Washington University School of Medicine

Digital Commons@Becker

2020-Current year OA Pubs Open Access Publications

2-25-2023

Membrane phospholipids control gating of the mechanosensitive
potassium leak channel TREK1

Philipp A M Schmidpeter
Weill Cornell Medical College

John T Petroff 2nd
Washington University School of Medicine in St. Louis

Leila Khajoueinejad
Weill Cornell Medical College

Aboubacar Wague
Weill Cornell Medical College

Cheryl Frankfater
Washington University School of Medicine in St. Louis

See next page for additional authors

Follow this and additional works at: https://digitalcommons.wustl.edu/oa_4

Cf Part of the Medicine and Health Sciences Commons

Please let us know how this document benefits you.

Recommended Citation

Schmidpeter, Philipp A M; Petroff, John T 2nd; Khajoueinejad, Leila; Wague, Aboubacar; Frankfater, Cheryl;
Cheng, Wayland W L; Nimigean, Crina M; and Riegelhaupt, Paul M, "Membrane phospholipids control
gating of the mechanosensitive potassium leak channel TREK1." Nature Communications. 14, 1. 1077
(2023).

https://digitalcommons.wustl.edu/oa_4/1522

This Open Access Publication is brought to you for free and open access by the Open Access Publications at
Digital Commons@Becker. It has been accepted for inclusion in 2020-Current year OA Pubs by an authorized
administrator of Digital Commons@Becker. For more information, please contact vanam@wustl.edu.


https://digitalcommons.wustl.edu/
https://digitalcommons.wustl.edu/oa_4
https://digitalcommons.wustl.edu/open_access_publications
https://digitalcommons.wustl.edu/oa_4?utm_source=digitalcommons.wustl.edu%2Foa_4%2F1522&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/648?utm_source=digitalcommons.wustl.edu%2Foa_4%2F1522&utm_medium=PDF&utm_campaign=PDFCoverPages
https://becker.wustl.edu/digital-commons-becker-survey/?dclink=https://digitalcommons.wustl.edu/oa_4/1522
mailto:vanam@wustl.edu

Authors

Philipp A M Schmidpeter, John T Petroff 2nd, Leila Khajoueinejad, Aboubacar Wague, Cheryl Frankfater,
Wayland W L Cheng, Crina M Nimigean, and Paul M Riegelhaupt

This open access publication is available at Digital Commons@Becker: https://digitalcommons.wustl.edu/oa_4/1522


https://digitalcommons.wustl.edu/oa_4/1522

nature communications

Article

https://doi.org/10.1038/s41467-023-36765-w

Membrane phospholipids control gating
of the mechanosensitive potassium leak

channel TREK1

Received: 15 September 2022

Accepted: 15 February 2023

Published online: 25 February 2023

Philipp A. M. Schmidpeter ®’, John T. Petroff II?, Leila Khajoueinejad',
Aboubacar Wague', Cheryl Frankfater®, Wayland W. L. Cheng ®2,
Crina M. Nimigean ®"*®° & Paul M. Riegelhaupt®"

M Check for updates

Tandem pore domain (K2P) potassium channels modulate resting membrane

potentials and shape cellular excitability. For the mechanosensitive subfamily
of K2Ps, the composition of phospholipids within the bilayer strongly influ-
ences channel activity. To examine the molecular details of K2P lipid mod-
ulation, we solved cryo-EM structures of the TREK1 K2P channel bound to
either the anionic lipid phosphatidic acid (PA) or the zwitterionic lipid phos-
phatidylethanolamine (PE). At the extracellular face of TREK]I, a PA lipid inserts
its hydrocarbon tail into a pocket behind the selectivity filter, causing a
structural rearrangement that recapitulates mutations and pharmacology
known to activate TREKI. At the cytoplasmic face, PA and PE lipids compete to
modulate the conformation of the TREK1 TM4 gating helix. Our findings
demonstrate two distinct pathways by which anionic lipids enhance TREK1
activity and provide a framework for a model that integrates lipid gating with
the effects of other mechanosensitive K2P modulators.

Tandem pore (K2P) potassium ion channels play vital roles in human
physiology, chiefly responsible for maintaining cellular resting mem-
brane potential. Modulation of K2P channel activity influences cellular
excitability, altering the degree of input signal required to reach action
potential thresholds'. For the mechanosensitive subfamily of K2Ps
(including the TREK1, TREK2, and TRAAK channels), diverse stimuli
control channel activity, including lipids, pH, heat, membrane tension,
post-translational modification, and an array of pharmacologically
active agents including volatile anesthetics, antidepressants, and
neuroprotective agents®*. While many of these dissimilar K2P gating
cues seem to share overlapping mechanisms of action, a unifying
explanation describing how these diverse and biophysically distinct
signals become integrated by the channel architecture remains
incomplete.

Two key regions of the mechanosensitive K2P channel structure
appear to control channel function, the conformationally flexible TM4

helix, and the selectivity filter. Movement of TM4 is the most sig-
nificant conformational rearrangement found in crystallographic stu-
dies of K2Ps*”, with this helix positioned in either a TM4 “up” or TM4
“down” state. TM4 movement is believed to have two distinct con-
sequences. First, the position of TM4 is thought to modulate potas-
sium ion permeability at the selectivity filter®™, by a mechanism akin
to the C-type gating behavior found in other potassium channels™™".
For many K2Ps, this coupling between TM4 position and selectivity
filter behavior is complex, with both the “up” and “down” TM4 con-
formations capable of supporting conductive channel states®’'>'$,
albeit with differing voltage dependencies and pharmacological
sensitivities". A secondary consequence of TM4 helix movement is
the appearance of a lateral fenestration to the lipid bilayer when TM4 is
in the “down” state, suggesting the possibility that membrane phos-
pholipids might enter the channel pore to block conduction’". This
assertion is supported by several crystallographic structures of K2Ps in
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the TM4 “down” state, where electron density is found adjacent to the
open lateral fenestration and below the selectivity filter, occluding the
ion conduction pathway’'>?°,

Whereas pore block by membrane phospholipids is predicted to
inhibit K2P channel activity, enrichment of the membrane environ-
ment with phosphatidic acid (PA) or other anionic lipids potentiate
mechanosensitive K2P channel activity?-*%. The activating effect of PA
on TREK1 is of particular biological relevance, as phospholipase D2
(PLD2) binds to the C-terminus of TREKI? and serves as an inducible
local source of PA production in vivo. The positive modulatory influ-
ences of anionic lipids and membrane tension appear to be mechan-
istically intertwined®*?® and both mechanical force and volatile
anesthetics have been found to disrupt the association between TREK1
and PLD2%. While mixed positive and negative modulatory effects of
lipids have been reported across the K2P superfamily*, the mole-
cular details describing how lipids bind and interact with K2Ps to
modulate their function have not been clearly defined.

In this study, we explore the molecular basis for phospholipid
modulation in the mechanosensitive K2P channel TREK1, combining
single particle cryo-EM, native mass spectrometry (MS) and MS-based
lipidomics, and ion flux-based functional studies. We solve cryo-EM
structures of apo TREK1 (3.2 A) as well as TREK1 bound to the anionic
lipid POPA (2.8 A) or the zwitterionic lipid POPE (3.2 A). Each condition
yielded a distinct conformation of the TREK1 channel, featuring TM4
helices in the “TM4 up” (POPA condition), “TM4 down” (POPE condi-
tion), and a previously undescribed asymmetric “TM4 up/down” con-
formation in the absence of exogenously added lipids. We characterize
distinct binding sites for both POPA and POPE that explain the diver-
gent effects of these lipids on TREK1 conformation and function. Our
results elucidate multiple interdependent pathways by which mem-
brane phospholipids modulate K2P activity to provide the basis for a
comprehensive TREK1 gating model that accounts for the convergence
of phospholipid regulation with mechanical stretch and many other
K2P gating modalities.

Results

Apo TREKI1 is an asymmetric dimer

Using single particle cryo-EM, we first solved a 3.27A resolution
structure of TREK1 solubilized in DDM detergent in an unexpected
conformation (Fig. 1 and Supplementary Fig. 5). Overall, this cryo-EM
structure exhibits K2P architectural features consistent with prior
crystallographic studies®*>*: a dimeric channel assembly with each
subunit composed of four transmembrane helices, a domain-swapped
cap located above the selectivity filter, and an extended membrane
facing TM2/TM3 loop within each subunit (Fig. 1a, b). However, unlike
all prior TREKI structures, where intermolecular crystallization con-
tacts immobilize the TM4 helix in an “up” conformation, the TM4s in
our cryo-EM samples are unconstrained prior to sample vitrification.
As a result, we find that TREK1 exhibits a previously unobserved
asymmetric TM4 “up/down” conformational state. This asymmetry is
due to an ~11° bend in the TM4a helix in the “up” state relative to the
TM4b helix in the “down” state (Fig. 1c). While prior structures of
TRAAK channels also exhibited asymmetric positioning of the TM4
helices®’”?, this asymmetry has always been attributed to crystal-
lization artifacts and has not been considered biologically relevant. By
contrast, the clear TM4 asymmetry in our TREK1 cryo-EM structure
suggests the possibility that the two K2P subunits are not tightly
coupled and are able to move independently.

The apparent cause of the observed TREK1 TM4 asymmetry is the
presence of a density non-contiguous with the TREK1 density map but
near the TM4b helix, sterically impeding TM4b from adopting the “up”
conformation (Fig. 1d-f, pink). This density extends directly below the
TREKI1 selectivity filter, occluding the ion permeation pathway (Fig. 1f).
As lipids have previously been suggested to occupy the open fenes-
tration in TRAAK K2P channels™ and the density observed in our

TREK1 structure mirrors these prior observations, we attempted to
determine if this observed density is in fact a phospholipid co-purified
from the yeast cell membrane. Native MS analyses of DDM-purified
TREK1 showed intact TREK1 dimer with a charge distribution similar to
results previously observed for TRAAK in DM detergent®, but did not
identify any lipids bound to the TREK1 protein (Fig. 1g, h). To exclude
the possibility that co-purified lipid might only be loosely associated
with TREK1 and could be lost during sample preparation or ionization
for native MS analysis, we performed a Bligh-Dyer extraction of the
purified TREK1 sample and analyzed the extracted organic phase by
MS. Here we again found no evidence of phospholipids or sterols co-
purified with the TREK1 protein, despite obtaining robust signals from
phospholipid or cholesterol standards (Supplementary Fig. 2 and
Supplementary Table 2).

The TREK1 protein is solubilized in n-dodecyl-B-p-maltoside
(DDM) detergent and a molecule of DDM easily fits the observed
density if the DDM is oriented with its maltoside sugar moieties located
within the pore and hydrocarbon tail projecting outward toward the
fenestration (Fig. 1c-e and Supplementary Fig. 5e). While the posi-
tioning of this pore-bound DDM molecule is inverted relative to the
orientation of DDM molecules in the micelle surrounding the TREK1
protein, the presence of a detergent molecule within the TREK1 pore
suggested that this site could be a target for lipids in a biological
membrane. Utilizing our DDM solubilized apo TREK1 protein pre-
paration as an experimentally verified phospholipid- and sterol-free
starting point, we added back chemically distinct phospholipid species
to the TREK1 protein and assessed for changes in channel function and
structure.

Modulatory phospholipids alter TREK1 function and structure
Mechanosensitive K2Ps have previously been found to respond to
changes in the composition of the surrounding phospholipid
bilayer?**, We first determined that our purified zebrafish TREK1
protein construct is similarly modulated by phospholipids, utilizing an
ACMA-based fluorescence quenching assay as a readout of ion flux
through the TREKI channel. For these experiments, we reconstituted
TREK1 into pure 1,2-dioleoyl phosphatidylcholine (DOPC) liposomes
and demonstrated that ACMA quenching increases in a TREK1
concentration-dependent manner (Supplementary Fig. 1b, c) but is
absent in empty liposomes lacking TREK1. We then held the recon-
stituted TREK1 protein concentration constant and altered the phos-
pholipid composition of the proteoliposomes, demonstrating that the
anionic lipid 1-palmitoyl-2-oleoyl PA (POPA) causes a dose-dependent
increase in TREK1 activity while the zwitterionic lipid 1-palmitoyl-2-
oleoyl PE (POPE) inhibits TREK1 function (Fig. 2a-c). As a control, we
ensured that alterations in proteoliposome lipid composition had no
effect on either the incorporation efficiency of a C-terminally GFP-
tagged TREKI protein (as measured by GFP fluorescence after SDS-
PAGE, Supplementary Fig. 1d) or the relative orientation of the TREK1
protein within the liposomes (as measured by accessibility to 3 C
protease cleavage of the attached GFP, Supplementary Fig. 1e, f), such
that measured differences in ACMA quenching in the varied lipid
compositions are best explained by changes in TREK1 channel activity.
We next sought to define the structural basis for the observed
influence of phospholipids on TREK1 function. For this, we dissolved
POPA or POPE phospholipids in DDM detergent to form mixed lipid/
detergent micelles and incubated these mixed micelles with DDM
solubilized TREK1 protein. As TREK1 is mechanosensitive, we specifi-
cally chose this approach over the use of lipid nanodiscs, attempting to
directly probe the influence of lipids and avoid introducing a compo-
nent of membrane tension that might accompany the nanodisc
approach. We solved two additional structures of TREK1 in the pre-
sence of either POPA or POPE lipids (at 2.82 and 3.27 A resolutions,
respectively: Fig. 2 and Supplementary Figs. 7-9). Whereas the apo
TREKI structure featured asymmetric positioning of the TREKI TM4
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Fig. 1| Subunit asymmetry in the TREK1 apo cryo-EM structure. a Cryo-EM
density map of the apo state of the TREK1 channel and b a structural model of the
channel, with the potassium ion selectivity filter (SF), extracellular cap domain, and
four transmembrane domains labeled. ¢ A superposition of the two apo

TREK1 subunits, showing asymmetric positioning of TM4a (blue) relative to TM4b
(purple), due to an 11° tilt in the distal portion of TM4. Transparent views of the
TREK1 cryo-EM density map d side view and e bottom view, with density outside of
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the TREK1 map near the TM4b helix highlighted (pink). Magnified views (f), showing
that this central density occludes the pore, sterically prevents TM4b from moving
into the “up” state, and can be well modeled by a molecule of DDM (also shown in
Supplementary Fig. 4). DDM density derived from the final unsharpened TREK1 apo
map, visualized at a contour threshold of 0.0065 (g). Native mass spectrum of
TREK1 dimer (20+ charge state is labeled), with deconvoluted spectrum (h),
showing no evidence of phospholipid bound to TREK1.

helices, the experimentally added lipids induced TREK1 symmetry,
with the TREK1 POPA structure in the TM4 “up” conformation and the
TREK1 POPE structure in the TM4 “down” conformation.

Selectivity filter asymmetry has been proposed to play arole in the
gating of TREK1 channels® and our results suggest the intriguing
possibility that symmetry/asymmetry transitions within the trans-
membrane region of K2Ps may also play a role in K2P function. In our
structures, conformational changes in the TM4 helices did not lead to
conformational rearrangements of the selectivity filter regions (Sup-
plementary Fig. 3d, e), as have been observed to occur after TREK1L
protein crystals are soaked in low concentrations of potassium®’. We
find that selectivity filter behavior in our three cryo-EM structures
mirrors results obtained from structures of TREK2°, with the TM4 “up”
state showing full filter occupancy and the TM4 “down” and asym-
metric TM4 “up/down” structures showing ion occupancy at S2-S4,
with an empty SI site (Supplementary Fig. 3f-h). However, our struc-
tural studies were performed in solutions containing 150 mM potas-
sium, a condition that is likely to stabilize the K2P selectivity filter gate.

It remains possible that TM4 movements modulate the
TREK1 selectivity filter structure when the outward face of the channel
is in a physiological low potassium environment, one we have not
captured in these studies.

Upon comparing the TREKI1 structures determined in either the
absence or presence of exogenous POPA or POPE, we find that the
asymmetric subunits in the apo TREKI structure superimpose nearly
identically on the appropriately matched subunit from the symmetric
structures, with negligible differences in all-atom root mean square
deviation (RMSD) between the matched subunits (Supplementary
Fig. 3a-c). Whereas the protein chains are nearly identical, several well-
defined cryo-EM densities that appear to be phospholipid molecules
are readily apparent in the structures obtained in the presence of
experimentally introduced phospholipids but absent in the apo
TREK1 structure. Prior functional and native MS”™* studies of
mechanosensitive K2Ps have suggested that PA and PE lipids bind at
distinct channel sites and our structures confirm this, as the identified
phospholipid densities in the two lipid conditions do not overlap.

Nature Communications | (2023)14:1077
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Fig. 2 | Functional and structural effects of phospholipids on the TREK1
channel. ACMA fluorescence quenching assays to study the function of purified
TREK1 protein in varied lipid compositions (a-c). Quenching was initiated by the
addition of the proton ionophore CCCP and allowed to proceed to completion by
the addition of the potassium ionophore valinomycin. Signals were normalized to
the final baseline value prior to the addition of CCCP (time ¢=595s) and the final
fluorescence value in the tracings (time ¢ =420 s). Averaged composite traces of all
quenching reaction measurements are shown in (a) and (b), with liposome com-
positions indicated. TREK1-dependent ACMA quenching was measured as

(1- Normalized ACMA fluorescence intensity at time ¢ =239 s) and is shown in (c).

to bilayer

Data values for all individual measurements are shown and bars represent

mean + SEM. For all conditions, n =11-31 independent measurements derived from
2-7 separate proteoliposome reconstitutions. Source data are available as a source
data file. Statistical analysis was performed by one-way ANOVA with a Dunnett’s
multiple comparison test with results indicated, ns not significant, ***p < 0.0005.
d-f Cryo-EM density maps and matching structural models of TREK1 channels in
DDM micelles supplemented with POPA (d, e) or POPE (f, g). In the POPA structure,
both TM4 are in the “up” conformation (d) and the membrane facing fenestration is
closed (e). In the presence of POPE, both TM4 are in the “down” conformation (f)
and the membrane facing fenestration is open (g).
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Article

https://doi.org/10.1038/s41467-023-36765-w

Fig. 3 | Identification of POPA lipid binding sites in the TREK1 channel struc-
ture. Cryo-EM density map of TREK1 solubilized in DDM detergent supplemented
with POPA lipids (a), highlighting locations of bound POPA molecules (yellow). (b)
Native mass spectrum of TREK1 dimer with POPA (left), and deconvoluted spec-
trum (right) showing multiple peaks corresponding to TREK1 dimer with up to eight
bound POPA molecules (numbers above peaks indicate the number of bound
POPA). Under more activating MS conditions (c), the number of bound POPA lipids
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LOWER SITE

is reduced to four, suggestive of two relatively higher affinity binding sites per
subunit in the TREK1 dimer. d, e Zoomed-in views of two POPA binding sites
identified in the cryo-EM density map where the POPA lipid interacts with the core
of the TREKI1 protein. Visualized lipid densities are derived from the final unshar-
pened C2 symmetrized TREK1 POPA map, visualized at a contour threshold

of 0.0086.

These lipid densities and their binding sites on the TREK1 protein
provide a molecular basis for the divergent effects of these distinct
phospholipids on TREK1 function and structure.

POPA lipids bind TREK1 at multiple sites

The cryo-EM structure of TREK1 in POPA shows evidence for numerous
densities consistent with bound POPA lipids (Fig. 3a). Given this
structural observation, we repeated native MS studies of TREK1 in the
presence of the same concentration of POPA used for cryo-EM. In two
replicate experiments, we found evidence for up to 8 (repeat 1, Fig. 3b)
or 12 (repeat2, Supplementary Fig. 2f, g) POPA lipids bound to the
TREK1 protein dimer, suggesting the possibility of 4 to 6 sites per
subunit where POPA lipids might bind in the dimeric channel archi-
tecture. In both replicate experiments, increasing the activation
energy in the mass spectrometer to the maximal level where a TREK1
dimer signal is still present led to the loss of all but four of the bound
POPA molecules (Fig. 3¢ and Supplementary Fig. 2), suggestive of two
tightly bound POPA molecules per subunit in the dimeric channel. This
result matched well with our TREK1 POPA structure. There are two
POPA binding sites where the lipid density interacts directly with the
core of the protein (Fig. 3d, e). These lipid densities are the strongest
and most complete in the TREK1 POPA structure and were the first

lipids to become apparent during data processing, remaining well-
defined even in unsharpened cryo-EM maps. These two sites envelop
the TM4 helix, with one site at the extracellular face of the channel near
the top of TM4 and the other at the C-terminal end of TM4 near the
cytoplasmic face of TREK1 (Fig. 4a). The remainder of the structurally
identified lipid densities encircle the extracellular face of the TREK1
transmembrane domains, presumably as more loosely associated
annular lipids (Fig. 3a).

A POPA lipid tail interacts with functionally critical residues
behind the selectivity filter

At the upper POPA binding site, an acyl tail of the bound POPA molecule
is directed toward the core of the TREKI protein (Fig. 3a, d). This lipid
tail encroaches on a region of TREK1 that houses the binding site for the
TREKI1 activators ML335 and ML402*** and contains the W275 and G137
residues, well-characterized positions that potentiate K2P currents when
perturbed by mutation®. These TREK1 activating drugs and mutations
share a common mechanism of action, exerting direct stabilizing effects
on the nearby TREK1 selectivity filter gate to enhance channel
activity>”'%*. Our structures suggest that a lipid bound at this upper site
may similarly “bypass” the influence of the TM4 helix position to directly
modulate the TREKI selectivity filter.

Nature Communications | (2023)14:1077
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Fig. 4 | Molecular details of the POPA lipids binding sites. The upper and lower
POPA binding sites identified in the cryo-EM density map flank the TM4 helix (a). At
the lower site (b, c), the well-resolved POPA headgroup sits in a groove between
TM1 and TM4. A coulombic potential surface representation of the lower site (b)
with a molecular representation shown in (c), demonstrates the strong electro-
positive nature of the lower binding site. At the upper site (d, e), the cryo-EM

density for a lipid acyl tail can be seen inserting itself underneath TM4 to sit behind
the selectivity filter pore helices. A molecular representation of this lipid binding
site (e) shows that the lipid tail displaces the W275 residue from its outward-facing
position in the TM4 down state (transparent) to an inward-facing orientation,
bringing W275 close to the G137 residue.

We find that the presence of a lipid tail in the upper binding site
forces an inward reorientation of the W275 sidechain toward the core
of the protein, moving it closer to the G137 residue (Fig. 4d, e and
Supplementary Fig. 4a-c). This previously unobserved inward move-
ment of the W275 residue is a direct result of the presence of lipid in
this binding pocket and is not simply reflective of TM4 helix posi-
tioning, as the rotameric orientation of the W275 sidechain in the POPA
structure is distinct from the positioning of W275 in all our other
TREK1 structures. In our POPE bound TM4 “down” structure and in
both subunits of the apo TREK1 asymmetric TM4 “up/down” structure,
W275 is positioned outward and is superimposable on the positioning
of W275 in prior crystallographic TREK1 structures® (Supplementary
Fig. 4). The result of a bound lipid forcing W275 to shift to the inward-
facing orientation is that W275 is then located in a position that
overlaps with the dichlorophenyl group of a bound ML335 molecule or
the isoleucine sidechain of the TRAAK GI1261 mutant, a structurally
characterized gain of function mutation in TRAAK® at a position
equivalent to the TREK1 G137 (Supplementary Fig. 4). In all cases, a
hydrophobic moiety (the inwardly oriented W275 sidechain, the iso-
leucine of the G1371 mutant, or the ML335 molecule) becomes lodged
at a site behind the selectivity filter pore loops (Fig. 4e and Supple-
mentary Fig. 4), poised to directly influence the TREK1 selectivity filter.
Mutations to either W275 or G137 are known to increase the open
probability of the TREK1 channel and we suggest that these previously
well-characterized mutations®”'%">* or the pharmacology that targets
this modulatory pocket**** may in fact be recapitulating the actions of
endogenous K2P lipid modulators, a pattern of overlap between lipids
and pharmacology found in other ion channel families®.

POPA closes the lateral fenestration and locks TM4 in the

“up” state

The POPA density located at the lower binding site is positioned
between the TM4 and TML1 helices, such that this binding site is only
constituted when TM4 approaches TMI in the “up” state and is broken
in the TM4 “down” state (Figs. 4c, 6). An array of basic residues from
both TM4 and TM1 surround the negatively charged headgroup of the
PA lipid (Fig. 4b, c), suggesting a clear electrostatic basis for the

binding of PA and other anionic lipids at this site. This POPA binding
site is reminiscent of the “classical” PIP, modulatory binding site found
in numerous other potassium channels®**' and prior studies of lipid
binding to TREK1* have shown that PIP, and PA lipids compete for a
shared TREKT site. In fitting with our data, recent studies of TREK1 have
modeled a PIP, molecule in this region***’, overlapping with the
identified POPA molecule in our structure. Mutations to the polybasic
stretch of residues on TM4 between R297 and K304 have already been
shown to alter TREK1 sensitivity to PIP,”**, providing functional cor-
roboration for the role of these positively charged residues in con-
stituting this anionic lipid binding site. The S300 residue, a protein
kinase C phosphorylation target in the proximal C-terminus of
TREK1*, lies directly in the center of the lower POPA binding site, 4.8 A
away from the well-resolved POPA headgroup (Fig. 4¢). In this location,
phosphorylation of S300 would be predicted to create both electro-
static and steric clashes with the headgroup of a bound anionic lipid
and would disfavor the anionic lipid bound TM4 “up” state. Consistent
with this structural observation, S300 phosphorylation or an S300D
phospho-mimicking mutation are known to decrease TREKI basal

activity and responsiveness to activating stimuli***,

Pore block by the zwitterionic lipid POPE

While the POPA bound TREK1 structure is in a conductive TM4 “up”
conformation, the addition of POPE lipids to TREK1 induced a pore-
blocked TM4 “down” state, with unambiguous evidence for a POPE
lipid located within the pore, directly below the selectivity filter (Fig. 5).
The 3.2 Alocal resolution at the center of the TREK1 POPE cryo-EM map
(Supplementary Fig. 9) allowed us to model the entire POPE lipid
within the TREK1 pore (Supplementary Fig. 5a, d). Mirroring our
observation for the pore-bound DDM molecule in the TREK1 apo
structure, the POPE lipid is oriented in an inverted pose, with the
hydrophilic ethanolamine headgroup positioned centrally and each
lipid tail splayed apart to occlude opposing open fenestrations (Fig. 5a,
f). The presence of the POPE lipid forces both TM4 helices into the
symmetric “down” state of the channel, occupying the position where
the TM4 F285 sidechain is located when TM4 is in the “up” con-
formation (Fig. 5b, c). This rearrangement mirrors a movement of
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Fig. 5 | Headfirst pore block by POPE lipids. Cryo-EM map and matching struc-
tural model of TREK1 in DDM supplemented with POPE (a), highlighting the loca-
tion of a single POPE lipid (orange) bound within the pore. The lipid density shown
is derived from the sharpened map of the final refinement before C2 symmetry was
applied, visualized at a contour threshold of 0.0402. A zoomed-in representation of
the POPE binding site (b), highlighting the movement of the TM4 F285 residue
(purple) when the POPE acyl chain tail occupies the pore site to shift TM4 from the
“up” conformation (yellow, left panel) to the TM4 “down” conformation (white,
right panel). Overlaying these two structural models (c) shows how the POPE
molecule and the TM4 F285 residue would overlap if TM4 remained in the “up”
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conformation in the presence of POPE. d Native mass spectrum of TREK1 dimer
with POPE (upper panel), and deconvoluted spectrum (lower panel), showing no
POPE bound to TREK1. e A zoomed-in view of the interactions between the POPE
headgroup and the TREK1 pore. f A structural model of TREK1 with the cryo-EM
density of the POPE lipid shown in mesh, highlighting the position of the two lipid
tails and the ethanolamine headgroup of the lipid. Each of the lipid tails are directed
toward opposing fenestrations, and the position of TREK1 G171 is noted.

g Sequence alignment of the TM2 helix from all human K2P channels, highlighting
the alignment at the TREK1 G171 position.

an equivalent phenylalanine in the KcsA potassium channel (KcsA
F103) that occurs upon binding of quaternary ammonium blockersto a
similarly located binding site below the KcsA pore*®. Cryo-EM density
for the ethanolamine headgroup of the POPE lipid is visible within the
pore vestibule, occluding the ion permeation pathway. The observed
pore blocking density in the POPE structure differs in shape from the
DDM density observed within the pore of the apo TREK1 structure
(Fig. 1c, d and Supplementary Fig. 5), though both pore blocking
densities occupy an overlapping site below the selectivity filter. Mod-
eling of a POPE molecule into this density reveals that the POPE
headgroup is poised to interact with TREK1 residues that comprise the
S4 potassium binding site of the selectivity filter (Fig. 5e). TREK1 T142
from selectivity filter pore loop 1 is positioned to hydrogen bond with
the oxygen atoms of the POPE phosphate headgroup while TREK1 T252
from pore loop 2 can hydrogen bond with the sn2 oxygen of the POPE
glycerol backbone. The POPE ethanolamine group points toward a
TM2 glycine at position 171, a residue that is a conserved glycine only in
the mechanosensitive subfamily of K2Ps (Fig. 5g, TREK1, TREK2, and
TRAAK). The absence of a larger amino acid sidechain at this position
appears to create sufficient space for the pore to accommodate the
ethanolamine headgroup (Fig. 5e, f).

While most of the particles in the TREK1 POPE dataset are in the
TM4 “down/down” state, this lipid condition exhibits more hetero-
geneity than the TREK1 apo or TREK1 POPA datasets, with ~30% of the
TREK1 POPE particles in an asymmetric TM4 “up/down” conformation

(Supplementary Fig. 8). A 3D reconstruction of these TM4 “up/down”
particles yielded a 3.83 A resolution map, structurally indistinguishable
from the TREK1 apo TM4 “up/down” conformation and similarly fea-
turing an asymmetrically positioned pore blocking density below the
selectivity filter (Supplementary Fig. 5f, g). At the relatively lower reso-
lution of this reconstruction, it is not possible to definitively determine
the nature of this density. One possibility is that this less populated class
is comprised of apo TREKI1 channels that have not exchanged the pore-
bound DDM for a POPE lipid. Alternatively, the asymmetric POPE
structure could reflect a secondary location for the bound POPE
molecule, with its headgroup located in the pore and acyl tails directed
toward only one fenestration. We hypothesize that such a state can exist
as an intermediate between the TM4 “up” conductive state of the
channel and one that is blocked by a POPE lipid with its headgroup
positioned below the pore and hydrocarbon tails splayed apart.
Despite the clear presence of a POPE lipid bound within the pore
vestibule in the symmetric TM4 “down” structure, native MS analysis of
TREK1 in the presence of POPE did not reveal evidence of POPE bound
to DDM solubilized TREK1 (Fig. 5d). This discordance between the
native MS data and our structural results suggests that the pore
blocking lipid identified in our cryo-EM structure is only loosely bound
within the identified pore site and may readily exit the pore under the
ionization and activation conditions required for native MS of TREK1 in
DDM. This result contrasts with a native MS study of TRAAK showing
multiple bound POPE to TRAAK at similar POPE concentrations. This
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Activated

Anionic Lipids, Membrane Tension, Volatile Anesthetics, Heat

Fig. 6 | An integrated model of TREK1 lower pore gating. Comparison of the
POPA and POPE bound TREK1 structures. In the POPA structure (a), the lipid
pathway is closed, with no lipid occluding the ion-conducting pore and positively
charged residues (blue) in the distal end of TM4 enveloping the anionic POPA
headgroup. In the POPE structure (b), hydrophobic residues (green) on TM2, TM3,

TM4, and pore helix 2 line the open lipid pathway. ¢ A cartoon schematic describing
the proposed integrated model of lower pore gating in TREK1 channels. In the
leftmost panel, iso represents the binding site position of the volatile anesthetic
isoflurane®.

discrepancy may be due to the use of CI10ES5 detergent in the TRAAK
study, which permits gentler ionization conditions®. We found that
TREK1 was not stable when exchanged into C10ES detergent. Never-
theless, given that anionic POPA lipids are readily observed to bind to
the TREK1 protein in DDM by native MS (Fig. 3b, d), the absence of
POPE binding under identical ionization/activation conditions sug-
gests that the upper and lower anionic lipid binding sites identified in
our TREK1 POPA structure (Fig. 3) are not targeted by the zwitterionic
lipid POPE. This result implicates lipid headgroup chemistry as a key
determinant of lipid selectivity at these anionic sites, an assertion
supported by the absence of evidence for lipid densities at either the
upper “classical” or lower “bypass” lipid binding sites in the TREK1
POPE cryo-EM structure.

Discussion

Since the determination of the first K2P channel structures®®*, the
presence of membrane-accessible fenestrations in the K2P channel
architecture suggested that lipids might play a role in controlling K2P
gating. While an initial conception of K2P lipid block involved lipid acyl
chain tails extending from the bilayer into the channel pore to block
conduction, MD simulations of TREK2 channels suggested that phos-
pholipid tails were in fact too short to occlude the pore cavity in such a
manner*s, Our study elucidates an alternative mechanism for the
phospholipid block of K2Ps. In both the TREK1 apo and TREK1 POPE

cryo-EM structures, it is the hydrophilic portion of the amphipathic
detergent or lipid molecule that occupies the channel pore, not the
hydrocarbon tails. These findings suggest that membrane phospholi-
pids may enter the TREK1 vestibule in an inverted, headfirst orientation
to block the pore.

For a phospholipid to enter the TREK1 pore in this inverted
orientation, there needs to be an energetically favorable pathway for a
lipid headgroup to reach the core of the protein within the membrane.
In our structure of TREK1 in the TM4 “down” state, the open fenes-
tration formed by the TM2, TM3, and TM4 helices creates such a
pathway; a membrane-exposed groove lined by hydrophobic amino
acids with direct access to the pore vestibule (Fig. 6b). This groove is
closed in the TM4 “up” conformation of the channel, though a lipid
bound at the lower anionic binding site is poised at the mouth of the
closed pathway (Fig. 6a). When TM4 moves to the “down” position, the
lipid pathway opens and becomes exposed to the inner leaflet of the
bilayer. Lipid acyl chains are free to enter the open groove and become
enveloped by the hydrophobic residues lining the pathway, while the
hydrophilic headgroups can position themselves within the hydrated
channel pore. We speculate that in a biological membrane, phospho-
lipids may fill the region between the pore-bound POPE lipid site and
the lower POPA site when the lipid pathway is open, with our cryo-EM
structures defining the structurally stabilized outer delimiting posi-
tions for phospholipid binding to TREKI.
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While further experimental and molecular dynamic work will be
required to explore the energetics of such a proposed lipid path within
the TREK1 channel, recognition of the possibility of this pore-
accessible lipid pathway in TREK1 provides a framework for an over-
arching mechanism of lower pore gating in mechanosensitive K2Ps
(Fig. 6¢). In this model, TREK1 activating stimuli including anionic
lipids, membrane tension, and volatile anesthetics all converge to
promote the TM4 “up” conformational state and unblock the TREK1
pore. For the case of modulatory anionic phospholipids like PA, the net
negative charge of an anionic lipid headgroup would be expected to
disfavor entry into the vestibule of the cation-selective TREK1 pore.
Local increases in bilayer concentrations of PA (as can naturally occur
through activation of TREK1 bound phospholipase D2”) would thus
reduce lipid occupancy within the pore, promote the conductive TM4
“up” conformation, and constitute the lower anionic lipid binding site
to further stabilize TM4 in the active “up” state. A similar argument
applies to membrane tension, which has also been predicted to favor
the TM4 “up” state'>*’. The peak of the trans-bilayer pressure profile
induced by a mechanical stimulus is believed to arise at the water lipid
interface®, located at the mouth of the lipid-accessible groove. This
suggests that the application of membrane tension will remove lipids
from the membrane-accessible path, allowing TM4 to shift to a con-
ductive TM4 “up” conformation. Such a mechanism would explain the
convergent influences of positive allosteric anionic lipids and
mechanosensitivity’*” and mirrors a force-from-lipid-based mechan-
ism of mechano-gating demonstrated in the prokaryotic ion channel
MscS, where membrane tension first removes lipids from key regions
of the MscS structure to subsequently unlock conformational changes
that open the MscS pore’*, Volatile anesthetics (VAs) also appear to
favor the TM4 “up” conformation of TREKI, as the VA binding site
identified in TREK1** becomes incorporated into the lipid-accessible
pathway when TM4 is “down” and is only accessible to a VA when TM4
moves into the “up” conformation (Fig. 6¢). This model of TREK1 lower
gating also incorporates the inhibitory influences of cold temperature
and S300 phosphorylation, both of which appear to share a con-
vergent effect on TREK1 activity***. Temperature sensing is not
believed to be an intrinsic property of TREKI but is rather tied to
modulation of the phosphorylation state of the TREK1 S333 and S300
residues****. With S300 located at the center of the lower anionic lipid
binding site (Fig. 4c), phosphorylation of the S300 residue would be
expected to disrupt anionic lipid binding, favor the pore-blocked TM4
“down” conformation, and inhibit channel activity.

While our study identifies important lipid binding sites in the
TREK1 protein, the composition and distribution of lipids in the lipid-
detergent mixed micelles utilized in our work deviate from the com-
position of native mammalian membranes. Whereas the zwitterionic
lipid POPE comprises ~30% of the lipid in the mammalian membrane®,
we are limited to ~10 mol% POPE in our structural work, a concession
necessitated by the solubility limit of POPE in the DDM detergent. At
this 10% POPE molar fraction, we observed both functional and
structural effects of POPE on TREK1 but were unable to observe
binding of the POPE lipid to the TREKI protein by native MS. We
speculate that for a presumed low-affinity POPE binding site that is
exposed to a very high molar fraction of zwitterionic lipid in biological
membranes, we may simply not be at a high enough concentration of
POPE in our micelles to observe TREK1/POPE binding by native MS. In
contrast to POPE, the anionic lipid POPA is a low-abundance lipid (-1%)
in the mammalian membrane, generally segregated to the inner leaflet
of the bilayer. The presence of an anionic phospholipid binding site at
the extracellular face of TREK1 was therefore somewhat surprising to
us, given the low abundance of anionic lipids in this leaflet of biological
membranes. While local activation of PLD2*”* may temporally and
locally boost the concentration of PA lipids near the TREK1 protein to
approximate the concentrations of POPA used in our structural stu-
dies, it is also possible that low-abundance anionic phospholipids are

not the only substrate that binds to the selectivity filter adjacent lipid
binding site. Both lysophospholipid®® and eicosanoid® signaling lipids
have been found to act at the external face of the TREK1 channel and it
is possible that the extracellular POPA binding site identified in our
study also serves as a target for these important regulatory signaling
lipids. While our structures demonstrate the impact of the insertion of
a lipid tail into the pocket behind the selectivity filter, the local reso-
lution is insufficient to define the molecular interactions between the
POPA headgroup and the extracellular face of the TREK1 protein. A
loop region between pore helix 2 and the upper TM4 lies directly
above the POPA lipid headgroup and we hypothesize that this region
of the K2P structure imparts lipid selectivity at the upper binding site.
Supporting this notion is the observation that this region of the TREK1
protein is responsible for the divergent sensitivities of TREK1 and
TREK2 channels to external pH*® and the eicosanoid lipid pros-
taglandin F20*” and is also a key determinant of ML335 and ML402
affinity*.

It is important to note that there is additional complexity to K2P
gating that we cannot directly address from our results in this study.
While our findings reinforce an emerging consensus that the TM4 “up”
conformation of TREK1 is the stimulus-activated state of the channel,
there is clear evidence for a conductive TM4 “down” state in many
K2Ps'*3181°  Functional studies of TREK1 have shown that activating
stimuli convert the channel from a voltage-dependent pattern of
behavior to an open rectifying leak current’®*’, suggesting that the
conductive TM4 “down” state is the structural correlate of this voltage-
gated functional behavior. As K2P channels do not have a canonical S1-
S4 voltage sensor, voltage dependence is believed to arise within the
pore, with the direction of ion flow implicated as a key to this behavior,
termed “flux gating”’. We postulate that TREK1 pore occupancy by
lipids could be influenced by the direction of ion flow across the K2P
pore, linking lipid block to the voltage-dependent behavior of a con-
ductive TM4 “down” state of TREK1. However, without a structural
correlate of this conductive TM4 “down” state in TREK], this assertion
remains an untested hypothesis. A recent study of the mechan-
osensitive K2P TRAAK did determine a conductive TRAAK TM4 “down”
structure by introducing a point mutation within the TRAAK pore®.
The site of this point mutation in TREK1 is the TM2 G171, the residue
that directly opposes the ethanolamine headgroup of the pore-bound
POPE molecule in our TM4 “down” structure (Fig. Se, f). Mutations at
this position cause potentiation of channel function in all K2P
subfamilies®®, though we note that this pore lining TM2 residue is a
conserved glycine only in mechanosensitive K2Ps (TREK1, TREK2, and
TRAAK) and is a bulky hydrophobic residue in all other K2P channels
(Fig. 5g). While this suggests that the pore of mechanosensitive K2Ps
may be uniquely conducive to accommodating a lipid headgroup at a
site directly below the selectivity filter, the question of whether lipid
block is an important gating modulator in other K2Ps subfamilies
remains intriguing but as of yet unanswered.

Methods
Purification of TREK1 protein
For structural studies of TREK1, we utilized a well-characterized and
biochemically tractable C-terminally truncated zebrafish ortholog of
the TREK1 channel (drTREK1), a construct previously shown to retain
sensitivity to many important TREK1 modulatory signals, including
mechanical stretch, heat, arachidonic acid, volatile anesthetics and the
TREK1 activator BL1249****. The TREK1 ortholog is 89% sequence
similar and 78% sequence identical to a matched region of the human
TREK1 ortholog (Supplementary Fig. 1), with much of the sequence
divergence clustered in the N-terminal and helical CAP domain regions
of the protein sequence.

drTREK1 protein was expressed in Pichia pastoris (Thermo Fisher,
SMD1168H, Catalog # C18400) using a previously described pPICZ
vector bearing residues 1-322 of the D. rerio TREK1 gene (TREKI,
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K2P2.1, UniProt XIWC65) with mutations introduced to eliminate
N-linked glycosylation sites (N95Q, N122Q), followed by a PreScission
protease-cleavage site (LEVLFQ/GP) and C-terminal GFP and His;o
tags®. The expression plasmid was linearized with the Pmel restriction
enzyme and subsequently transformed into P. pastoris by electro-
poration. Screening for successful recombinant integration was per-
formed by plating transformants on yeast extract peptone dextrose
sorbitol (YPDS) plates containing increasing concentrations of zeocin
from 0.5 to 3 mg/ml and incubating for 3-5 days at 30 °C until colonies
appeared.

Yeast transformants were grown in a buffered minimal medium
(2 x YNB, 1% glycerol, 0.4 mg L™ biotin, 100 mM potassium phosphate
[pH 6.0]) for 2 days at 30 °C in a shaker at 225 rpm. Cells were pelleted
by centrifugation (4000xg at 20°C, 5min) and resuspended in
methanol minimal medium (2 x YNB, 0.5% methanol, 0.4 mg L™ biotin,
100 mM potassium phosphate [pH 6.0]) to induce protein expression.
Cells were then shaken for 2 additional days at 22 °C in a shaker at 225
rpm, with additional methanol added (final concentration 0.5% [v/v])
to the culture after 24 h of protein expression. After 48 h of protein
expression, cells were pelleted by centrifugation (6000xg at 4 °C for
10 min), flash frozen in liquid nitrogen, and subjected to three rounds
of cryo-milling (Retsch model MM301) in liquid N, for 3 min at 25 Hz to
disrupt yeast cell walls and membranes. Frozen yeast cell powder was
stored at —80 °C until use.

To purify TREKI1, cell powder was added to breaking buffer
(150 mM KClI, 50 mM Tris pH 8.0, 1 mM phenylmethylsulfonyl fluoride,
0.1 mg/ml DNase 1, and 1 tablet/50 ml of EDTA-free complete inhibitor
cocktail [Roche]) at aratio of 1 g cell pellet/2 ml lysis buffer. Solubilized
cell powder was centrifuged at 4000xg at 4 °C for 5 min to pellet large
debris and the supernatant was then centrifuged at 100,000xg at 4 °C
for 1.5 h to pellet cell membranes. The pellet was resuspended in 50 ml
breaking buffer containing 60 mM n-Dodecyl-B-p-Maltoside (DDM)
and incubated for 3 h with gentle stirring to solubilize the membranes,
followed by centrifugation at 35,000xg for 50 min. Talon cobalt resin
(Takara Bio USA) was added to the supernatant at a ratio of 1 ml of resin
per 10 g of cell powder and incubated in an orbital rotor overnight at
4 °C. Resin was then collected on a column and washed with 10-column
volumes of Buffer A (150 mM KCI, 50 mM Tris pH 8.5, 6 mM DDM,
30 mM imidazole) and bound protein was subsequently eluted from
the resin by washing with Buffer B (150 mM KCI, 50 mM Tris pH 8.5,
6mM DDM, and 300 mM imidazole). PreScission protease (~1:25
wt:wt) was added to the eluate and the cleavage reaction was allowed
to proceed overnight at 4 °C under gentle rocking. Cleaved TREK1
protein was concentrated in 50 kDa molecular weight cutoff (MWCO)
Amicon Ultra Centrifugal Filters (Millipore) and applied to a Super-
dex200 10/300 gel filtration column (GE Healthcare) equilibrated in
size exclusion chromatography (SEC) buffer (150 mM KCI, 20 mM Tris
pH 8.0, 1 mM DDM). Purified TREK1 protein was concentrated (50 kDa
MWCO) to 3 mg/ml and analyzed for purity by SDS-PAGE [12% (wt/vol)
gels; Bio-Rad] followed by staining with Coomassie blue. All protein
purification steps were carried out at 4 °C.

For the preparation of DDM/lipid-mixed micelle samples, purified
TREK1 protein was first subjected to two additional runs over a
Superdex200 10/300 gel filtration column in size exclusion chroma-
tography buffer containing ~2x CMC concentration of DDM detergent
(150 mM KCI, 20 mM Tris pH 8.0, 0.25 mM DDM) and then an addi-
tional third gel filtration run in buffer containing dissolved 16:0-18:1
phosphatidic acid (POPA) or 16:0-18:1 phosphatidylethanolamine
(POPE) (Avanti). POPA was dissolved at a concentration of 0.1 mg/ml,
whereas POPE was dissolved at 0.025 mg/ml, the empirically deter-
mined solubility limit of POPE in 0.25 mM DDM buffer.

ACMA fluorescence quenching assay of TREK1 function
To prepare TREK1 proteoliposomes in varied lipid compositions,
chloroform solubilized 18:1-18:1 phosphatidylcholine (DOPC), POPA,

or POPE lipids were combined in borosilicate glass vials to a final lipid
concentration of 5 mg total lipid per reconstitution. Lipids were dried
under nitrogen, washed once with pentane to remove residual
chloroform, and redried into a thin lipid film under nitrogen, followed
by overnight incubation under vacuum in a vacuum desiccator to fully
dry the lipid mixtures. Lipids were then solubilized in HighK buffer
(150 mM KCl, 20 mM HEPES, pH 7.4) supplemented with 8 mM CHAPS
and sonicated until the solution was visually clear. The solubilized
lipids were mixed with purified TREK1 protein (0.5 pg/mg lipid, unless
otherwise indicated) and allowed to incubate at room temperature for
20 min, followed by the addition of 200 mg SM-2 biobeads (Bio-Rad)
to remove the detergent and form proteoliposomes. Samples were
rotated in the presence of biobeads for 2 h at room temperature and
the formed proteoliposomes were then extruded through a 0.1um
filter (Whatman) using a mini-extruder (Avanti Polar lipids), to produce
uniform ~100 nm liposomes ready for ACMA studies. Proteoliposomes
were made fresh for each experiment and used within 24h of
preparation.

For 9-Amino-6-Chloro-2-Methoxyacridine (ACMA) fluorescence
quenching assays, our protocols mirror those of prior studies utilizing
this assay for the study of K2P function”*>®'. About 50 pl of freshly
prepared TREK1 proteoliposomes were mixed with 2 ml of HighNa
buffer (150 mM NaCl, 20 mM HEPES, pH 7.4) containing 2 pM ACMA
and transferred to quartz cuvettes (Hellma) in a PTI quantamaster
fluorimeter. Sixty seconds of baseline recording was captured (mea-
surements taken every 0.2 s), with excitation at 410 + 9 nm and emis-
sion measured at 490 + 15 nm. ACMA quenching was initiated by the
addition of the proton ionophore carbonyl cyanide
3-chlorophenylhydrazone (CCCP) to a final concentration of 1puM.
After quenching reactions plateaued, the potassium ionophore vali-
nomycin was added to the reactions (final concentration 18 nM) to
collapse the potassium gradient across the proteoliposome membrane
and complete ACMA quenching. All traces were normalized to their
individual baseline and post-valinomycin treated values (Fs.. — F)/
(Fstart - Fyaiin), With Fgre defined as the final value of the first 60 s of
recording prior to the addition of CCCP and F, i, as the final time point
in the recording once valinomycin treatment was completed.

Native mass spectrometry and analysis of lipid extracts

Purified TREK1in DDM was analyzed by native MS on a Q-Exactive EMR
as previously described®’. About 50 pul of TREK1 at 1 mg/ml in 150 mM
KCI, 20 mM Tris pH 8.0, 0.25mM DDM was buffer exchanged into
200 mM ammonium acetate pH 8 and 0.25 mM DDM using Biospin gel
filtration columns (Bio-Rad). For the TREK1 samples containing POPA
or POPE, buffer exchange was performed using 200 mM ammonium
acetate pH 8 and 0.25 mM DDM, supplemented with either 0.1 mg/ml
POPA or 0.025 mg/ml POPE. This maintained the same phospholipid
concentration that was used for cryo-EM. About 3 pl of this sample was
directly loaded into a borosilicate capillary emitter (Thermo Scientific,
ES380) and native MS spectra were obtained by static nanospray on a
Thermo Q-Exactive EMR mass spectrometer. For the no-lipid, POPA
and POPE samples, the data were collected using an electrospray vol-
tage of 1.5 kV, capillary temperature of 200 °C, resolution of 8750, trap
and transfer voltages of 200V (CID) and 150 V (CE), respectively, and
HCD pressure as measured by the UHV pressure gauge set to 8.9 e-
10 mbar. lon transfer optics were set at 8, 7, 6, and 4V for injection
flatapole, inter-flatapole lens, bent flatapole, and transfer multiple,
respectively. The spectra in Fig. 3c and Supplementary Fig. 2f, g was
collected by increasing CID to 200V and CE to 200V and decreasing
the HCD pressure to a UHV pressure of 4.0 e-10 mbar. Greater activa-
tion by further decreasing the HCD pressure led to a loss of the TREK1
dimer signal. The native MS spectra were deconvoluted using UniDec
Version 3.2.0. The spectra were processed from m/z 1,500 to 15,000,
curved background subtraction was applied, and “0.0” was indicated
for binning of data points. Deconvolution was performed with a charge
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range of 1to 50, a mass range of 5,000 to 100,000 Da, and a resolution
of 1.0 Da for the zero-charge spectrum®.

Analysis of lipid extracts from purified TREK1 were performed as
previously described®. We performed a Bligh-Dyer extraction® using
100 pg of purified TREK1 with and without -1 g of POPA (1:1 ratio of
TREK1 dimer: POPA). After the extraction, the organic phase was
removed and dried using nitrogen gas. The sample was then recon-
stituted in 100 pl of 1:1 methanol:chloroform and 0.5% ammonium
hydroxide, and analyzed by direct injection on a Thermo Elite mass
spectrometer using a Max lon API source with a HESI- probe.
MSI1 spectra were acquired at 120,000 resolution from 250-2000 m/z in
negative ion mode with a flow rate of 5 pl/min, electrospray voltage of
4 kV, and capillary temperature of 300 °C. MS2 spectra were acquired
with CID using an isolation window of 1Da, relative collision energy of
30%, activation q value of 0.25 and activation time of 10 ms. For analysis
by positive ion mode, the samples were prepared with and without -1 pg
of POPC and POPE (111 ratio of TREK1 dimer: POPC or POPE), recon-
stituted in 1:1 methanol:chloroform with 0.1% formic acid after the Bligh-
Dyer extraction, and injected with an electrospray voltage of 4 kV and
the same parameters as above. MS2 spectra were collected for all peaks
ranging from 600-850 m/z. The MS1 and MS2 spectra were manually
analyzed using tools on www.lipidmaps.org.

To search for ergosterol in the purified TREKI sample, we per-
formed GC/MS analysis using TMS derivatization of the lipid extract. A
Bligh-Dyer extraction was performed on 100 pg of purified TREK1 along
with 2.7 nmol of cholesterol as an internal standard (1:1 TREK1 monomer:
cholesterol). The organic phase was blown dry and then derivatized with
65l of the derivatization reagent (1:0.4:2.6 N-methyl-N-trimethylsilyl-
trifluoroacetamide with 1% trimethylchlorosilane:pyridine:acetonitrile)
and heated at 65 °C for 1 h. Electron ionization GC/MS was performed on
an Agilent 7890 A GC/5975 C MS, using a 25-m Agilent ] & W capillary
column (DB-1; inner diameter, 0.25 mm; film thickness, 0.1 m). The GC
inlet and transfer line temperatures were set to 250 and 280 °C,
respectively; and 2 pl of the derivatized sample was injected in a splitless
mode. The temperature program started at 80 °C for 2 min, increased at
50 °C/min to 268 °C, held for 1min, increased by 1°C/min to 275°C,
ramped to 282 °C at 5°C/min, and then reached to 300 °C at 20 °C/min
and was held for 8 min. The mass spectra were acquired both in full scan
(scan range 60-650 Da) and selected ion monitoring (SIM) modes. SIM
ions at m/z 329, 368, and 458 for cholesterol and at m/a 468, 363, and
337 for ergosterol were monitored.

Cryo-EM grid preparation and data collection

TREK1 protein samples were frozen on R1.2/1.3 UltraAufoil 300 mesh
grids (Quantifoil), prepared for sample application by glow discharge
for 80 s at +25 mA using a Pelco easiGlow glow discharge system (Ted
Pella). A volume of 4 pL of 3 mg/ml purified TREK1 protein sample was
applied to each grid and freezing was performed using a Vitrobot Mark
IV (FEI). Samples were equilibrated on the glow discharged grids in the
Vitrobot chamber at 21 °C and 100% humidity for 20 s and then blotted
for 1.5 s with +4 blot force before being plunge frozen in liquid ethane.

For the TREK1 apo dataset, movies were acquired at 64,000x
nominal magnification on a Titan Krios microscope (FEI) operated at
300 kV, equipped with a K3 direct electron detector (Gatan) and a GIF
quantum energy filter (20 eV) (Gatan). Data were collected using
Leginon software® at a dose rate of 25.92 e/A%/s with a total exposure
of 2.00s, for an accumulated dose of 51.83 e/AZ Intermediate frames
were recorded every 0.04 s for a total of 50 frames per micrograph, at
a nominal defocus range of 0.8-4.0 um. A calibrated pixel size of
0.5413 A was used for processing.

An alternative Titan Krios microscope was used for the collection
of TREK1 datasets in lipid-mixed micelles (POPA or POPE). In both
cases, the microscope was operated at 300kV and images were
acquired at 105,000x nominal magnification using a K3 direct electron
detector (Gatan). Data were collected using Leginon software®. For the

POPA dataset, movies were collected at a dose rate of 23.45 e/A%/s with
a total exposure of 2.70s, for an accumulated dose of 63.32 e/A2
Intermediate frames were recorded every 0.06s for a total of 45
frames per micrograph, at a nominal defocus range of 1.3-1.8 pm. For
the POPE dataset, movies were collected at a dose rate of 22.43 e/AY/s,
with a total exposure of 2.40 s, for an accumulated dose of 53.83 e /A2
Intermediate frames were recorded every 0.05s for a total of 48
frames per micrograph, at a nominal defocus range of 1.3-2.0 pm. A
calibrated pixel size of 0.426 A was used for processing both the POPA
and POPE datasets.

Cryo-EM data processing and model building

All three datasets were processed in RELION 3.1°, using the same gen-
eral workflow. Pertinent details of all datasets are presented in Supple-
mentary Table 1. Dose-fractionated images were either 2x Fourier
binned (TREK1 Apo dataset) or 3x Fourier binned (TREK1 POPA and
POPE datasets), gain normalized, and dose-weighted using RELION’s
implementation of Motion-Cor2%, with micrographs processed in
10 x 10 patches. Contrast transfer function (CTF) and defocus estimation
was performed using CTFFIND4%, Single particles were initially autop-
icked in RELION by a Laplacian of Gaussian (LOG) approach and sub-
jected to reference-free 2D classification, generating references for use
in a second round of 2D reference-based autopicking. Ab-initio models
were generated from the subset of particles in the LOG-picked 2D
reference classes and the best ab-initio model was used as the input for
the 3D classification of the final 2D reference-picked particle stack. All 3D
classes with evidence of transmembrane domain density were pooled
and subjected to 3D refinement, with the best 3D class used as an initial
model (low pass filtered to 20 A). Maps were improved through Iterative
rounds of particle polishing, beam tilt estimation, anisotropic magnifi-
cation estimation, and per-particle CTF estimation, followed by 3D
refinement, until convergence. Any remaining low-quality particles were
then removed from the dataset by a combination of 3D classification
without alignment and additional rounds of 2D classification, selecting
classes with the strongest transmembrane domain signals relative to the
micelle density. A final refinement utilizing SIDESPLITTER® to mitigate
local overfitting (most prevalent in the TM2/TM3 loop) improved both
final resolution values and map quality. Reported resolution at an FSC
cut-off of 0.143 was determined using RELION postprocessing, per-
formed with a volume mask designed to exclude the detergent micelle.
Local resolution estimates were calculated in Relion.

For model building and data representation, unmasked and
unfiltered half-map reconstructions of the final refinements from each
dataset were sharpened using DeepEMhancer software’®. The TREK1
Apo and TREK1 POPA models were built using the final maps shown in
Supplementary Figs. 6, 7, respectively. For the TREK1 POPE dataset, the
model was built using two distinct cryo-EM maps, as denoted in Sup-
plementary Fig. 8. The final C2 symmetrized reconstruction was used
to model the TREK1 protein chains, while the final C1 reconstruction
was used to build the centrally positioned POPE lipid. C2 symmetry
improved the resolution of the TREK1 POPE reconstruction and aided
in a model building but distorted the centrally positioned POPE lipid,
necessitating the use of the final Cl1 reconstruction (without any
applied symmetry) to model the POPE lipid.

A previously published crystal structure of mouse TREK1 in the
TM4 “up” state (PDB: 6CQ6)** was used as a starting point for model
building and was docked into the sharpened apo TREK1 cryo-EM
density map using UCSF chimera’’. This model was manually adjusted
in COOT” to fit into the cryo-EM density map and the primary
sequence of the mouse TREK1 model was mutated as appropriate to
produce a zebrafish TREK1 starting model. Following manual building,
global real space refinement with stereochemistry restraints was per-
formed using Phenix’. Sidechain outliers present after real space
refinement were individually inspected and corrected in COOT"2 After
the TREK1 apo model had been built, it was used as a starting point for
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building the lipid-bound structures of TREK1 in alternative conforma-
tions, using an equivalent approach.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the
corresponding author upon request. Cryo-EM maps of TREK1 have
been deposited in the Electron Microscopy Data Bank (EMDB) under
accession codes: EMD-27386 (TREK1 in DDM detergent); EMD-27387
(TREK1 in DDM/POPA mixed micelles); EMD-27388 (TREK1 in DDM/
POPE mixed micelles). Atomic coordinates for all structures have been
deposited in the Protein Data Bank (PDB) with accession codes 8DE7
(TREK1 in DDM detergent); 8DE8 (TREK1 in DDM/POPA mixed
micelles); 8DE9 (TREK1 in DDM/POPE mixed micelles). A
crystallographic-derived model of mouse apo TREK1 WT (6CQ6) was
used for initial model building. The source data for all ACMA fluores-
cence quenching results is provided as a source data file. Source data
are provided with this paper.
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