 (TREK-1/AAK M4-C), Thr114 (TRAAK/EK-1
M2-C), Trp161 (TRAAK/EK-1 M3-C), and Tyr234 K2P4.1-
(TRAAK). All sequences were verified using DNA sequencing.
Patch Clamp Electrophysiology. Mouse K2P2.1 was expressed

from a previously described pIRES2-EGFP vector in HEK293T cells
(ATCC CRL-1573). Cells at 70% confluence were transfected (in 35 mm
diameter wells) using LipofectAMINE 2000 (Invitrogen) for 6 h and
plated onto coverslips coated with Matrigel (BD Biosciences).
Voltage-dependent activation of K2P2.1 was recorded on excised

patches in inside-out configuration (50 kHz sampling) in the absence
and presence of 1 μM BL-1249. Pipette solution contained the
following: 150 mM KCl, 3.6 mM CaCl2, 10 mM HEPES (pH 7.4 with
KOH). Bath solution contained the following: 150 mM RbCl, 2 mM
EGTA, and 10 mM HEPES (pH 7.4 with RbOH), and it was con-
tinuously perfused at 200 mL/h during the experiment. TREK-1
currents were elicited by a 10 mV voltage step protocol from −100 mV
to +100 mV, from a −80 mV holding potential. Data were analyzed
using Clampfit 9 and Origin 7.
Two-Electrode Voltage-Clamp (TEVC) Electrophysiology.

Xenopus laevis oocytes were harvested in accordance with UCSF
IACUC protocol AN129690 and digested in calcium-free ND-96
(96 mM NaCl, 2 mM KCl, 3.8 mM MgCl2) immediately following
harvest, as previously described.6,10 Digested oocytes were maintained
in standard ND96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 2 mM
MgCl2) with antibiotics (100 units mL−1 penicillin, 100 μg mL−1

streptomycin, 50 μg mL−1 gentimycin). Defolliculated stage V−VI
oocytes were injected with 0.2−6.0 ng of mRNA in 50 nL, and cur-
rents were recorded 24−48 h after injection. mRNA was synthesized
from plasmid DNA using mMessage mMachine Kit (T7 promoter,
Ambion, Life Technologies) and purified using RNEasy Kit (Qiagen).
Injected oocytes were impaled with two standard microelectrodes
(0.2−1.0 MΩ) filled with 3 M KCl and subjected to constant per-
fusion of standard ND96 during recording. Currents were amplified
using the GeneClamp 500B (MDS Analytical Technologies) amplifier
controlled by the pClamp software (Molecular Devices). Data were

digitized at 1 kHz using Digidata 1332A (MDS Analytical Technologies).
For all experiments with small molecules, basal currents were evoked
using 1 s long ramps from −150 to +50 mV under constant perfusion of
ND96. Once stabilized basal currents were recorded, compounds were
perfused at various concentrations in standard ND96 and currents were
allowed to increase to stabilization before recording final current. Fold
activation upon compound application is expressed as I/I0 (0 mV),
derived from the current at 0 mV in the presence of compound divided
by the basal current at 0 mV in standard ND96 without compound. Data
were analyzed and plotted using Graphpad Prism Version 5 (GraphPad
Software, San Diego California USA, www.graphpad.com). In cases
where saturation could not be reached due to BL-1249 solubility limits,
EC50 was estimated using an upper bound of I/I0 was set to 15 for the
fits. In the case of BL-1249-acid EC50 estimation, upper bound of I/I0
was set to 20 to account for the strong stimulation of BL-1249-acid.

BL-1249 Analogue Chemical Synthesis. Complete methods for
the synthesis of BL-1249 analogs, BL-1249-acid, BL-1249-amide,
BL-1249-Ph, and BL-1249-tricycle are found in the Supporting
Information.
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