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Abstract

Despite the widespread consumption of ethanol, mechanisms underlying its anesthetic effects remain
uncertain. n-Alcohols induce anesthesia up to a specific chain length and then lose potency—an observation
known as the “chain-length cutoff effect.” This cutoff effect is thought to be mediated by alcohol binding sites on
proteins such as ion channels, but where these sites are for long-chain alcohols and how they mediate a cutoff
remain poorly defined. In animals, the enzyme phospholipase D (PLD) has been shown to generate alcohol
metabolites (e.g., phosphatidylethanol) with a cutoff, but no phenotype has been shown connecting PLD to an
anesthetic effect. Here we show loss of PLD blocks ethanol-mediated hyperactivity in Drosophila melanogaster
(fruit fly), demonstrating that PLD mediates behavioral responses to alcohol in vivo. Furthermore, the metabolite
phosphatidylethanol directly competes for the endogenous PLD product phosphatidic acid at lipid-binding
sites within potassium channels [e.g., TWIK-related K* channel type 1 (K2P2.1, TREK-1)]. This gives rise to a PLD-
dependent cutoff in TREK-1. We propose an alcohol pathway where PLD produces lipid-alcohol metabolites that

bind to and regulate downstream effector molecules including lipid-regulated potassium channels.
© 2018 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The molecular mechanism of ethanol intoxication is
historically linked to an anesthetic effect. In the late
1800s, Meyer and Overton showed that n-alcohols
increase in potency based on their hydrophobicity [1].
However, in a homologous series with increasing
length, the increase in potency plateaued at 11 carbons
and then became inactive at 14 carbons. For example,
in tadpoles, the alcohol dodecanol (C12) is a potent
anesthetic (i.e., effective at low concentration), but
tetradecanol (C14) is not [2]. Over the ensuing
50 years, a debate arose as to molecular determinants
of this cutoff [3,4]. Enantiomers of alcohols were not
selective [5] suggesting a membrane site of action, but

the effects of long-chain alcohols on bulk membranes
alone appeared to be insufficient for anesthesia [6]. We
asked if an intermediary metabolite may contribute to
the anesthetic effect of long-chain alcohols on ion
channels.

Phospholipase D2 (PLD2) is a membrane-
associated protein that, in the presence of alcohol,
generates the unnatural lipid phosphatidylalcohol
(POH) in a process known as transphosphatidylation
[7] (Supplementary Fig. 1b). Ethanol transphospha-
tidylation is significantly elevated in alcoholics and
individuals with a history of alcohol abuse suggest-
ing an in vivo role for phosphatidylethanol (PEtOH)
[8]. Like ethanol, long-chain n-alcohols are sub-
strates for PLD2 transphosphatidylation and exhibit

0022-2836/© 2018 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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a chain-length cutoff around eight carbons [9,10].
But the question remains, do PLD2 metabolites
contribute to alcohol's effect on ion channel and
animal behavior?

lon channels are major effectors of ethanol intoxi-
cation [11] and potential downstream targets of
phosphatidylalcohols. Anionic signaling lipids, in
particular PLD-derived phosphatidic acid (PA), and
phosphatidylinositol (4,5)-bisphosphate (PIP,), regu-
late many ion channels [12—14] often at specific lipid
sites within the channels [12,15-17] (Supplementary
Fig. 1a). We hypothesized that PLD-derived ethanol
metabolites could bind to the lipid regulatory sites of
some ion channels and compete for endogenous PA
or PIP, regulators. Many channels exhibit a cutoff with
a length of 8-11 carbons (Supplementary Table S1).
Molecular sites of ethanol have been characterized in
detail for select channels [11], but the molecular basis
for long-chain alcohol cutoff sites on channels is
poorly defined. If PLD-derived POH binds to any of
these lipid regulatory sites, this would represent a new
form of regulation distinct from the usual receptor—
alcohol interaction and link alcohol metabolites
directly to ion channel function.

Here we show PLD2-dependent metabolites bind to
the lipid regulatory sites of two-pore domain potassium
(K2P) channels and regulate function in a chain-length
dependent manner. Furthermore, loss of PLD in flies
blocks an ethanol-induced hyperactive response,
confirming an in vivorole for PLD in ethanol sensitivity.

Results

In vivo role of PLD in alcohol intoxication

Despite PLD's well-known role in generating etha-
nol metabolites, the in vivo relevance of the metabo-
lites to ethanol intoxication has yet to be established. If
PLD ethanol metabolism is relevant to the physiolog-
ical effects of alcohol intoxication, we would expect the
loss of PLD to also result in a loss of an alcohol
phenotype. Like mammals, flies have a hyperactive
response to ethanol prior to sedation [18] making flies
a suitable model for genetic interrogation. Knockout of
the pld gene (PLD™ in Drosophila melanogaster
(fruit flies) was previously shown to eliminate trans-
phosphatidylation in the animal [19]. Unlike mammals,
D. melanogaster only have one isoform of PLD,
making this a complete loss of all PLD lipase activity.
We obtained the PLD™" flies previously shown to be
devoid of transphosphatidylation activity [19].

To test a PLD-dependent transphosphatidylation
response to ethanol, we monitored a hyperactive
response after ethanol consumption in PLD™" flies.
Animals were simultaneously monitored for activity
and feeding with ethanol using video tracking [20,21]
(Fig. 1a). PLD™" mutants robustly blocked the

response of ethanol when compared to genetically
matched wild-type controls (Fig. 1b). To ensure that
this effect was a neuronal-specific effect, we used
the GAL4/UAS system to knock down the pld gene
by expressing an RNAI construct under the control of
a pan-neuronal GAL4 driver (nSyb®A%). PLD KD
also robustly blocked the ethanol hyperactivity
response in flies compared to control (Fig. 1d). The
behavior was significant for two independent RNAI
lines tested (p=0.018 and 0.023; Fig. 1d and
Supplementary Fig. S2a). The lack of ethanol
response in PLD KD flies was not due to feeding
since all groups exhibited similar avoidance as
expected for short term exposure [22] (Fig. 1c, e,
and Supplementary Fig. S2b). KD flies were
hyperactive under starvation conditions, confirming
that the lack of effect seen during ethanol adminis-
tration was not due to an activity ceiling caused by
the PLD KD. We also confirmed that the KD animals
are capable of normal hyperactivity by moving the
flies to agar without food and monitoring activity for
24 h (Supplementary Fig. S2c).

The strong alcohol phenotype in PLD mutant flies
suggests that a product of PLD is involved in alcohol
intoxication. We considered both POH accumulation
and PA depletion as likely downstream perturbations
accounting for the alcohol phenotype. First, we
investigated PA depletion in the presence of 0.3%
ethanol (a clinical concentration) using partially
purified mammalian PLD2 enzyme. Thin layer
chromatography analysis of PLD2 lipid products
showed PLD2 continues to robustly produce PA in
the presence of ethanol (Supplementary Fig. S1d),
suggesting that ethanol does not block PA produc-
tion, but rather PEtOH is an added metabolite. We
confirmed this result in the brains of intoxicated mice
using quantitative whole-cell shotgun lipidomics.
Among the 13 PA species identified, none showed
any significant change in concentration in the
presence of ethanol (Supplementary Fig. S3).
PLD2 can also produce phosphatidylglycerol (PG)
in the presence of glycerol [23]. All species of PG
levels also remained unchanged in the presence of
ethanol.

Unlike PA, which is rapidly metabolized, PEtOH is
a long-lived metabolite and accumulates in plasma
membrane of cells and blood after alcohol consump-
tion, most notably in the brain [24] reaching levels up
to 1%—2% of the lipid membrane [25]. PEtOH is
structurally similar to PA, differing by only two
carbons, suggesting that the metabolites could
compete at PA binding sites (Supplementary Fig.
S1c and Supplementary Discussion). This led us to
consider PA-regulated ion channels, in particular
channels activated by PA in sensory and excitatory
neurons, as possible targets of PEtOH inhibition. K*
channels reduce neuronal firing; hence, we expect
channels inhibited by PEtOH to contribute to a
hyperactive response.
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Fig. 1. PLD inhibition in D. melanogaster blocks alcohol hyperactivity. (a) Flies fed 30% ethanol were monitored for
activity and feeding by video tracking. (b) Complete knockout of PLD (PLD3.1) blocked ethanol-induced hyperactive
response (p = 0.23, n = 19-22) compared to control flies (w1118; p = 0.0007, n = 22). (c) Short-term exposure to ethanol
decreased feeding similarly in control (p = 0.03) and knockout (p = 0.007) flies (n = 19-22). (d) Pan-neuronal expression
of PLD RNAI, under an nSybGal4 driver, (independent lines RNAi1 and RNAI2; see Supplementary Fig. S5 for RNAi2 data)
showed the same effect in hyperactive response (p = 0.018 and 0.023) but not control vector (Ctrl). (e) Decreased feeding
(p = 0.02) was similarly observed in ctrl and PLD RNAI expressing flies (**p < 0.001 and *p < 0.05, two-tailed Student's

ttest; RNAI1, n = 22-32; RNAi2, n = 9-16).

PEtOH inhibition of K* channels

TWIK-related K* channel type 1 (K2P2.1, TREK-1)
and TWIK-related arachidonic acid-activated K*
channel (K2P4.1, TRAAK) are dimeric K2P channels
that are activated by PA and contribute to resting
membrane potential of sensory nerves and cardiac
tissue [16,26—28]. PLD localizes with and activates
TREK-1 through production of PA [29] and PG [16,30].
Alcohol inhibits TREK-1 in a PLD2-dependent man-
ner [29], but whether the metabolite can directly
antagonize the channel has not been tested. To
directly test the metabolite for a potential role in K2P
channel function, we employed lipid-binding and
functionality assays with purified protein in vitro [16]
(Fig. 2a—c).

We found that PEtOH directly competes with lipid
agonist sites in both TRAAK and TREK-1 channels
(Fig. 2b—c). The channels were purified to homoge-
neity in detergent micelles and directly assayed
using a PIP, competition assay for detecting lipid
binding to potassium channels [16] (Supplementary
Fig. S4a and Fig. 2a). PEtOH bound TRAAK with a
Ky of 106 + 30. TREK-1 with a Ky of 123 + 37 uM
compared to 15.7 + 6 pM for PA and 177 + 30 yM

for PG [16]. These Ky values agree with the
established mechanism that localized high levels of
anionic lipid activate the channel [29].

Most PA channels also bind PIP, and have
opposing effects [15,16], suggesting that each site
can bind both antagonizing and agonizing lipids.
PEtOH could also compete with PIP, sites in PIP,-
regulated channels. Kir2.1 and Kir2.2 are tetrameric
PIP,-gated channels that are antagonized by PA—
PA competes out agonizing PIP, [15,31]. Like
TREK-1, Kir channels contribute to the resting
membrane potential [32] and ethanol can inhibit
their function [33,34]. As expected, we found that
similar to K2P channels, PEtOH directly competes
with PIP, binding to Kir2.1 and Kir2.2 (K4 of 70.0 and
131 pM, respectively; see Fig. 2d and Supplemen-
tary Fig. S4d—e). These relative affinities suggest
that PEtOH could shift the channel toward a closed
state by increasing the overall concentration of
antagonizing lipid (e.g., mix with antagonizing PIPy).

Next, we tested PEtOH's ability to inhibit TREK-1
and TRAAK conductance using an ion flux assay
(Fig. 3a—c and Supplementary Fig. S4b). First we
reconstituted purified TREK-1 channels into PC
liposomes with either 15% PEtOH or control 15%
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Fig. 2. PEtOH directly binds to K+ channels. Soluble fluorescent PIP, (FL-PIP,) competition assays. (a) Cartoon
showing experimental design. Purified TREK-1 channel (gray) in a detergent micelle (yellow), with a genetically encoded
nano-luciferase (Nluc) tag, binds FL-PIP, (red lipid). Bound FL-PIP, produces a bioluminescence resonance energy
transfer (BRET) signal. (b—d) PEtOH (blue) dose dependently competes with fluorescent probe. Competition curves for
endogenous agonists (red) and antagonists (purple) are plotted for the respective channels. (a) PEtOH bound TREK-1with
a Ky of 123 + 37 pM. (b) TRAAK with a Ky of 106 + 30 pM. (c) Kir2.1 with a Ky of 70.0 + 28 uM (average + SEM, n = 3).

PG alone and assayed the ability of the channel to
release potassium [16,35]. We previously showed
that 15% PG optimally agonizes TREK-1 [16].
TREK-1 in liposomes with 15% PEtOH released
very little potassium compared to robust flux by 15%
PG (Fig. 3a). This is significant since PG has a lower
affinity than PEtOH (Fig. 2b). Next, we tested
functional competition of PEtOH in the presence of
PG to determine if PEtOH had any effect on channel
conductance. The addition of 15% PEtOH to
liposomes with PG (10%) antagonized both TREK-1
and TRAAK ion flux (Fig. 3b—c).

Unlike PEtOH, un-metabolized ethanol had no
effect on TREK-1 ion conductance when reconsti-
tuted into purified PC/PG lipid vesicles (Fig. 3a, d,
purple trace). To further confirm that ethanol is not an
allosteric antagonist, we tested ethanol binding to
TREK-1 and TRAAK in our lipid-binding assay [16].
Consistent with the ion flux data, ethanol had no
effect on PIP, binding to TREK-1 or TRAAK (Fig. 3e),
while norfluoxetine (NFX), a TREK-1-specific allosteric
antagonist [36], completely blocked PIP, binding
(p < 0.0001) to TREK-1. Similarly, free ethanol had
no detectable allosteric effect on PIP, binding to Kir2.2

(Supplementary Fig. S4f). These results suggest that
the lipid metabolites rather than the free alcohol
antagonize the channels (Fig. 3f).

PLD2 chain-length cutoff in TREK-1 channels

Previous studies showed that PLD2 produces
metabolites with a chain-length cutoff near eight
carbons [9,10]. We confirmed the ability of PLD2 to
transphosphatidylate long-chain alcohols in the
presence of a series of homologous n-alcohols of
increasing chain length from methanol (C1) to
hexadecanol (C16) by following the reaction using
a fluorescent version of PC (Supplementary Fig. S5a).
We overexpressed the mammalian enzyme in
HEK293 cells (mPLD) and partially purified the
enzyme in a microsomal fraction. Consistent with the
previous studies, we found PLD2 transphosphatidy-
lates alcohols of increasing chain length up to octanol
(C8), but alcohols longer than octanol had no
transphosphatidylated product (Fig. 4a-b, see
zoomed view with a red line after the final observed
product). Because PLD2 is an enzyme and any
product that is formed can accumulate, we defined the
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vesicles with PG (lipid agonist) or PEtOH or both and assayed by an ion flux assay. Efflux of potassium causes
fluorescence quenching. (a) TREK-1 with 15% PG robustly causes ion flux (quenching) but 15% PEtOH does not. (b—c) lon
flux assays with mixtures of PG and PEtOH. PEtOH (15%, blue) competes out 10% PG to antagonize TREK-1 (b) and TRAAK
(c) channels relative to PG alone (10%, red). (d) Quantification of panels a—c at time 250 s. Free ethanol has no effect on flux
(purple; *p < 0.05 and **p < 0.01, two-tailed Student's ttest; n = 5-11). (e) Nor does free ethanol (purple) have an effect on
PIP, binding to detergent purified TREK and TRAAK measured in a scintillation proximity assay. In contrasts, the allosteric
antagonist norfluoxetine robustly inhibits PIP, binding (**p < 0.01 and ****p < 0.0001, two-tailed Student's f test; n = 2—4).
(f) Proposed model for a PEtOH induced intoxication. (Left) A PIP,- and PA-driven cooperation of channels and transporters
sets the excitability of the cell membrane. PA activates some channels (i., e.g., K2P channels), closes others (ii., eg. Kv; see
also Discussion) and effects other cell signals (see Supplementary Fig. 1a). (Right) In the presence of ethanol, PA
concentrations remain constant, but PLD-generated PEtOH (blue lipids) accumulates and directly competes with PA and PIP,
in the lipid regulatory sites, leading to a change in membrane polarization and nerve excitability.

cutoff after the last visible product. To identify the
longest possible metabolite, we used the highest
concentration permitted by solubility in detergent and
incubated 3 h. The presence of detergent in our assay
buffer permitted very high concentrations of long-
chain alcohols (see Methods). The high concentration

of alcohol did not alter enzyme activity as PLD2
catalyzed robust transphosphatidylation in 1 M meth-
anol and ethanol (Fig. 4b). We also tested a smaller
substrate, lysophosphatidylcholine (LPC), which
lacks an acyl chain compared to PC (Fig. 4c). We
found that the chain-length cutoff was three carbons
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transphosphatidylation as noted above (n = 3; *p < 0.05 and **p < 0.01 with Student's ttest). (e) Representative image of
lysoPC transphosphatidylation with a noted cutoff between 11 and 12 carbons.

longer (after C11) when LPC was the substrate
compared to PC (Fig. 4d—e).

Since the microsomal fractions containing mPLD
could also contain other contaminating lipases, we
confirmed the cutoff in purified cabbage PLD (cPLD).
Under identical experimental conditions and lipids,
cPLD exhibited a cutoff two carbons longer com-
pared to mPLD2 (C10 versus C8; Supplementary
Fig. S5b—c and Fig. 4b, respectively; see also
Supplementary Discussion). Similarly, the products
from LPC were three carbons longer with cPLD
enzyme compared to mPLD2 (C14 versus C11; see
Figs. S5b—c, and 4e, respectively). The potency of
alcohols was dose dependent and increased with
chain length (Supplementary Fig. S5d—f).

If a PLD transphosphatidylation product is respon-
sible for TREK-1 inhibition, then the channel should
have a chain-length cutoff dependent on PLD
enzymatic activity. Using the cutoff determined with
PLD2 as a prediction for TREK-1 inhibition and using
whole cell patch clamp as a measurement, we found
that octanol (eight carbons) and ethanol robustly
inhibit TREK-1 currents in HEK293 cells expressing
TREK-1 channels (Fig. 5a—b and Supplementary
Fig. S6). The inhibition was found to be PLD
dependent. We then tested dodecanol—as predict-
ed by the PLD cutoff, inhibition decreased to near
control levels. Some residual (though statistically

insignificant) inhibition appears to remain, which
may indicate a contribution from a PLD-independent
pathway.

Discussion

Our combined data show that PLD2 transpho-
sphatidylation mediates a chain-length cutoff in
TREK-1 channels. Therefore, PLD2 contains the
binding site (and thus the location of the cutoff) for
long-chain alcohols and not the ion channel (Supple-
mental Fig. S7). The role of PLD2 for the sedative
effects of alcohols in animals remains to be deter-
mined. Our behavior assays were limited by the ability
to administer alcohols through feeding and thus could
not induce sedation. The length of the cutoff in PLD
does roughly correlate with the phenotypic cutoff, but
direct experimentation is needed to show that ethanol
and long-chain alcohols are working the same in
animals as they do with TREK-1. Hence the conclusion
of this paper is limited to illustrating an indirect cutoff in
the channel, despite PLD2 having a significant role in
ethanol hyperactivity.

Our indirect mechanism of long-chain alcohol sensi-
tivity on TREK-1 channels does not preclude direct
binding sites in other channels. For example, a
computational docking study found a putative direct-
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binding site for long-chain alcohols in BK channels [37].
Ethanol and long-chain alcohols appeared to bind to
the same site. Ethanol sites in G-protein-coupled
inward-rectifying potassium channel (GIRK) and pen-
tameric Gloeobacter ligand-gated ion channel (GLIC)
are well characterized by X-ray crystallography [33,38]
and ethanol directly agonizes GIRK in a purified system
[39], but little structural information is known about how
long-chain alcohols regulate these systems.

A single channel like TREK is not likely to produce
the complex behavior effects of alcohol intoxication,
but a single lipid acting on multiple channels could.
Channels like TREK-1 that are agonized by PA and
directly inhibited by PIP, [16] are likely the most
affected since PEtOH and PIP, would combine to
antagonize PA, and PA is in relatively low concentra-
tions in the cell. PIP, can also indirectly activate
TREK-1 through PIP, agonism of PLD2 [16], making
PIP, regulation complicated [40]. However, this
occurs at low concentration of PIP, [40], so we still
expect PEtOH to compete and inhibit the channel.
Many channels could be indirectly agonized or
antagonized by POH, and each target will need to
be considered independently to test the role of PLD2
in a cutoff.

In sensory nerves, K2Ps hyperpolarize the mem-
brane, inhibiting the nerve [41,42]. Hence, inhibiting
K2Ps leads to increased excitability. In theory, PEtOH
could also mediate the paradoxical sedation of
ethanol by antagonizing a separate class of ion
channels at high concentration. For example,
PEtOH binding to Kv channels increases the chan-
nel's gating voltage by 40 mV, near resting membrane
potentials [43]. This facilitates Kv opening (opposite
the effect of K2Ps) in resting cells and would maintain
hyperpolarization, a sedative effect. In both cases,
PEtOH competes with the endogenous lipid, exerting
an effect opposite the endogenous function (see
Fig. 3f). The differential effects of PEtOH on K*
channels could contribute to the complex excitatory
and inhibitory states of ethanol on animals (including
humans and flies) [18].

Ethanol is typically considered a general anesthetic,
yet ethanol has the opposite effect of volatile
anesthetics on TREK-1—uvolatile anesthetics activate
TREK-1[44]. We have shown that volatile anesthetics
activate TREK-1 by robustly activating PLD2 [45], a
result that nicely explains the atypical response of
ethanol to this anesthetic sensitive channel, further
suggesting the mechanism for volatile anesthetics
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could related to ethanol through PLD for some
channels.

In conclusion, we show that PEtOH is an important
metabolite for understanding the molecular process-
es of alcohol in ion channel function, and we show
that PLD2 is critical for dictating the sensitivity of flies
to ethanol. Since anionic lipids can centrally regulate
the activity of channels involved in cell excitability
and inebriation, targeting lipid-signaling pathways
may be useful in treating the effects of alcohol in
addition to other related neurological diseases.

Methods

Reagents

Bacterial (Streptomyces chromofuscus), peanut, and
cabbage PLD was purchased from Enzo and Sigma-
Aldrich, respectively. Amplex Red 10-acetyl-3,7-dihy-
droxyphenoxazine was from Cayman Chemical),
horseradish peroxidase was from VWR (Radnor, PA),
and choline oxidase was from (VWR). All lipids
including 1,2-dioctanoyl-sn-glycero-3-phosphocholine
(C8-PC), 1-palmitoyl-2-(dipyrrometheneboron
difluoride) undecanoyl-sn-glycero-3-phosphocholine
(TopFluorPC), 1-(dipyrrometheneboron difluoride)
undecanoyl-2-hydroxy-sn-glycero-3-phosphocholine
(TopFluorLPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol; POPG), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC or 18:1 PC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol
(POPEtOH), and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanol (DOPEtOH) were purchased from
Avanti Polar Lipids (Alabaster, AL) in chloroform
at stock concentrations of 10 or 25 mg/mL except
C8-PC and TopFluor lipids, which were purchased
as powder. Carbonyl cyanide m-chlorophenyl hy-
drazine (CCCP) was from Tocris Bioscience and
made at a stock concentration of 1 mM in ethanol.
Valinomycin was also purchased from Tocris
Bioscience and made at a stock concentration of
200 pM in ethanol. The detergent n-dodecyl-3-D-
maltoside (DDM) was purchased from Anatrace
(D310S) and made at 200 mM. ACMA (9-amino-6-
chloro-2-methoxyacridine) was purchased from Life
Technologies and made at a stock concentration of
2 mM in ethanol.

Drosophila culture and lines

Flies were raised on 6-0z bottles containing a
standard cornmeal-sucrose—yeast medium consist-
ing of (weight/volume) 5.8% cornmeal, 3.1% active
dry yeast, 0.7% agar, 1.2% sucrose, and (volume/
volume) 1% propionic acid and 0.22% Tegosept
(weight/volume, pre-dissolved in ethanol). Males
were collected 0-2 days following eclosion using

CO, anesthesia and kept on standard diet at ~10
flies per vial (polystyrene, 25 x 95 mm). Flies were
maintained and tested in a temperature- and
humidity-controlled incubator at 25 °C and ~60%
relative humidity with a 12:12-h light/dark cycle.
Experiments were Fperformed using 4- to 9-day-old
males [20,21]. pld®™ 4”2 (TRiP, RRID:BDSC_32839)
was obtained from the Bloomington Stock Center.
pld®NA (VDRC, v106137) was obtained from the
Vienna Drosophila Resource Center. dPLD?®’
knockout flies were a gift from Padinjat Raghu.

Diets and starve-refeed paradigm

Liquid diets were made by combining 2.5% sucrose
and 2.5% Bacto yeast extract (weight/volume) in
70 mL ddH,O and gently heating until homogenous,
followed by filtration (0.2-pym cellulose acetate syringe
filter; VWR). Fifteen milliliters of either 100% ethanol
or nanopure water was added to 35 mL of liquid diet
and vortexed. The reagents were obtained from
Fisher Scientific (Waltham, MA) or VWR.

Behavioral recording was performed using the
ARC, as described previously [20]. Prior to record-
ing, animals were placed in the ARC for 16 h with an
empty capillary for starvation. The capillaries were
switched at ZT 0 with capillaries containing the
control or ethanol diet followed by 30 min of
behavioral recording. Animals that did not consume
food in that period were excluded from analysis.

Shotgun lipidomics

Tissue preparation (HEK and mouse brain)

HEK cell was grown in 10 cm plate at 80%
confluency and treated with 0.3% ethanol (no addition
for control) in growth media. After 1-h incubation at
37 °C, the cultured cells were washed with ice-cold
PBS and scraped into 15-mL Falcon tube and pelleted
by centrifugation at 1000g. The pellet was kept at
—80 °C until further analysis. For mouse brain, four
mice were injected with 2.4 g/kg of ethanol twice with
20-min interval. After the second injection (~45 min
total), the mice were euthanized under CO, (control
mice were euthanized the same way without ethanol
treatment) and brains were extracted and flash frozen
with liquid nitrogen. Brains from the four mice were
collected and milled in liquid nitrogen. The milled
powder was kept at —80 °C until further analysis.

Lipid extraction

HEK cells or mouse brain samples were added
300 pL of 10 times diluted PBS in an Eppendorf tube
and were homogenized for 1 min by using a
disposable soft tissue homogenizer. An aliquot of
25 pL was pipetted to determine the protein content
(BCA protein assay kit; Thermo Scientific, Rockford,
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IL). The rest of homogenate was accurately trans-
ferred into a disposable glass culture test tube, and a
mixture of lipid internal standards was added prior to
lipid extraction for quantification of all reported lipid
species. Lipid extraction was performed by using a
modified Bligh and Dyer procedure as described
previously [46]. Each lipid extract was resuspended
into a volume of 500 yL of chloroform/methanol
(1:1, v/v) per mg of protein and flushed with nitrogen,
capped, and stored at —20 °C for lipid analysis.

Mass spectrometric analysis

For ESI direct infusion analysis, lipid extract was
further diluted to a final concentration of ~ 500 fmol/uL,
and the mass spectrometric analysis was performed
on a QgQ mass spectrometer (Thermo TSQ
VANTAGE, San Jose, CA) equipped with an auto-
mated nanospray device (TriVersa NanoMate; Advion
Bioscience Ltd., lthaca, NY).

TREK-1 lipid-binding assays

Cloning, expression, and purification of TREK-1

A gene corresponding to human TREK-1
(Gl:14589851) amino acids 1-411 was codon-
optimized for eukaryotic expression, synthesized
(Genewiz, Inc.), amplified by PCR the truncated form
(amino acids 1-321, adapted from previously re-
ported stable truncated form of zebrafish TREK-1
[35] [47], and ligated into the EcoRI/Xhol restriction
sites of a modified pPICZ-B vector (Invitrogen). The
resulting protein is linked at the C-terminus to
fluorescent protein with a 10xHis tag via a short
linker (SNS) followed by a PreScission protease
cleavage site (LEVLFQ/GP). The resulting vector
was linearized with Pmel and transformed into
Pichia pastoris strain SMD1163 by electroporation.
Transformants were selected by plating on YPDS
plates with 1 mg/mL zeocin. Large-scale expression
was performed in 2.8-L baffled flasks. Overnight
cultures of cells grown in YPD with 0.4 mg/mL
zeocin were added to 1 L buffered minimal-glycerol
media, and grown overnight at 30 °C, 250 rpm to an
OD600 ~ 16. Cells were then harvested at 1500g, re-
suspended in 1 L buffered minimal-methanol media,
and incubation temperature was reduced to 25 °C.
Induction was maintained by addition of 0.5%
methanol every 12 h. Expression was continued for
~48-60 h. Cells were pelleted, frozen in liquid
nitrogen, and stored at —80 °C.

Cells were disrupted by milling (Retsch model
MM400) 5 times for 2.5 min at 25 Hz. All subsequent
purification steps were carried out at 4 °C. Cell
powder was added to lysis buffer [50 mM Tris
(pH 8.0), 150 mM KCI, 60 mM DDM (Affymetrix),
0.1 mg/mL DNAse 1, 0.1 pg/mL pepstatin, 1 pg/mL
leupeptin, 1 pg/mL aprotinin, 0.1 mg/mL soy trypsin

inhibitor, 1 mM benzamidine, and 0.1 mg/mL
AEBSF, with 1 mM phenylmethysulfonyl fluoride
added immediately before use] at a ratio of 1 g cell
pellet/4 mL lysis buffer. Membranes were extracted
for 4 h with stirring followed by centrifugation at
35,000g for 45 min. The supernatant was then
applied to a manually packed Cobalt resin (Clontech)
gravity-flow column, then serially washed and eluted
in IMAC buffer [50 mM Tris (pH 8.0), 150 mM KClI,
4 mM DDM] with 30 and 300 mM imidazole
(pH 8.0). Eluted protein was then concentrated
(50 kDa MWCO) and applied to a Superdex 200
column (GE Healthcare) equilibrated in SEC buffer
[20 mM Tris (pH 8.0), 150 mM KCI, 1 mM EDTA,
2 mM DDM].

Scintillation proximity assay (SPA)

Scintillation proximity assay was carried out in
0.6-mL centrifuge tubes with a 50-pL total reaction
volume consisting of 25 nM (100 nM binding sites) of
purified TREK-1, 0.6 mg/mL of PVT (polyvinyl tolu-
ene) anti-mouse antibody bead (PerkinElmer),
0.1 mg/mL of anti-His tag mAb (R&D Systems),
200 nM of inositol-2-2H(N)]-phosphatidylinositol-4,5-
bisphosphate (®*H-PIP,; PerkinElmer), and increasing
concentration of nonradioactive 16:0 PEtOH or 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanol (1 pM to
1 mM PEtOH; Avanti Polar Lipids) in SEC buffer
with 7 mM DDM final concentration. Nonradioactive
PEtOH was first incubated for ~ 2 h prior to adding the
radioactive PIP, and further incubated for 18—28 h or
until an equilibrium in signal is reached. Light emitted
brought about by binding of *H-PIP, to TREK1-Ab-
bead complex and competition with PEtOH was
measured using LS6500 Multi-Purpose Scintillation
Counter (Beckman Coulter). The FL-PIP affinities of
1.3, 1.8, 0.22, and 0.12 uM were calculated from
saturation curves of TREK-1, TRAAK, Kir2.1, and
Kir2.2, respectively (data not shown), and used to
calculate the K values of PEtOH.

BRET

The BRET binding assay was performed here as
done previously [16]. Briefly, the bioluminescence
resonance energy transfer was done in a 384-well
plate, with each well having a total of 50-pL total
reaction volume consisting of ~1 nM purified ion
channel tagged with Nluc, 500 nM of BODIPY-TMR
phosphatidylinositol 4,5-bisphosphate (FL-PIPy;
Echelon Biosciences), various concentrations of
competing ligand and 1:2000 furimazine (NanoGilo,
Promega), the substrate for Nluc, in SEC buffer with
7 mM DDM final concentration as described previ-
ously [16]. BRET signal brought about by the binding
of FL-PIP, to TREK-1-Nluc and competition with a
ligand was calculated by subtracting signal from
Nluc only control and measured using Tecan Spark
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20 M plate reader set for dual-emission detection
(540 nM for Nluc and 574 nM for FL-PIP,) and
automatic BRET ratio calculation.

lon channel flux assay

Proteoliposome formation was followed according
to previously published literature [48]. A total of
3 pmol lipids were mixed together in the desired
molar ratio (85:15) in a glass round bottom tube and
dried with a continuous stream of argon gas until
chloroform was no longer visible. The dried lipids
were then washed once with pentane and then dried
again with argon. The tube was then wrapped in
aluminum foil and placed in a vacuum desiccator
overnight to remove any further traces of organic
solvent. The next morning, dried lipids were rehy-
drated with 1 mL buffer [150 mM KCI, 20 mM Hepes
(pH 7.4)] for 30 min to form a 3 mM solution, and
vigorous vortexing was then applied for 10 min to
form multilamellar vesicles. The lipid solution was
then sonicated in a bath sonicator (Avanti) to reach
optical clarity, typically within 5-10 min depending
on the PC chain length, leading to formation of
unilamellar vesicles. Liposomes were then destabi-
lized with DDM, and the concentration added (3 mM)
was based on the necessary amount to form
saturated lipid-detergent vesicles [48]. A three-hour
time period was then observed to allow for DDM to
equilibrate in the membranes [49]. Then, the solution
was evenly divided into two 0.6-mL microtubes, one
to be used for the empty reconstitution control and
the other for zZTREK reconstitution. Next, empty
reconstitution control solution [150 mM KCI, 20 mM
Hepes (pH 7.4), 2 mM DDM] or GFP-zTREK was
added to the solution at a 1:100 (mass/mass)
protein/lipid ratio [48] and gently rocked for 1 h at
room temperature. The solution was then transferred
to a 5-mL Eppendorf tube and topped to 3 mL with
the rehydration solution. Detergent was then re-
moved using BioBeads SM-2 polystyrene beads
(Bio-Rad, washed three times with methanol, three
times with water, three times with rehydration buffer,
20 min each wash). Approximately 100 mg of
beads, which is beyond the adsorptive capacity for
the amount of DDM present in the tubes [49], was
added to the solution and gently rocked for 1.5 h,
previously shown to be enough time for detergent
removal and preventing the formation of multilamellar
vesicles [49]. The solution was then transferred to a
3.2-mL centrifuge tube (Beckman, 362305) and
centrifuged at 250,000g for 45 min at 20 °C using
a TLA110 rotor in an Optima XP ultracentrifuge
(Beckman Coulter). The supernatant was removed,
and proteoliposomes were resuspended in 150 pL
rehydration buffer. Following brief sonication, recon-
stitution was checked by measuring GFP fluores-
cence on a Tecan Spark 20M plate reader. Flux
assays were performed immediately after. Proteoli-

posomes were then flash-frozen and stored at
-80 °C.

Flux measurements were performed similarly as
previously published [35]. Briefly, 5 pL of sonicated
proteoliposomes was added to 195 pL of flux assay
buffer [150 mM NaCl, 20 mM Hepes (pH 7.4), 2 uM
ACMA] in duplicates in a black 96-well plate (Costar
3915). A protocol was set up on a Tecan Spark 20 M
toinitially read the fluorescence every 20 s for 1 min as
a baseline. The temperature inside the plate reader
was set at 25 °C. Then, using the protonophore
CCCP (1 pM final concentration), we collapsed the
electrical potential and initiated potassium flux.
Fluorescence was read every 20 s for 7 min. Next,
the potassium-selective ionophore valinomycin
(20 nM final concentration) was added to terminate
the chemical gradient, and fluorescence was read
every 20 s for 5 min. An average of the duplicates was
taken, and then the data were normalized similar to
that published in Su et al. [50]. Briefly, at each time
point (F - Fgtan)/(Fstart — Fena) Was calculated, where F
is the fluorescent value at that time, Fgn is the
average of the first four initial readings before the
addition of CCCP, and Fg.q is the final fluorescent
value after 5 min of valinomycin. Next, control
proteoliposome flux was normalized to 1 throughout
CCCP, and the TREK flux was normalized to the
control accordingly. In flux assay figures, addition of
CCCP occurs att = 80 sand ends at t = 500 s before
valinomycin was added.

PLD product release assay (purified protein and
cultured cells)

Cell culture

Tetracycline-inducible CHO stable cells expressing
mPLD2 [51] were grown in F-12 (Ham) medium
including 10% tetracycline-free FBS, 100 U/mL pen-
icillin, 100 pg/mL streptomycin, 10 pg/mL blasticidin,
and 300 pg/mL Zeocin. In order to induce PLD
expression, 1 pg/mL tetracycline was added 1 day
before experiments.

mPLD2 expressed CHO cells were seeded into
96-well culture plate (~5 x 10* cells per well) and
incubated at 37 °C overnight to let the cells were
fully attached and stabilized to the plate. The cells
were washed twice with PBS and incubate with
50 yL PBS containing 17.5 mM glucose until the
PLD assay reaction starts. The PLD reaction
was started as described in PLD in vitro assay
session.

Assay measurements

PLD activity was measured by enzyme-coupled
assay using 10-acetyl-3, 7-dihydroxyphenoxazine
(Amplex Red reagent) with slight modifications [52].
Fifty microliters of PLD-containing samples in reaction
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buffer [50 mM Hepes, 5 mM CaCl, (pH 8.0)] was
aliquoted into 96-well plate. Each reaction was
initiated by adding 50 pL of working solution contain-
ing 100 yM Amplex Red, 2 U/mL horseradish
peroxidase, 0.2 U/mL choline oxidase, and 60 uM
1,2-dioctanoyl-sn-glycero-3-phosphocholine (C8 PC)
with the indicated amount of anesthetic compounds to
make the final concentration of each component to be
twofold lower. Fluorescence was kinetically measured
for 1 h at 37 °C with microplate reader (Tecan Infinite
200 Pro) at excitation and emission wavelengths of
530 and 585 nm, respectively.

PLD transphosphatidylation assay
(thin-layer chromatography)

PLD transphosphatidylation assay was carried out
as described previously with slight modifications [10]
(2). The substrate 1-palmitoyl-2-(dipyrromethene-
boron difluoride) undecanoyl-sn-glycero-3-phospho-
choline (TopFluorPC) or 1-(dipyrrometheneboron
difluoride) undecanoyl-2-hydroxy-sn-glycero-3-
phosphocholine (TopFluor LPC) was sonicated in
66 MM Mes (pH 6.0) buffer containing 0.5 mM
octylglucoside, 400 mM NacCl, and the test alcohol
as indicated. The mPLD-CHO cells were cultured in
10-cm plate and induced with tetracycline. The
following day, mPLD2 was activated by incubating
with 100 nM phorbol 12-myristate 13-acetate (PMA)
for 10 min at 37 °C. After washing cells with cold PBS,
cells were scraped and lysed in the lysis buffer [20 mM
Hepes (pH 7.5), 80 mM B-glycerophosphate, 10 mM
EGTA, 2 mM EDTA, and 5 mM DTT]. Sample was
sonicated and spun at 10,000g for 20 min at4 °C. The
pellet was resuspended in reaction buffer [50 mM
Hepes, 5 mM CaCl, (pH 8.0)]. The PLD transpho-
sphatidylation was initiated by the addition of 10 pL of
cabbage PLD (200 U/mL) or mPLD2-CHO membrane
resuspension (10-cm plate cells in 40 L buffer) to the
10 L substrate solution. The reactions were incubat-
ed for 3 h at 30 °C. The samples were applied to a
silica gel HL plate (Analtech), and the plate was
developed with chloroform/methanol/water/acetic acid
(25:7:1:1) solvent. Image was taken using Typhoon
imager.

The concentration of long-chain alcohols in
0.5 mM octylglucoside detergent was selected
based on solubility. Solubility was determined by
visual inspection with no visible partitioning or
precipitation. The cutoff in PLD2 is defined as the
longest alcohol where a product was visible. Since
PLD2 is an enzyme and the product accumulates,
the rate of catalysis is not likely the limiting factor.

TREK-1 whole-cell recordings
Reagents 0.6% ethanol (104 mM, KOPTEC) was

directly added to the external solution. 1-octanol
(Sigma), 1-dodecanol (Acros Organics), 1-tetradecanol

(Acros Organics), and FIPI (Calbiochem) were made
as stock solutions in DMSO, then added into external
solution with the sonication using Avanti Sonicator
(model no. G112SP1T_B) in the final concentrations of
150, 20, 1,and 1 uM, respectively. The residual DMSO
amount in the bath was maintained <0.05%. Quinidine
(200 uM) was directly added into the external solution
with sonication. All the salts for internal/external
solutions were purchased from either Sigma or Fisher
Scientific.

Cell culture and gene expression

HEK293t cells were maintained in the solution
consisting of the DMEM (Corning Cellgro) culture
media, 10% FBS, 100 units/mL penicillin, and
100 pg/mL streptomycin. Cells were plated on
poly-p-lysine-coated 12-mm microscope cover
glass ~12, ~36, or ~60 h before transfection in low
confluence (5%, 2.5%, or 1.25%). Genes for target
proteins were transiently co-transfected in HEK293t
cells with X-tremeGENE 9 DNA transfection agent
(Roche Diagnostics). Full-length human TREK1 with
C-terminus GFP tag in pCEH vector was a gift from
Dr. Stephen Long. Mouse PLD2 constructs without
GFP tag in pCGN vector were gifts from Dr. Michael
Frohman. Both functional PLD2 and inactive mutant
PLD2-K758R [53], single mutation form of mPLD2,
were used together blindly to test PLD2 effect on
TREK1. TREK1 and PLD2 were co-transfected 1
(0.5 pg)/4(2 pg) ratio [29], otherwise a total 1 ug of
DNA was used in transfection.

Electrophysiology

The transfected HEK293t cells were used in 18-24 h
(TREK1 expression) or 24-30 h (TREK1 + PLD2 co-
expression) after transfection. Standard whole-cell
patch-clamp procedure for TREK1 was performed
according to previous studies [29] [47]. Currents were
recorded at room temperature with Axopatch 200B
amplifier and Digidata 1440A (Molecular Devices) on a
Windows 7-based personal computer. Borosilicate
glass electrode pipettes (B150-86-10; Sutter Instru-
ment) were pulled with the Flaming/Brown micropi-
pette puller (Model P-1000; Sutter instrument)
resulting in 4-7 MQ resistances with the internal
solution (in mM): 140 KCI, 3 MgCl,, 5 EGTA, and 10
Hepes (pH 7.4; adjusted with KOH). External solution
consists of the following (in mM): 145 NaCl, 4 KCI, 2
CaCl,, 1 MgCl,, and 10 Hepes (pH 7.4; adjusted with
NaOH). TEA (10 mM), which has been known to be
insensitive to TREK1 current [54], was added into both
internal/external solutions to block the endogenous
potassium channels in HEK293 cells [55]. Patch
electrodes were wrapped with parafim to reduce
capacitance, and series resistance was compensated
by ~70% (both prediction and correction). Currents
measured using Clampex 10.3 (Molecular Devices)
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were filtered at 2 kHz, sampled at 10 kHz, and stored
on a hard disk for later analysis. Data were analyzed
offline by a homemade procedure using IgorPro 6.34A
(WaveMetrics). Currents were elicited by a biphasic
step voltage command (at —10 and — 100 mV from
Vhola = =60 mV) and ramp voltage commands
(short ramp = =120 to =10 mV in 440 ms, and long
ramp = —100 to +50 mV in 1 s) in the absence and
presence of quinidine (200 uM), which was used as
a known TREK1 blocker [56]. The subtracted
200 pM quinidine-sensitive currents from the long
ramp were used to obtain the current density at
0 mV. Drugs including 1-octanol, 1-dodecanol, and
1-tetradecanol, with final concentrations of 150, 20,
1 puM, respectively, were applied using a gravity-
driven bath application setup. For alcohol
experiments, both protracted treatment (>1 h of
incubation) plus bath application of the same drug
were performed. Mann—-Whitney test was done to
assess statistical significance using Prism6 (Graph-
Pad software), and outliers were eliminated using a
built-in function in Prism with Q = 1%.
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