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Twik-related K+ channel 1 (TREK1), TREK2, and Twik-related
arachidonic-acid stimulated K+ channel (TRAAK) form the TREK sub-
family of two-pore-domain K+ (K2P) channels. Despite sharing up to
78% sequence homology and overlapping expression profiles in the
nervous system, these channels show major differences in their reg-
ulation by physiological stimuli. For instance, TREK1 is inhibited by
external acidification, whereas TREK2 is activated. Here, we investi-
gated the ability of the members of the TREK subfamily to assemble
to form functional heteromeric channels with novel properties. Us-
ing single-molecule pull-down (SiMPull) from HEK cell lysate and
subunit counting in the plasma membrane of living cells, we show
that TREK1, TREK2, and TRAAK readily coassemble. TREK1 and
TREK2 can each heterodimerize with TRAAK, but do so less ef-
ficiently than with each other. We functionally characterized the
heterodimers and found that all combinations form outwardly
rectifying potassium-selective channels but with variable voltage
sensitivity and pH regulation. TREK1-TREK2 heterodimers show
low levels of activity at physiological external pH but, unlike their
corresponding homodimers, are activated by both acidic and alka-
line conditions. Modeling based on recent crystal structures, along
with mutational analysis, suggests that each subunit within a
TREK1-TREK2 channel is regulated independently via titratable His.
Finally, TREK1/TRAAK heterodimers differ in function from TRAAK
homodimers in two critical ways: they are activated by both in-
tracellular acidification and alkalinization and are regulated by the
enzyme phospholipase D2. Thus, heterodimerization provides a
means for diversifying functionality through an expansion of the
channel types within the K2P channels.

potassium channels | single-molecule fluorescence | leak current |
combinatorial diversity | heteromerization

Twik-related K+ channel 1 (TREK1), TREK2, and Twik-
related arachidonic-acid stimulated K+ channel (TRAAK) are

two-pore-domain K+ (K2P) ion channels that belong to the
TREK channel subfamily and assemble as dimers to produce an
inhibitory, outwardly rectifying potassium current. They are not
very active under basal conditions but can be dynamically stim-
ulated by a wide range of stimuli, including mechanical stretch (1),
heat (2, 3), phospholipids (4–6), and polyunsaturated fatty acids
(1, 7). pH is an especially prominent regulator of these channels.
Intracellular acidification stimulates both TREK1 and TREK2
(8, 9), whereas TRAAK is stimulated by intracellular alkaliniza-
tion (10). In contrast, extracellular acidification is able to inhibit
TREK1 and TRAAK, but activates TREK2 (11). Members of the
TREK channel subfamily are also regulated extensively by
intracellular scaffolding and signaling proteins (10). We recently
characterized the regulation of these channels by the enzyme
phospholipase D2 (PLD2) and found that PLD2 associates with
TREK1 and TREK2, but not TRAAK, which localizes these
channels to a microdomain rich in phosphatidic acid (PA) that
tonically activates the channels (5).

TREK1 and TREK2 share ∼65% sequence identity, whereas
TREK1 and TRAAK share ∼40% (12–14). All three subunits
are highly expressed throughout the nervous system (12, 14),
where they display distinct but overlapping distributions (15).
Due to their ubiquitous expression throughout the brain and
based on gene KO studies, these channels are thought to play
crucial roles in neuroprotection and anesthesia (16), depression
(17), and pain perception (10).
Heteromultimerization is a mechanism commonly used to in-

crease the functional diversity of protein complexes. Heteromeriza-
tion within the K2P channel family was first described in 2002, with
the identification of the TASK1–TASK3 complex (18). In this case,
the existence of specific sensitivity to ruthenium red allowed the
authors to prove the existence of this heteromer functionally. Re-
cently, it has been found that THIK2 requires heteromerization with
THIK1 to be active (19). TREK1 has been reported to heteromerize
with TWIK-1 in astrocytes (20), but in another study, TREK1 was
shown not to heteromerize with TWIK-1 (21). Physiologically, het-
eromerization of K2P channels can be extremely functionally relevant
in neurons. For example, the TASK1-TASK3 heteromer has been
shown to contribute to the standing, outward potassium current in
cerebellar granule cells (22), which plays a crucial role in apoptosis
(20). Despite the increasing interest in heteromerization of K2P
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channels, it is unknown whether members of the TREK channel
subfamily are able to complex with each other and what the func-
tional properties are of these potential heteromers.
Here, we show, using single-molecule fluorescence techniques,

that TREK1, TREK2, and TRAAK heterodimerize and that the
heterodimers reach the plasma membrane. TREK1-TREK2 het-
erodimers are functional and produce a current with intermediate
amplitude and increased outward rectification compared with
TREK1 and TREK2 homodimers. Most interestingly, external pH
regulation of the TREK1-TREK2 heterodimer is different from
TREK1 and TREK2 homodimers. This heterodimer shows mini-
mal activity at pH 7.4 but is activated by both acidic and alkaline
conditions. Mutational and structural analysis of the heterodimer
indicate that each subunit has a His pH sensor that operates
through intrasubunit electrostatic interactions. We also character-
ized the TREK1-TRAAK heterodimer and found an intermediate
current amplitude and regulation by external pH. Surprisingly,
TREK1-TRAAK showed biphasic activation in response to either
intracellular acidification or alkalinization. Finally, we addressed
the ability of the intracellular partner protein PLD2 to regulate the
TREK1-TRAAK heterodimer and found that only one TREK1
subunit is sufficient to permit current potentiation.

Results
Single-Molecule Analysis of Coassembly of TREK1, TREK2, and TRAAK
Channels in Mammalian Cells. To determine the ability of TREK
channels to heteromerize, we used the recently developed single-
molecule pull-down (SiMPull) assay (23). SiMPull enables direct
visualization of Ab-immobilized individual protein complexes on
PEG-passivated coverslips to determine the composition and
stoichiometry within individual protein complexes by observing
fluorophore bleaching steps.
We first confirmed that TREK channels may be immobilized

as dimers in SiMPull by expressing a construct containing an
N-terminal HA tag followed by a GFP and then TREK1 (HA-
GFP-TREK1) in HEK 293T cells. After 24 to 48 h of expression,
cells were lysed and single HA-GFP-TREK1 complexes were
pulled down using an anti-HA Ab and imaged with total internal
reflection fluorescence (TIRF) microscopy (Fig. 1A). In the
absence of the HA Ab, there were no fluorescent spots,
confirming the specificity of the Ab and the passivation of the

coverslip (Fig. 1A). The majority of fluorescence intensity tra-
jectories (Fig. 1B) showed two-step bleaching (∼53%), with the
remaining spots bleaching in one step (∼38%) or, occasionally,
three or more steps (<10%) (Fig. 1C). This distribution agrees
with the binomial distribution for a strict dimer based on an
estimated GFP maturation probability of ∼75% (24). SiMPull
experiments with HA-GFP-TREK2 confirmed that these chan-
nels also form strict dimers in mammalian cells (Fig. S1 A–C).
We next tested the ability of TREK1 to coassemble with its most

closely related homolog, TREK2. We coexpressed HA-TREK1
with GFP-TREK1 or GFP-TREK2 and assessed the ability of HA-
TREK1 to coimmunoprecipate the other channels via the anti-HA
Ab. In both cases, HA-TREK1 was able to pull down many fluo-
rescent spots via interactions with the GFP-tagged constructs (Fig.
1D). Importantly, when HA-TREK1 was not coexpressed, neither
of the GFP-tagged channels was isolated (Fig. 1 D and E). HA-
TREK1 pulled down both GFP-TREK1 and GFP-TREK2 with
comparable efficiency (Fig. 1E), indicating that TREK1 can coas-
semble with TREK2 without any clear preference for itself. We
also found that HA-TREK2 was able to pull down GFP-TREK2 or
GFP-TREK1 with comparable efficiency (Fig. S1 D and E).
We also extended this study to TRAAK. Strikingly, HA-TREK1

or HA-TREK2 was able to pull down GFP-TRAAK despite only
∼40% sequence identity (Fig. S1 F and G). The extent of pull-
down of GFP-TRAAK with HA-TREK1 or HA-TREK2 showed
weaker efficiency compared with GFP-TREK1 (Fig. S1 F–I). We
next wondered if TREK1 can coassemble with more distant K2P
channels from another subfamily, such as TASK1 or TASK3,
which share ∼30% sequence identity with TREK1. The number of
detected spots for both GFP-TASK1 and GFP-TASK3 was ∼10-
fold less than the number of spots detected for GFP-TREK1 (Fig.
S2 A and B). Consistent with previous studies (18, 25), we found
that HA-TASK3 pulled down GFP-TASK3 or GFP-TASK1 with
similar efficiency (Fig. S2C).
Because SiMPull was used to isolate complexes at high levels

of expression, we wanted to determine whether the same inter-
actions would occur at low protein density exclusively on the
plasma membrane.

TREK1 and TREK2 Coassemble and Are Targeted to the Plasma
Membrane. To determine the ability of the identified TREK1-
TREK2 heterodimer to form on the plasma membrane of living
cells, we used single-molecule subunit counting of membrane-
bound proteins in Xenopus oocytes (24). The assay is performed
at low levels of expression, minimizing nonspecific interactions.
We first validated the technique by expressing either a

C-terminally GFP-tagged TREK1 (TREK1-GFP) or TREK2
(TREK2-GFP) alone and counting GFP bleaching steps to con-
firm the dimerization of TREK1 and TREK2. For both TREK1-
GFP and TREK2-GFP, ∼30% of spots bleached in one step,
whereas ∼70% bleached in two steps (Fig. 2 A and B). This ob-
servation agrees well with the binomial distribution expected for a
dimer with GFP maturation of ∼75% and is consistent with re-
sults from SiMPull (Fig. 1).
We next applied a two-color, colocalization-based version of

subunit counting to test for coassembly between TREK1 and
TREK2. When both TREK1-GFP and a C-terminally tdTomato-
tagged TREK2 (TREK2-tdTomato) subunits were coexpressed,
some spots were only green, some were only red, and the rest
were colocalized spots containing both green and red fluores-
cence (Fig. 2C). Although background colocalization rates for
noninteracting membrane proteins have been estimated at <5%
(24), ∼25% of the total spots were colocalized in this experiment
(114 of 476 spots colocalized). Coexpression of TREK2-GFP
and TREK1-tdTomato showed a similar spot distribution with
considerable colocalization between the two subunits (105 of 348
spots colocalized). These results confirm that when TREK1 and
TREK2 are coexpressed at low densities on the plasma membrane,

Fig. 1. SiMPull of TREK1 from HEK 293T cells reveals TREK1 homodimers
and TREK1-TREK2 heteromers. (A, Left) Schematic of SiMPull of TREK1. HEK
293T cells expressing HA-GFP-TREK1 (HA-GFP-T1) are lysed and then immo-
bilized on a passivated coverslip conjugated to a biotinylated anti-HA Ab.
(A, Right) TIRF images of single molecules showing that HA-GFP-TREK1
immobilization is dependent on the anti-HA Ab. (B) Representative trace
showing two-step photobleaching (red arrows) of HA-GFP-TREK1. AU, ar-
bitrary units. (C) Summary of photobleaching step distribution for HA-GFP-
TREK1. (D) Representative images showing that HA-TREK1 (HA-T1) can pull
down GFP-TREK1 (GFP-T1) or GFP-TREK2 (GFP-T2) with comparable effi-
ciency. Controls without HA-TREK1 confirm specificity. (E) Summary of HA-
TREK1 pull-down of GFP-TREK1 and GFP-TREK2.
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a mix of TREK1 and TREK2 homodimers and TREK1-TREK2
heterodimers exists. We next tested the hypothesis that TREK1-
TREK2 heterodimers would have unique functional properties.

Functional Characterization of TREK1-TREK2 and TREK1-TRAAK
Heterodimers. To obtain a homogeneous population of hetero-
dimers, we fused TREK1 and TREK2 subunits to produce either
a TREK1-TREK2 or TREK2-TREK1 tandem (Fig. 3 A and B).
Both tandems formed functional potassium-selective channels (Fig.
3 A and B) with similar basal current amplitudes (3.13 ± 0.5 μA for
TREK1-TREK2 and 3.10 ± 0.4 μA for TREK2-TREK1) that were
intermediate between the basal current amplitudes of TREK1
(5.5 ± 1 μA) and TREK2 (1.8 ± 0.5 μA) homodimers (Fig. 3 C and
D). TREK1-TREK2 and TREK2-TREK1 had the same channel
properties (Fig. 3), indicating that the order of the subunits within
the tandem is not important. Importantly, TREK1-TREK1 and
TREK2-TREK2 tandem homodimers showed the same amplitude
as WT-TREK1 (P > 0.4) or WT-TREK2 (P > 0.2), respectively,
indicating that the tandem construct does not alter basal expression
or functional properties (Fig. S3). We also fused TRAAK to
TREK1 to produce TREK1-TRAAK and TRAAK-TREK1 tan-
dems that also formed potassium-selective channels with current
amplitudes (1.5 ± 0.1 μA TREK1-TRAAK and 1.4 ± 0.2 μA
TRAAK-TREK1) that were intermediate between the amplitudes
observed for homodimers of TRAAK (0.6 ± 0.1 μA) and TREK1

(2.4 ± 0.3 μA) (Fig. S4). We next examined the functional and
regulatory properties of the heterodimeric channels.

TREK1-TREK2 Heterodimers Show Modified Current Rectification. In sym-
metrical K+ conditions, TREK-1 and TREK-2 produce outwardly
rectifying currents that can be characterized by the ratio I−80 mV/I+80 mV,
which are 0.68 ± 0.05 and 0.58 ± 0.02 for TREK1 and TREK2,
respectively. Interestingly, the rectification was stronger for TREK1-
TREK2 and TREK2-TREK1 tandem dimers compared with
TREK1 and TREK2 homodimers (0.31 ± 0.05 for TREK1-TREK2
and 0.35 ± 0.02 for TREK2-TREK1). In contrast, the TREK1-
TRAAK and TRAAK-TREK1 tandem dimers showed the same
rectification as TREK1 and TRAAK homodimers (Fig. S4 E and F).

pH Regulation of TREK1-TREK2 and TREK1-TRAAK Heterodimers. For
both TREK1 and TREK2, intracellular acidification increases
the potassium current by protonating Glu residues on the post-
M4 C-terminal domain (Ctd), which controls channel gating
through interaction with the plasma membrane (6, 26). Consistent
with previous studies, acidifying the intracellular solution from in-
ternal pH (pHi) 7.4 to pHi 5.5 increased TREK2 current (ITREK2)
by 27 ± 5-fold, whereas ITREK1 showed only an 8 ± 3-fold increase
(P < 0.01) (Fig. 4 A and B). We tested the TREK2-TREK1 under
the same conditions and observed a 6 ± 0.8-fold current increase,
similar to the increase seen in TREK1 (P > 0.8) but significantly

Fig. 2. TREK1 and TREK2 form heterodimers on the plasma membrane of
Xenopus oocytes. Single-molecule subunit counting of TREK1 (A) and TREK2 (B)
confirms strict dimerization. (Left) Images showing the first frame of a movie
obtained for TREK1-GFP or TREK2-GFP. (Middle) Representative examples
showing the time course of fluorescence photobleaching (gray arrows) from a
single spot. (Right) Summary of photobleaching step distribution (gray bars)
compared with the predicted distribution for a dimer based on 80% GFP
maturation (black bars). (C) Representative TIRF images in the GFP (green) and
tdTomato (red) channels for oocytes expressing similar levels of TREK1-GFP
and TREK2-tdTomato. A bar graph summarizes the total number of red, green,
and colocalized spots (yellow). (D) Similar data to Cwith TREK2-GFP and TREK1-
tdTomato. The numbers of cells tested are indicated in parentheses.

Fig. 3. Functional characterization of TREK1-TREK2 heterodimers. Normalized
current–voltage (I–V) curves for TREK1-TREK2 (T1-T2) (A) or TREK2-TREK1 (T2-
T1) (B) tandem dimers in the presence of two concentrations of external po-
tassium (2 mM and 98 mM). (C) Representative traces showing TREK1 (T1),
TREK2 (T2), and TREK2-TREK1 currents elicited by voltage ramps (from −100 to
50 mV, 1-s duration). (D) Summary of average current amplitudes. (E) Nor-
malized I–V curves for TREK1, TREK2, and TREK2-TREK1 obtained in symmet-
rical potassium conditions (98 mM). (F) Bar graph representing the ratio
(absolute values) of mean current recorded at −80 and +80 mV. The numbers of
cells tested are indicated in parentheses. Student’s t test (*P < 0.05). Ik, potas-
sium current; n.s., not significant; Vm, membrane potential.
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less than what was observed for TREK2 (P < 0.01) (Fig. 4 C and
D). Unlike TREK1 and TREK2, TRAAK is activated by in-
tracellular alkalinization (Fig. 4E). Using TREK1-TRAAK tandem
dimers, we found that these heterodimers are weakly activated
by both increases and decreases in pHi (Fig. 4 F and G).
We next investigated the regulation of TREK heterodimers by

external pH (pHo). Despite the high degree of sequence identity
(∼70%), TREK1 and TREK2 display an opposite regulation by pHo
(11): TREK1 is inhibited by acidification and activated by alkalin-
ization, whereas TREK2 is activated by acidification and inhibited
by alkalinization. TREK1-TREK2 showed unique regulation by
pHo. Acidification from pHo 8.5–7.4 induced a rapid and large de-
crease in TREK1-TREK2 current amplitude (51 ± 6%) that was
similar to TREK1 (71 ± 6%) (Fig. 5A). Further acidification from
7.4 to 6.5 induced a 34 ± 9% increase in TREK1-TREK2 current,
similar to what was observed for TREK2 (49 ± 11%) (Fig. 5A). We
titrated the pH and found that the heterodimer produces its lowest
activity at physiological pH 7.4 and that either acidification or al-
kalinization leads to an increase in current (Fig. 5 B and C). In
contrast to TREK2, TRAAK is inhibited by external acidification,
but more weakly than TREK1 (11). As expected, TREK1-TRAAK
was inhibited by external acidification but the observed inhibition
was intermediate in amplitude between what is seen in TREK1
(highly sensitive) and TRAAK (poorly sensitive) (Fig. 5D).
We next probed the atypical regulation of the TREK1-TREK2

heterodimer to determine the mechanism of pH-sensing. TREK1
and TREK2 channels have a homologous pH sensor: a conserved
His located in the first extracellular loop [H126 in TREK1 and
H151 in TREK2 (11)]. Mutation of both His to either Ala or Lys
within the tandem TREK2-TREK1 heterodimer abolished pH
sensitivity (Fig. 6 A and B), confirming their roles in pH sensing.
Within a heterodimer, mutation of only the pH sensor (H151) of
the TREK2 subunit did not fully abolish pH sensitivity but, in-
stead, converted the channel into a TREK1-like “mode”: The
tandem heterodimer was potentiated by 68 ± 13% or 40 ± 9% by
alkalinization from pH 7.2–8 and inhibited by 53.5 ± 5% and 48 ±
16% by acidification from pH 7.4–6.5 for H151A and H151K,
respectively (Fig. 6 A and B). In addition, H151K, which mimics

the protonated state, increased the basal current of the hetero-
dimer by 39 ± 7%, whereas H151A, which mimics the deproto-
nated state, induced a basal current decrease of 38.5 ± 15% (Fig.
6C). This measurement is in agreement with the effects of the
H151K mutation (58 ± 12% increase in basal current) and

Fig. 5. Regulation of TREK family heterodimers by extracellular pH. (A) Repre-
sentative traces showing the effect of changes in extracellular pH (pHo) on TREK2-
TREK1 tandem heterodimers. Currents were elicited by voltage ramps (from −10
to 50 mV, 1-s in duration). (B) Representative example of dynamic regulation of
TREK2-TREK1 tandem heterodimers by changes in pHo. (C) pHo dependence of
TREK2-TREK1 tandem (black) compared with TREK2 and TREK1 (gray) homo-
dimers. The linear sum of the pHo dependence of the TREK1 and TREK2 homo-
dimers is shown as a dotted red line. (D) pHo dependence of TREK1-TRAAK tandem
homodimers (black) compared with TREK1 and TRAAK homodimers (gray).

Fig. 4. Regulation of TREK family heterodimers by intracellular pH (pHi). Representative traces showing the effect of intracellular acidification on TREK1 (T1) (A), TREK2
(T2) (B), and TREK2-TREK1 tandem heterodimers (T2-T1) (C). (D) Bar graph summarizing the current fold increases induced by a pHi shift from 7.4 to 5.5. Representative
traces showing the effect of changes in pHi on TRAAK homodimers (E) and TREK1-TRAAK tandem heterodimers (F). An example of the response to dynamic changes in
pHi for TREK1-TRAAK is shown in F. Currents were elicited by voltage ramps (from −100 to 50 mV, 1-s duration, 1 step per 5 s). (G) Bar graph summarizing the increase in
current induced by pHi shift from 7.4 to either 5.5 or 8.8 for TREK1-TRAAK. The numbers of cells tested are indicated in parentheses. Student’s t test (*P< 0.05; **P< 0.01).
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the H151A mutation (30 ± 14% decrease in basal current) in
TREK2 homodimers (Fig. 6C). Together, these data in-
dicate that the His pH sensors within a heterodimer control
basal current and the pHo response in a subunit-autonomous
manner. In agreement with this interpretation, mutation of the pH
sensor of the TREK1 subunit within the TREK1-TREK2 hetero-
dimer (H126A or H126K) resulted in TREK2-like pH-sensing be-
havior (Fig. 6 A and B). Consistent with what was seen for TREK1
homodimers, heterodimers with TREK1-H126A showed increased
basal current by 68 ± 15%, whereas tandem heterodimers with
TREK1-H126K showed decreased basal current by 31.8 ± 5%
(Fig. 6C).
To visualize how extracellular His within the first loop of

TREK channels may control the sensitivity to pHo, we used
crystal structures of TREK2 (27) and TREK1 to build a model
of the TREK1-TREK2 heterodimer. The model shows that
charged residues within the second extracellular loop (negatively
charged E265 and D263 in TREK1 and positively charged R293
in TREK2), which were previously identified as potential elec-
trostatic interaction partners (11), are indeed positioned to in-
teract with the His, and that these interactions occur within a
subunit (Fig. 6D). This proximity likely explains why pH sensing
can operate independently in each subunit.

Regulation of TREK1-TRAAK Heterodimers by PLD2. We recently
described how, in both TREK1 and TREK2, interaction of the

intracellular Ctd with the PA-producing enzyme PLD2 results in
PA-dependent tonic activation (5). Despite its sensitivity to PA,
TRAAK is not regulated by PLD2 because it does not form a
channel–enzyme complex. We asked if the TREK1-TRAAK
heterodimer, which presumably contains only one PLD2 binding
site in the Ctd of the TREK1 subunit, can be regulated by PLD2
coexpression. TRAAK-TREK1 and TREK1-TRAAK tandems
were potentiated by coexpression of PLD2 to a similar level as
seen for TREK1 (Fig. 7), suggesting that only one Ctd is suffi-
cient to bind PLD2 and produce enough PA for tonic activation.

Discussion
In this study, we analyzed the ability of members of the TREK
channel subfamily of K2P channels to coassemble and found that
TREK1, TREK2, and TRAAK are able to heteromerize: TREK1
coassembles with TREK2 as efficiently as it does with itself and
also assembles with TRAAK, although less efficiently. In contrast,
TREK1 coassembles poorly with members of other K2P subfamilies,
such as TASK channels. The overlapping expression patterns in the
mouse brain (7, 28) suggest that heterodimers may form in native
tissue. We found that the functional properties of heterodimers are
distinct from the functional properties of the homodimers, thereby
providing an added mechanism for functional diversity.
Extracellular acidification has previously been shown to inhibit

homodimers of TREK1 and activate homodimers of TREK2 (11).
We found that TREK1-TREK2 heterodimers display a unique
blend of pH sensitivity, with activation by both extracellular
acidification and alkalinization, which results in an unusual
property of minimal activity at physiological pHo. Mutations
in the pH sensor of the TREK1 subunit of the heterodimer
converted the TREK1-TREK2 heterodimeric channel into
TREK2-like pH-sensing, whereas mutations in the pH sensor
of the TREK2 subunit converted the heterodimeric channel into
TREK1-like pH-sensing. Together, these findings reveal that the
pH sensors operate individually within each subunit.
Interestingly, extracellular acidification or mutation of the pH

sensor His in the first extracellular loop to Lys boosts current in
TREK1 and inhibits current in TREK2, whereas mutation to Ala
has the opposite effects (11). Moreover, the opposite effect in
TREK1 and TREK2 can be accounted for by the opposite
charges of the interacting charged residues in the second extra-
cellular loop: two acidic residues in TREK1 vs. a basic residue in
TREK2. These characteristics are consistent with the model that
repulsion between the external loops stabilizes the open state
of the channel, whereas attraction between the external loops
stabilizes the closed state of the channel (11). How could such
interactions between the first and second external loops be
communicated to the internal gate of the channel? An answer is

Fig. 6. Mechanism of Pho sensitivity of TREK2-TREK1 heterodimers. (A) Bar
graph showing the percentage of current at pH 8 relative to pH 7.2 for TREK1
(T1), TREK2 (T2), TREK2-TREK1 (T2-T1), and TREK2-TREK1 (T2-T1) mutants. (B) Bar
graph showing the percentage of current at pH 7.4 relative to pH 6.5. (C) Bar
graph showing the current amplitude of TREK2 (T2) mutants relative to TREK2,
TREK1 (T1) mutants relative to TREK1, and TREK2-TREK1 (T2-T1) mutants relative
to TREK2-TREK1. (D) Structural model of TREK1-TREK2 heterodimers showing His
pH sensors (yellow). The proposed negatively charged interacting residues of
TREK1 (cyan) are shown in blue, and the proposed positively charged interacting
residues of TREK2 (magenta) are shown in red.

Fig. 7. Potentiation of TREK1-TRAAK heterodimers by PLD2. Representative
traces showing effects of PLD2 coexpression on TREK1-TRAAK. (Inset) Summary
of current potentiation by coexpression of PLD2. The numbers of cells tested are
indicated in parentheses. Student’s t test (*P < 0.05; ***P < 0.001).
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suggested by the location of the charged residues in the second
external loop just “above” the fourth transmembrane helix,
which has been shown to serve as an intracellular gate in K2P
channels (29–31), implying an activation rearrangement that
propagates through the helix to the intracellular gate.
It is interesting to consider how the proposed pH sensor to gate

linkages in the two subunits combines their influences on the gate.
Given the opposite effect of titration of the sensor His in TREK1
and TREK2, one would have expected that the effect of pH would
have been blunted in the TREK1-TREK2 heterodimer and per-
haps that the effect on one of the subunits (e.g., TREK1, which is
potentiated at alkaline pH by more than TREK2 is inhibited)
would have dominated, leaving a reduced and monotonic effect
of pH in the TREK1-TREK2 heterodimer. However, what we
observed instead was that the TREK1-TREK2 heterodimer was
activated at both low and high pH. This nonlinear influence on
gating suggests a more complex process that may involve intersubunit
interactions.
TREK subfamily channels are also modulated by pHi. Whereas

TREK1 and TREK2 homodimers are activated by intracellular
acidification (32), TRAAK is activated by intracellular alkalin-
ization (27). We find that TREK1-TRAAK heterodimers are ac-
tivated by both increases and decreases in pHi. This regulation
indicates that, as seen with the extracellular His pHo sensors,
the C termini of TREK and TRAAK individually sense pH and
influence gating.
The unique sensitivity of TREK1-TREK2 and TREK1-TRAAK

heterodimers to changes in extracellular or intracellular pH, re-
spectively, may have important physiological consequences. De-
viation from resting pH is associated with heavy activity or metabolic
load, as well as with pathological states. Neurons coexpressing
TREK1 and TREK2 or TREK1 and TRAAK may form hetero-
dimers that are activated by both acidification and alkalinization.
This coassembly may endow TREK channels with a neuroprotective
function, whereby pH deviation from physiological values increases

the hyperpolarizing outward potassium current to prevent potentially
damaging excitation from spreading throughout the network.
In contrast to the complex subunit regulation by pH, we found

that another class of regulation, by PLD2, operated in a simple
manner. PLD2 has been shown recently to regulate TREK1 and
TREK2, but not TRAAK, with specificity defined by the ability of
PLD2 to bind to the C termini of TREK1 and TREK2, but not
TRAAK (5). We find that TREK1-TRAAK heterodimers are
regulated by PLD2 with a similar potency to TREK1, indicating that
a channel needs only one PLD2-compatible C-terminal domain to
bind PLD2. Thus, whereas the two C termini respond individually
to changes in pHi and the two pHo sensors respond individually to
changes in external pH, a single PLD2 binding site in one C-ter-
minal domain is sufficient to anchor the enzyme, which then can
create a PA-rich domain.

Methods
Standard molecular biological, biochemical, and electrophysiological tech-
niques were used as described previously (5) and (SI Methods). Electro-
physiology was performed 24–72 h after transfection for HEK 293T cells and
24–48 h after injection for Xenopus oocytes. For SiMPull experiments, cov-
erslips were prepared as described (23). Single molecules were imaged using
a 488-nm argon laser on a TIRF microscope with a 60× objective (Olympus).
For subunit counting with Xenopus laevis oocytes, oocytes were enzymati-
cally treated with hyaluronidase (1 mg/mL; Sigma) and neuraminidase
(1 unit/mL; Sigma) for 15 min at 4 °C and manually devitellinized to enable
close contact of the oocyte’s plasma membrane to the coverslip.
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