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Membrane lipids serve as second messengers and docking sites for
proteins and play central roles in cell signaling. A major question
about lipid signaling is whether diffusible lipids can selectively
target specific proteins. One family of lipid-regulated membrane
proteins is the TWIK-related K channel (TREK) subfamily of K2P
channels: TREK1, TREK2, and TWIK-related arachdonic acid stimu-
lated K* channel (TRAAK). We investigated the regulation of TREK
channels by phosphatidic acid (PA), which is generated by phos-
pholipase D (PLD) via hydrolysis of phosphatidylcholine. Even
though all three of the channels are sensitive to PA, we found that
only TREK1 and TREK2 are potentiated by PLD2 and that none of
these channels is modulated by PLD1, indicating surprising selectiv-
ity. We found that PLD2, but not PLD1, directly binds to the C ter-
minus of TREK1 and TREK2, but not to TRAAK. The results have led
to a model for selective lipid regulation by localization of phospholipid
enzymes to specific effector proteins. Finally, we show that regulation
of TREK channels by PLD2 occurs natively in hippocampal neurons.
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Growing evidence indicates that the trafficking and function
of membrane proteins, including ion channels and recep-
tors, can be regulated by both their associated protein and lipid
environments. Membrane lipids play a key role in intracellular
signal transduction via lipid mediators that act as second mes-
sengers and docking sites for proteins. Membrane phospholipids,
specifically, function as signaling molecules that are able to exert
their effects on membrane proteins dynamically in conjunction with
enzymes, such as phospholipases, which alter their phosphate head
groups. Phospholipase D (PLD) is an enzyme that catalyzes the
hydrolysis of the membrane phospholipid phosphatidylcholine to
produce phosphatidic acid (PA). PA, much like phosphatidylinosi-
tol-4,5-bisphosphate (PIP2), is a second messenger that is involved
in a variety of cellular functions such as cell proliferation, cyto-
skeleton organization, morphogenesis, and vesicle trafficking (1-3).
However, unlike PIP2, following its production by PLD, PA is ex-
tremely short-lived and is rapidly converted to DAG by DAG ki-
nase, which raises the question of how PLD activity can effectively
regulate cellular processes (4, 5). Notably, primary alcohols can
compete with water as a substrate for PLD2, which can lead to the
production of phosphatidylethanol (PEtOH) or phosphatidyl-butan-
1-ol (P-1-BtOH) rather than PA (6). There are two mammalian
isoforms of PLD, PLD1 and PLD2, which share 50% amino acid
identity and are both widely expressed in the nervous system (7).

The family of K,p channels serves as a hub for the generation and
regulation of a negative resting membrane potential throughout
the nervous system. The members of the TWIK-related K channel
(TREK) subfamily of Kyp channels, TREK1 (K2P2.1), TREK2
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(K2P10.1), and the more evolutionarily distant TWIK-related
arachdonic acid stimulated K* channel (TRAAK) (K2P4.1) chan-
nel, are widely expressed in the nervous system (8, 9). TREK1 gene
knock out produces mice with reduced sensitivity to volatile anes-
thetics (10), impaired neuroprotection afforded by PUFAs against
ischemia (10), and altered pain perception (11). In addition, loss of
TREKI1 renders mice resistant to depression, suggesting TREK1 as
a candidate target for antidepressant medications (12). Although
classical methods of genetic knockout or pharmacological ap-
proaches have been used for most work on TREK channels, we
recently developed the photoswitchable conditional subunit (PCS)
method, which allows us to endow endogenous TREK1 channels
with light sensitivity. The PCS technique allows for the study of
native TREKI1 channels without the need for transgenic manip-
ulation or nonspecific pharmacological agents. Previously, we used
the TREK1-PCS method to discover a role for TREKI in medi-
ating the hippocampal GABAg response (13).

In many cases, regulation of membrane proteins is mediated
by the organization of complexes between various proteins and
signaling molecules that serve to enhance both the speed and
specificity of the regulation (14, 15). For example, TREK1
interacts with AKAP150 (AKAP79), a scaffolding protein, which
brings protein kinase A (PKA) into the proximity of TREK1 to
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facilitate specific regulation of the cytoplasmic domain of
TREKI1 by PKA-mediated phosphorylation (2, 16, 17). In the
case of phospholipids, one potential mechanism for specific
regulation is spatiotemporal segregation where the local con-
centrations of specific phospholipids are either dynamically in-
creased or decreased relative to the bulk of the membrane.

In this study, we report an inhibitory effect of protracted ex-
posure to primary alcohols on TREK1 and TREK2 channels. We
investigated the metabolic pathway involved in this indirect reg-
ulation and found that TREK1 and TREK2, but not TRAAK, are
specifically potentiated by PLD2, but not PLD1. We also provide
evidence that the specificity of this regulation is due to the direct
binding of PLD2 to TREK channels. Furthermore, using a cata-
lytically inactive mutant of PLD2 to compete with endogenous
PLD2, we were able to reduce TREK current by decreasing the
local PA concentration in the vicinity of the channel. We then
studied the functional coupling of native TREK1 channels with
endogenous PLD?2 in hippocampal neurons and found that PLD2-
mediated regulation is associated with tonic potentiation of the
basal TREK current. These findings demonstrate a previously
unidentified mechanism of regulation of an ion channel by direct
interaction with a phospholipase that is able to locally modulate
the phospholipid composition of the membrane.

Results

TREK1 Is Inhibited by Protracted, but Not Acute, Primary Alcohol
Application. TREK channels can be stimulated by phospholipids,
including directly applied PA (18), but so far there has been no
determination of whether such PA-mediated activation is regu-
lated. Because alcohols target PLD (6) and PLD catalyzes the
production of PA (19), we wondered whether alcohol might
modulate TREK channels through PLD. A diverse population of
potassium channels are directly regulated by ethanol, including BK
(20), SK (21), Ky (22), and GIRK (23). We initially investigated
the possible regulation of TREK1 by alcohols in a heterologous
system. We first tested primary alcohols and found that acute ap-
plication of either 0.25% butan-1-ol (27 mM) or 0.6% ethanol (104
mM) for ~1 min did not modify TREK1 current in HEK 293T cells
(Fig. 1 A and B). However, protracted (>1 h) application of either
of these primary alcohols reduced TREKI1 current by around 50%
(Fig. 1 C and F) (current densities were 39 + 5 pA/pF for TREK1,
18 + 5 pA/pF for TREKI1 plus ethanol, P < 0.05; and 18 + 4 pA/pF
for TREK1 plus butan-1-ol, P < 0.05). We then tested secondary
alcohols and found that, unlike ethanol or butan-1-ol, protracted
application of 0.25% butan-2-ol did not modify TREK1 current
(Fig. 1 D and E) (current density was 43 + 6 pA/pF, P > 0.4).

We then investigated the potential regulation of native TREK1
current by alcohol in primary cultures of hippocampal neurons.
We expressed an engineered TREK1-photoswitchable conditional
subunit (TREKI1-PCS) to endow light sensitivity to the native
TREKI1 channels (24) (SI Appendix, SI Materials and Methods). As
in HEK 293T cells, protracted (>1 h) application of 0.6% ethanol
reduced TREKI current by around 70% compared with untreated
cells (Fig. 1F). These results suggest that primary alcohols mod-
ulate native and heterologously expressed TREK1 channels via an
indirect mechanism, such as a metabolic effect on a second mes-
senger that regulates TREK1.

PLD2-Mediated Potentiation of TREK1 Current Is Reversed by Protracted
Primary Alcohol Treatment and the PLD Inhibitor FIPI. We next asked
whether the observed effects of alcohol on TREK1 could be me-
diated by PLD. To address this question, we first set out to de-
termine whether PLD can regulate TREK activity. We tested this
hypothesis by coexpressing TREK1 and PLD2 and found that PLD2
coexpression increased TREKI1 current by more than fourfold
(Fig. 24) (current densities for TREK1 and TREKI1 plus PLD2
were 19 + 2 pA/pF and 86 + 9 pA/pF, respectively, P < 0.001).
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Fig. 1. TREK1 is inhibited by protracted but not acute primary alcohol appli-
cation. (A and B) Effect of acute primary alcohol application on TREK1 current.
(A) Representative example of TREK1 current stability following brief (~1 min)
primary alcohol application in HEK 293T cells. (B) Summary of effect of acute
primary alcohol application on TREK1 current. Current was elicited by voltage-
ramps (from —100 to +50 mV, 1s in duration). (Inset) Normalized TREK1 current
density after acute primary alcohol application. (C) Effect of protracted primary
alcohol application on TREK1 current in HEK 293T cells. Current was elicited by
voltage-ramps (from =100 to +50 mV, 1s in duration). (Inset) Normalized TREK1
current densities after acute primary alcohol application. (D) Effect of pro-
tracted butan-2-ol application. (Inset) TREK1 current densities before and after
protracted butan-2-ol application are shown. (E) Summary of normalized TREK1
current densities after protracted alcohol application. Student t tests (*P < 0.05)
show the difference between TREK1 and TREK1 after ethanol, butan-1-ol, or
butan-2-ol application. The numbers of cells tested are indicated in parentheses.
(F) Protracted ethanol application decreases native TREK1 photocurrent in
hippocampal neurons. (Left) Representative examples of TREK1 photocurrent
with (black trace) and without (gray trace) protracted (>1 h) ethanol applica-
tion. (Right) Average normalized TREK1 photocurrent amplitudes with and
without protracted ethanol application (>1 h).

Because the production of PA by PLD2 is inhibited by primary
alcohols, we wondered whether protracted treatment with pri-
mary alcohols would affect the potentiation of TREK1 by PLD2.
In the presence of coexpressed PLD2, protracted application of
either ethanol or butan-1-ol reduced TREKI current by 71%
(Fig. 2 B and C) (current densities were 39 + 5 pA/pF for TREK1
alone, 139 + 21 pA/pF for TREKI1 plus PLD2, 24 + 5 pA/pF for
TREKI1 plus PLD2 plus ethanol, and 22 + 5 pA/pF for TREK1
plus PLD2 plus butan-1-ol; P < 0.01 for TREK1 plus PLD2 vs.
TREKI1 plus PLD2 plus ethanol and P < 0.01 for TREK1 plus
PLD2 vs. PLD2 plus butan-1-ol). This inhibition is reversed after
washout of ethanol within ~30 min (SI Appendix, Fig. S1). No-
tably, the current densities observed for TREKI1 coexpressed with
PLD2 and treated with ethanol or butan-1-ol were not signifi-
cantly different from the current amplitude for TREK1 expressed
alone after primary alcohol incubation (Fig. 2E) (P > 0.4 for
TREKI1 plus ethanol vs. TREK1 plus PLD2 plus ethanol and P >
0.5 for TREKT1 plus butan-1-ol vs. TREK1 plus PLD2 plus butan-
1-ol). Consistent with the previous section, the secondary alcohol
butan-2-ol failed to modify TREK1 current when coexpressed
with PLD2 (Fig. 2E) (current density was 127 + 44 pA/pF, P >
0.7). Because primary alcohols, but not secondary alcohols, can
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Fig. 2. TREK1 is potentiated by PLD2 in a PA-dependent manner. (A and B)
TREK1 is potentiated by PLD2 coexpression. (A) Representative traces showing
that PLD2 coexpression increases TREK1 current. (Inset) Bar graph showing the
TREK1 current densities in the presence or absence of coexpression of PLD2.
Student t test (***P < 0.001) shows the difference between TREK1 and TREK1
coexpressed with PLD2. The numbers of cells tested are indicated in paren-
theses. (B-E) Primary alcohols and FIPI abolish the potentiation of TREK1 cur-
rent by PLD2. Representative traces showing effects of protracted ethanol (B),
butan-1-ol (C), or FIPI (D) application on TREK1 current in the presence of PLD2.
(Insets) TREK1 current densities before and after treatments. (E) Summary of
normalized amplitude of TREK1 current in the presence of PLD2 after pro-
tracted treatment with alcohol, FIPI, or both. Student t tests (*P < 0.05, **P <
0.01) show the difference between TREK1 coexpressed with PLD2 and after
ethanol, butan-1-ol, or butan-2-ol application. Student t tests (*P < 0.05) show
the difference between TREK1 and TREK1 coexpressed with PLD2 after either
ethanol or butan-1-ol or butan-2-ol application. The numbers of cells tested are
indicated in parentheses. (F) A catalytically inactive mutant of PLD2 (PLD2-
K758R) decreases TREK1 current. Representative traces showing that coex-
pression of PLD2-K758R decreases TREK1 current. (Inset) Summary of TREK1
current densities in the presence or absence of coexpressed PLD2-K758R and
before and after protracted primary alcohol application are shown. Student t
tests (*P < 0.05) show the difference between TREK1 and TREK1 coexpressed
with PLD2-K578R with or without protracted primary alcohol exposure. The
numbers of cells tested are indicated in parentheses.

serve as alternative substrates in PLD-catalyzed transphos-
phatidylation to produce phosphatidylalcohols instead of PA,
these results suggest that the inhibition of TREK1 by primary
alcohols is mediated by inhibition of the production of PA by
PLD2. To confirm that the effect of alcohol on TREKI1 is directly
linked to inhibition of PA production, we used the recently
developed, specific PLD inhibitor 5-fluoro-2-indolyl des-chloro-
halopemide (FIPI) (25). Incubation for 1 h with FIPI reduced
TREKI plus PLD2 current by 76% to a level similar to primary
alcohol incubation (Fig. 2 D and E) (current density was 19 + 4
pA/pF for TREK1 plus PLD2 plus FIPI; P < 0.01 for TREK1
plus PLD2 vs. TREK1 plus PLD2 plus FIPI). Furthermore,
coapplication of primary alcohol and FIPI did not show an ad-
ditional inhibitory effect, indicating that both treatments may
work through the same mechanism (Fig. 2E) (current density was
24 + 6 pA/pF; P > 0.4 for TREK1 plus PLD2 plus FIPI vs.
TREKI1 plus PLD2 plus FIPI plus EtOH and P > 0.6 for TREK1
plus PLD2 plus EtOH vs. TREK1 plus PLD2 plus FIPI plus
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EtOH). In addition, FIPI reduced TREKI current densities to
similar levels with or without PLD2 coexpression as was also
observed for primary alcohol treatment (SI Appendix, Fig. S2).
These results strongly support the idea that PLD2 potentiates
TREKI channel activity through production of PA.

PLD2-Mediated Potentiation of TREK1 Requires Basic Residues in the
TREK1 C Terminus. Our results so far indicate that regulation of
TREKI1 channels by PLD2 depends on the production of PA by
PLD2. To further test this idea, we turned our attention to the
portion of the TREKI channel that is known to be essential for
PA regulation, and where PA has been conjectured to bind (18).
Stimulation of TREK1 by PA depends on five positively charged
residues in the TREKI1 carboxyl-terminal domain (Ctd) and the
negative charge of the phosphate group of PA. This modulation
can be eliminated by mutation of the positively charged residues
to produce “TREK1-pentaA.”

To test whether the ability to sense phospholipids is required
for TREKI to be potentiated by PLD2, we examined the effect
of PLD2 coexpression on TREK1-pentaA. Unlike in wild-type
TREK1, TREKI-pentaA was not potentiated by PLD2 coex-
pression (SI Appendix, Fig. S3). Together with the suppression of
PLD2 modulation of TREK1 by primary alcohols and FIPI, this
result argues that enzymatic production of PA by PLD2 is re-
quired for stimulation of TREKI.

A Catalytically Inactive Mutant of PLD2 Decreases TREK1 Current. Our
findings that protracted exposure to primary alcohols and FIPI
reduces TREK1 current in cells transfected with only TREKI,
that the magnitude of this suppression is far greater when PLD2
is coexpressed, and that the current that remains after primary
alcohol or FIPI treatment is the same whether or not PLD2 is
coexpressed suggest that endogenous PLD?2 tonically stimulates
TREKI and that this stimulation is suppressed by primary alco-
hols or FIPI. To test whether TREK1 is regulated by endogenous
PLD2, we coexpressed a catalytically inactive mutant of PLD2
(PLD2-K758R) (26, 27). Coexpression of PLD2-K758R signifi-
cantly decreased the TREKI current (Fig. 2F) (current densities
were 51 = 7 pA/pF and 28 + 3 pA/pF for TREK1 and TREK1
plus PLD2-K758R, respectively; P < 0.05). This suppression was
similar to that elicited by protracted application of primary
alcohols and FIPI (Fig. 1 and SI Appendix, Fig. S2). Moreover,
protracted primary alcohol application did not further inhibit
TREKI1 current when PLD2-K758R was coexpressed (Fig. 2F)
(current densities were 30 + 4 pA/pF for TREKI1 plus PLD2-
K758R plus ethanol, P > 0.6; and 29 + 4 pA/pF for TREKI1 plus
PLD2-K758R plus butan-1-ol, P > 0.7), which is consistent with
a dependency of primary alcohol regulation of TREK on PLD2.
The ability of the overexpressed catalytically inactive form of
PLD2 to prevent endogenous wild-type PLD2 from stimulating
TREKI1 could be explained by competition for localization to the
vicinity of TREK1. We therefore examined this possibility by
asking whether the channel and enzyme directly associate.

PLD2, but Not PLD1, Specifically Regulates TREK1 Through Direct
Interaction. Having found that PLD2 modulates TREKI, we asked
whether a related phospholipase D, PLD1, has the same effect.
Whereas coexpression of PLD2 significantly increased TREK1 current
(Fig. 34 and B) (current densities were 168 + 28 pA/pF for TREK1
plus PLD2 versus 41 + 8 pA/pF for TREKI1 alone; P < 0.001), co-
expression of PLD1 had no effect on TREK1 current (Fig. 3.4 and B)
(current density was 58 + 9 pA/pF for TREK1 plus PLD1; P > 0.6).

We asked whether the ability of PLD2, but not PLDI, to
stimulate TREKI1 could be accounted for by direct association
of only PLD2 with the TREK1 channel. PLD2 was coimmu-
noprecipitated with TREK1, but PLD1 was not (Fig. 3C). As
a control, in the absence of TREKI expression, anti-TREK1
antibodies did not precipitate PLD2 (Fig. 3C). Furthermore,
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Fig. 3. PLD2, but not PLD1, specifically regulates TREK1 and TREK2 but not

TRAAK. (A-C) Unlike PLD2, PLD1 does not regulate TREK1. (A) Representative
traces showing the effects of PLD1 and PLD2 coexpression on TREK1 current. (B)
Summary of TREK1 current in the presence or absence of either PLD1 or PLD2.
Student t tests (**P < 0.01) show the difference between TREK1 and TREK1
coexpressed with PLD2 or PLD1. The numbers of cells tested are indicated in
parentheses. (C) Coimmunoprecipitation of PLD2 (Top), PLD2-K758R (Middle), or
PLD1 (Bottom) by anti-TREK1 antibodies from transfected HEK 293T cells. (D-F)
PLD2 specifically regulates TREK1 and -2, but not TRAAK. (D) PLD2 coexpression
potentiates TREK2 current whereas PLD1 does not. (Inset) TREK2 current densi-
ties in the presence or the absence of either coexpressed PLD2 or PLD1. (E) PLD2
or PLD1 coexpression does not alter TRAAK current. (Inset) TRAAK current
densities in the presence or absence of coexpressed PLD2 or PLD1. (F, Upper)
Coimmunoprecipitation of PLD2 by anti-TREK2 antibodies from transfected HEK
293T cells. (Lower) Coimmunoprecipitation of PLD2 by anti-TRAAK antibodies
from transfected HEK 293T cells.

using immunocytochemistry, we found that TREK1 and PLD2
colocalize in HEK 293T cells (SI Appendix, Fig. S44), but
TREKI1 and PLD1 do not (SI Appendix, Fig. S4B). In addition,
PLD2-K758R is also able to coimmunoprecipitate with TREK1
(Fig. 3C), confirming the hypothesis that it competes with en-
dogenous PLD2 to decrease TREKI current (Fig. 2F). Taken
together, these results indicate that PLD2 interacts with TREK1
but that PLD1 does not and that this observation explains the
exclusive modulation of the channel by PLD2.

PLD2 Is Able to Potentiate TREK2, but Not TRAAK. Having observed
that PLD2 interacts with and regulates TREK1 but that PLD1
does not, we asked whether the interaction and modulation ex-
tend to other members of this K,p subfamily of channels. To test
this possibility, we coexpressed PLD2 with TREK2 and the more
distantly related TRAAK channel. TREK2 and TRAAK, like
TREKI, are lipid and mechano-gated and display the same PA-
sensitivity as TREK1 (18) (SI Appendix, Fig. S5). PLD2 coexpres-
sion significantly increased TREK2 current (Fig. 3D) (current
densities were 24 + 3 pA/pF for TREK2 alone and 144 + 29 pA/pF
for TREK?2 plus PLD2; P > 0.01) but did not significantly affect
TRAAK current (Fig. 3E) (current densities were 8 + 3 pA/pF for
TRAAK alone and 8 + 3 pA/pF for TRAAK plus PLD2; P > 0.8).
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Consistent with these results, PLD2 was coimmunoprecipitated with
TREK? (Fig. 3F), but not with TRAAK (Fig. 3F). As a control, in the
absence of TREK2 expression, anti-TREK?2 antibodies did not pre-
cipitate PLD2 (Fig. 3F), confirming the specificity of the assay. In
addition, immunocytochemistry of PLD2 and TREK2 showed
colocalization (SI Appendix, Fig. S4C) whereas TRAAK and PLD2
showed no overlap (SI Appendix, Fig. S4D). Furthermore, we found
that PLD1 coexpression did not affect TREK?2 current (SI Appendix,
Fig. SOE) (current densities were 31 + 11 pA/pF for TREK2 alone and
39 + 21 pA/pF for TREK2 plus PLD1; P > 0.9 for TREK2 alone vs.
TREK?2 plus PLD1). These results suggest that PLD2 interacts with,
and thus regulates, TREK?2, which is closely related to TREKI, but
not the more distantly related TRAAK.

To further test the idea that direct interaction between enzyme
and channel is necessary for the channel to be potentiated, we
forced an interaction between TRAAK and PLD2 by fusing the
proteins to one another to produce a PLD2-TRAAK tandem (Fig.
44). PLD2-TRAAK showed significantly increased current com-
pared with TRAAK alone (Fig. 4B) (current densities were 5.5 + 2
pA/pF for TRAAK alone and 51 + 13 pA/pF for PLD2-TRAAK;
P < 0.01). Similarly to TREK1 and TREK2, protracted application
of ethanol reduced the current density of PLD2-TRAAK to the
amplitude observed for TRAAK alone, indicating that PLD2-medi-
ated production of PA is required for the potentiation observed with
PLD2-TRAAK (SI Appendix, Fig. S8). These results are consistent
with the notion that anchoring of PLD2 to the channel enables it to
regulate the channel’s activity via its local enzymatic activity.

We next investigated to which part of the channel PLD?2 binds.
We hypothesized that this interaction may take place in the Ctd
because this region is the major part of TREK channels that is
accessible to the cytosol and this domain is highly conserved
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Fig. 4. Binding of PLD2 to the cytoplasmic tails of TREK1 and TREK2 enables
specific regulation. (A) Schematic representing the different constructs used. (B)
N-terminal fusion of PLD2 to TRAAK potentiates TRAAK current. (Inset) Com-
parison of TRAAK and PLD2-TRAAK current densities. (C and D) The specificity of
PLD2 regulation of TREK1 is mediated by the cytoplasmic tail of TREK1. (C) PLD2
coexpression potentiates current from a chimeric TRAAK/Ct-TREK1 channel
containing the core region of TRAAK fused to the cytoplasmic Ctd of TREK1.
(Inset) TRAAK/Ct-TREK1 current densities in the presence or absence of coex-
pressed PLD2. (D) PLD2 coexpression does not alter current from a chimeric
TREK1/Ct-TRAAK channel containing the core region of TREK1 fused to the cy-
toplasmic Ctd of TRAAK. (Inset) TREK1/Ct-TRAAK current densities in the pres-
ence or absence of coexpressed PLD2. Student t tests (*P < 0.05) show the
difference between PLD2 potentiation of PLD2-TRAAK, TRAAK/CtTREK1 or
TREK1/CtTRAAK. The numbers of cells tested are indicated in parentheses.
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Fig. 5. Model of channel regulation by PLD2. PLD2 is associated with TREK1
and creates a microdomain rich in PA (the gradient of PA is represented by
a green arrow) that activates the channel at rest. PLD2-K758R displaces the
endogenous PLD2, which reduces the local PA concentration near the
channel and therefore reduces TREK channel activity. Alternatively, primary
alcohols (ROH) compete with water in the catalytic site of PLD2, which also
leads to a reduction of the local PA concentration near the channel and
causes a decrease in TREK channel activity.

between TREK1 and -2 (9). To test this hypothesis, we designed
chimeras between TRAAK and TREKI1 to see whether we could
transfer PLD2 sensitivity to TRAAK. The Ctd of TRAAK was
replaced by the corresponding Ctd of TREKI to form TRAAK/
Ct-TREKI, and the Ctd of TREKI was replaced by the corre-
sponding Ctd of TRAAK to form TREK1/Ct-TRAAK (Fig. 44).
Unlike wild-type TRAAK, TRAAK/Ct-TREK1 was sensitive to
PLD2 (Fig. 4C) (current densities were 12 + 3 pA/pF and 36 + 7
pA/pF for TRAAK/Ct-TREK1 and TRAAK/Ct{TREKI1 plus PLD2,
respectively; P < 0.05). However, TREK1/Ct-TRAAK was not
sensitive to PLD2 coexpression (Fig. 4D) (current densities were
26 + 4 pA/pF and 29 + 2 pA/pF for TREK1/Ct-TRAAK and
TREKI1/Ct-TRAAK plus PLD2 respectively; P > 0.8). These
results indicate that the specificity of PLD2 depends on the
TREKI Ctd because the Ctd specifically binds to PLD2 (Fig. 5).

PA Regulates Native TREK1 Channels Through Physical Coupling
Between TREK1 and Endogenous PLD2 in Hippocampal Neurons. TREK
channels are natively expressed in the hippocampus where they
contribute to the response to GABAg receptor activation and are
inhibited by protracted primary alcohol application (Fig. 1B).
Accordingly, we wondered whether hippocampal TREKI1 channels
are regulated by endogenous PLD2 and whether this measurement
can explain their alcohol sensitivity. To investigate this regulation in
the native hippocampal TREK1 channels, we coexpressed the cata-
lytically inactive mutant of PLD2, PLD2-K758R, along with the
TREKI-PCS (13).

In cultured hippocampal neurons transfected with the TREKI1-
PCS, alternating illumination between 380 nm and 500 nm modu-
lated the resting membrane potential by 4.3 + 0.9 mV (Fig. 64).
Coexpression of PLD2-K758R decreased this voltage change sig-
nificantly (Fig. 6 B and E) (1.3 = 0.2 mV; P < 0.01). Consistent with
this voltage change decrease, at a holding potential of —20 mV,
TREKI1-PCS transfected neurons had photocurrents of 20 + 4 pA
(Fig. 6C) and coexpression of PLD2-K758R reduced the photo-
currents to 4.8 + 1.7 pA (Fig. 6 D and F) (P < 0.01) as was observed
for protracted EtOH application (Fig. 1B). These results show that,
in hippocampal neurons, native TREK1 and PLD2 coassemble and
that this coassembly leads to a tonic increase in TREK1 activity.
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Discussion

We report a novel mechanism for the specific regulation of ion
channels by an enzyme that generates signaling lipids. We found
that the K,p potassium channels TREK1 and TREK2 are po-
tentiated by the phospholipase PLD2, which produces the charged
signaling phospholipid PA from phosphatidylcholine. Surprisingly,
PLD2 was unable to regulate the related TRAAK channel despite
the fact that TRAAK responds to PA in a similar manner to TREK1
and TREK?2. Furthermore, we found that PLD1, which catalyzes the
same reaction as PLD2, has no effect on TREK1 or TREK2, in-
dicating that this regulation is specific to the subtype of enzyme and
not based on a bulk effect on plasma-membrane composition.

We found that the specific regulation that we observed by only
one of the PLDs on two of the three PA-sensitive K2P channels
could be explained by selective colocalization. First, TREK1 and
TREK?2 directly interact with PLD2, but TRAAK does not,
explaining the selective activation of the TREKs by PLD2.
Second, PLD1 does not interact with TREK1, explaining its lack
of effect. Third, fusion of the PLD2 to TRAAK renders TRAAK
responsive to PLD2. Finally, replacement of the TRAAK Ctd
with that of TREK1 endowed TRAAK with sensitivity to PLD2
whereas replacement of the TREK1 Ctd with that of TRAAK
eliminated the sensitivity of TREK1 to PLD2. These results
suggest that PLD2 specificity is due to direct interaction of PLD2
with either TREK1 or TREK2 via the Ctd of the channel. This
interaction appears likely to be direct, but we cannot fully ex-
clude the possibility of the presence of an adaptor protein that
allows PLD2 and TREK to interact which each other. One
possible adaptor, which is endogenously expressed at low levels
in HEK293 cells, is AKAP79. However, we found that AKAP79
does not play a role in this regulation because shRNA, which
targets AKAP79 (28), did not modify TREKI regulation by
PLD2 (SI Appendix, Fig. S10). We propose that, by complexing
with TREK1 or TREK2, PLD2 is able to alter the local
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Fig. 6. PLD2-K758R decreases endogenous TREK1 current in hippocampal
neurons. (A) Representative current-clamp recording from cultured hippocam-
pal neurons expressing TREK1-PCS shows light modulation of membrane po-
tential. The 380-nm light (in black) leads to channel blockade and depolarization
whereas 500 nm light (in gray) unblocks the channels. (B) Same as in A for
neurons coexpressing TREK1-PCS and PLD2-K758R. (C) Representative whole-
cell voltage-clamp recording from hippocampal neurons expressing TREK1-PCS.
(D) Same asiin Cfor neurons expressing TREK1-PCS and PLD2-K758R. (E) Average
resting membrane potential modulation induced by alternating illumination of
neurons with 500 nm and 380 nm. (F) Average photocurrent induced by alter-
nating illumination of neurons with 500 nm and 380 nm. Student t tests (**P <
0.01) show the difference between TREK1-PCS and TREK1-PCS coexpressed with
PLD2-K758R. The numbers of cells tested are indicated in parentheses.
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concentration of PA in a microdomain around the channel to
stimulate channel activity (Fig. 5). This mechanism is consistent
with a short half-life of PA in the plasma membrane (5). In our
model, the regulation of TREK channels by PLD2 is specific not
because of the enzymatic product, but because the protein—pro-
tein interaction between enzyme and channel allows the channel
to be directly coupled to the enzymatic production of PA in a way
that is independent of the bulk concentration of PA. Independent
pools of phospholipids that govern distinct functions in micro-
domains have been proposed before (29, 30). Our work provides
an illustration of such a case and a mechanism by which it can
result in specific regulation of a subset of Kyp potassium channels.

In addition to regulation by PLD2, we demonstrated that pro-
tracted, but not acute, application of primary alcohols inhibits
TREK1 and TREK2. We provide evidence that this effect is
mediated by PLD2 rather than direct interaction between alcohols
and the channel, in contrast to what has been shown for GIRK
channels (31). When exposed to primary alcohols such as ethanol or
butan-1-ol, PLD2 catalyzes the production of the biologically in-
active phospholipids PEtOH or P-1-BtOH rather than PA. Con-
sistent with the hypothesis that regulation of TREK by alcohols is
mediated by removal of tonic stimulation by PLD2, PLD?2 is in-
sensitive to secondary alcohols, which were also unable to
regulate TREK1 or TREK2. We confirmed this mechanism by
showing that primary alcohols also prevent the potentiation effect of
PLD2 and that a catalytically inactive mutant of PLD2 is unable to
potentiate TREK1 and renders TREKI insensitive to protracted
alcohol treatment. This mechanism may be a general means by
which ethanol can induce long-term physiological changes by
changing the phospholipid composition of the membrane.

Given the previously demonstrated cross-talk between the
GABAg receptor, GIRK, and TREK and the established role of
GABAg; receptors in treatment of alcohol addiction, we wanted to
address the possibility that regulation of TREK1 by PLD2, which
mediates the effects of ethanol in heterologous systems, occurs
natively in mammalian neurons. We tested this in hippocampal
neurons using the TREK1-PCS technique (32). We found that
displacement of the native, wild-type PLD2 by the catalytically
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inactive mutant PLD2-K578R decreased the endogenous TREK1
depolarization or current by fourfold as was also observed for
protracted ethanol application. Based on this measurement, we
concluded that, at rest, more than 75% of the hippocampal
TREKI current is associated with potentiation of TREK1 by PA.
This result indicates that the regulation of TREK1 by PLD2
occurs natively in neurons of the hippocampus and may be im-
portant for mediating some of the effects of protracted ethanol
consumption and its reversal by GABAg receptors (33).

In conclusion, association of specific isoforms of an enzyme
that generates signaling lipids with select ion channel subtypes
can confer specific regulation of those channels. We conjecture
that this specificity is due to the high local concentration of the
active lipid product near its site of action on the channel,
resulting in strong regulation of the bound channel, whereas
channels that do not interact with the enzyme are not regulated
because the bulk concentration of that lipid does not reach levels
that are high enough to act at a distance.

Materials and Methods

Standard molecular biological, biochemical, and electrophysiological tech-
niques were used as described previously (13) and in S/ Appendix. Briefly, HEK
293T cells were transiently cotransfected using Lipofectamine 2000 (Invi-
trogen). Electrophysiology was performed 24-72 h after transfection for
HEK 293T and 3-6 d after transfection for hippocampal neurons.

ACKNOWLEDGMENTS. We thank Olivier Soriani and Nicolas Vital for helpful
discussion, Michael Frohman and Axel Perianin for PLD2 and PLD1 con-
structs, Peter A. McNaughton and John D. Scott for shRNA constructs, and
Zhu Fu, Benjamin Miraglio, and Sandra Wiese for technical assistance. This
work was supported by a grant to G.S. from Action Thématique et Incitative
sur Programme-AVENIR (ATIP-AVENIR) funds and the French National Center
for Scientific Research, by grants to G.S. and F.L. from the Agence Nationale
de la Recherche (Laboratory of Excellence “lon Channel Science and Thera-
peutics”, Grant ANR-11-LABX-0015-01), and by support to F.L. from the Fon-
dation pour la Recherche Médicale (Equipe Labellisée FRM 2011) and E.Y.I.
from the National Institutes of Health (PN2EY018241). This work was also
supported by a National Research Service Award postdoctoral fellowship for
M.A K. (1F32EY022840), by grants to E.Y.I. from the National Science Foundation
(FIBR 0623527) and the National Institutes of Health (RO1 NS35549), and by
support to J.L. from a Chateaubriand Fellowship.

18. Honoré E (2007) The neuronal background K2P channels: Focus on TREK1. Nat Rev
Neurosci 8(4):251-261.

19. Selvy PE, Lavieri RR, Lindsley CW, Brown HA (2011) Phospholipase D: Enzymology,
functionality, and chemical modulation. Chem Rev 111(10):6064-6119.

20. Kominkova V, Magova M, Mojzisova A, Malekova E, Ondrias K (2001) Effect of eth-
anol on tracheal potassium channels reconstituted into bilayer lipid membranes.
Physiol Res 50(5):507-511.

21. Brodie MS, Scholz A, Weiger TM, Dopico AM (2007) Ethanol interactions with calcium-
dependent potassium channels. Alcohol Clin Exp Res 31(10):1625-1632.

22. Grissmer S, et al. (1994) Pharmacological characterization of five cloned voltage-
gated K+ channels, types Kv1.1, 1.2, 1.3, 1.5, and 3.1, stably expressed in mammalian
cell lines. Mol Pharmacol 45(6):1227-1234.

23. Kobayashi T, et al. (1999) Ethanol opens G-protein-activated inwardly rectifying K+
channels. Nat Neurosci 2(12):1091-1097.

24. Banghart M, Borges K, Isacoff E, Trauner D, Kramer RH (2004) Light-activated ion
channels for remote control of neuronal firing. Nat Neurosci 7(12):1381-1386.

25. Su W, et al. (2009) 5-Fluoro-2-indolyl des-chlorohalopemide (FIPI), a phospholipase D
pharmacological inhibitor that alters cell spreading and inhibits chemotaxis. Mo/
Pharmacol 75(3):437-446.

26. Sung TC, Altshuller YM, Morris AJ, Frohman MA (1999) Molecular analysis of mam-
malian phospholipase D2. J Biol Chem 274(1):494-502.

27. Sung TC, et al. (1997) Mutagenesis of phospholipase D defines a superfamily including
a trans-Golgi viral protein required for poxvirus pathogenicity. EMBO J 16(15):4519-4530.

28. Zhang X, Li L, McNaughton PA (2008) Proinflammatory mediators modulate the heat-acti-
vated ion channel TRPV1 via the scaffolding protein AKAP79/150. Neuron 59(3):450-461.

29. Simonsen A, Wurmser AE, Emr SD, Stenmark H (2001) The role of phosphoinositides
in membrane transport. Curr Opin Cell Biol 13(4):485-492.

30. Janmey PA, Lindberg U (2004) Cytoskeletal regulation: Rich in lipids. Nat Rev Mol Cell
Biol 5(8):658-666.

31. Aryal P, Dvir H, Choe S, Slesinger PA (2009) A discrete alcohol pocket involved in GIRK
channel activation. Nat Neurosci 12(8):988-995.

32. Sandoz G, Levitz J (2013) Optogenetic techniques for the study of native potassium
channels. Front Mol Neurosci 6:6.

33. Boden JM, Fergusson DM (2011) Alcohol and depression. Addiction 106(5):906-914.

Comoglio et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1407160111/-/DCSupplemental/pnas.1407160111.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1407160111

