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ABSTRACT Touch, hearing, and blood pressure regulation require mechanically gated ion channels that convert mechanical
stimuli into electrical currents. One such channel is Piezo1, which plays a key role in the transduction of mechanical stimuli in
humans and is implicated in diseases, such as xerocytosis and lymphatic dysplasia. There is building evidence that suggests
Piezo1 can be regulated by the membrane environment, with the activity of the channel determined by the local concentration
of lipids, such as cholesterol and phosphoinositides. To better understand the interaction of Piezo1 with its environment, we
conduct simulations of the protein in a complex mammalian bilayer containing more than 60 different lipid types together with
electrophysiology and mutagenesis experiments. We find that the protein alters its local membrane composition, enriching spe-
cific lipids and forming essential binding sites for phosphoinositides and cholesterol that are functionally relevant and often
related to Piezo1-mediated pathologies. We also identify a number of key structural connections between the propeller and
pore domains located close to lipid-binding sites.
SIGNIFICANCE The perception and interpretation of mechanical forces is involved in senses, such as touch and
hearing, as well as regulating cell volume and blood pressure. Piezo1 is an ion channel that plays a key role in the
sensation of these mechanical forces in humans. Mutations in Piezo1 are implicated in many diseases, including
xerocytosis and generalized lymphatic dysplasia. It has been shown that the membrane environment can regulate Piezo1,
but it is unclear how this occurs.We show that Piezo1 forms specific, long-lasting interactions with a number of lipid types in
the cell membrane and that these are critical to the proper function of the protein. This helps us understand how mutations
at these disparate sites can have pathological consequences.
INTRODUCTION

Piezo1 is a long-sought-after molecular force sensor in eu-
karyotes (1). This nonselective cation channel is ubiqui-
tously expressed and is responsible for primary
mechanosensitive currents in a myriad of cells and tissues
(2,3). Its presence in mammals is essential, exemplified by
the embryonic lethality of its global deletion in mice (4,5).
Piezo1 dysfunction is likely involved in both multifactorial
diseases, including migraine and pain (6,7), in addition to
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hereditary conditions. For example, Piezo1 gene variants
have been definitively linked to hereditary xerocytosis
(gain of function (8,9) and generalized lymphatic dysplasia
(loss of function (10)). In all likelihood, this list of known
pathologies will grow given the broad expression pattern
of Piezo1. The gain-of-function Piezo1 phenotype, identi-
fied by its impact on red blood cell morphology, has been
linked to a loss of channel inactivation (11), as well as
increased channel sensitivity to mechanical force (12).
The net result in all these mutations is increased Ca2þ flux
and eventual red blood cell dehydration. The loss-of-func-
tion phenotype is presumably due to a portion of variants
not reaching the membrane (e.g., G2029R (10)) and a pro-
portion that are less sensitive to applied force.
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Although lipids are of critical importance to all mem-
brane-embedded proteins (13–15), they hold particular sig-
nificance for mechanically gated ion channels (16–20). This
is because in many cases, such as the prototypical bacterial
channels (21,22), mechanically gated channels can sense
forces directly from the membrane (23–26). Akin to the bac-
terial mechanically gated channels (21,22), Piezo1 has been
shown to function in ‘‘reduced systems,’’ such as reconsti-
tuted bilayers (27,28). This suggests that the channel is
not completely reliant on direct cytoskeletal connections.
This in no way precludes a role for the cytoskeleton in
Piezo1 function (29–32) because membrane forces are
largely determined by the local arrangement of the cytoskel-
eton and extracellular matrix (33–35). However, these
experiments highlight that lipids are of critical importance
to Piezo1.

Cryo-EM structures of the trimeric assembly of mouse
Piezo1 (mPiezo1) from three separate groups show a
triskelion arrangement and a peculiar cup-shaped topology
(36–38). The long arms (‘‘propellers’’) of each monomer
extend out and curve toward the extracellular space, with
a long helix termed the ‘‘beam’’ running almost parallel to
the intracellular side of the propeller (Fig. 1). The propellers
converge on a central pore region created by the last two
transmembrane helices in the C-terminus, which sits under
a conserved cap domain important for inactivation (39).
The propellers are separated from the pore by an ‘‘anchor
domain’’ that forms a triangle and consists of two elbows
and a helix that sits parallel at the membrane interface. In
a simplified liposomal system, the channel itself seems to
locally deform the membrane, retaining the cup shape
seen in the cryogenic electron microscopy (cryo-EM)
protein structures (36), something also seen during Piezo1
simulations in simple bilayers (40).

Functional data point to a role for various lipids in me-
chanical gating of Piezo1. For example, methyl-b-cyclodex-
trin, a drug commonly used to deplete cholesterol, had a
minor influence on Piezo1 clustering (41), reduced mechan-
ically induced Piezo1 currents in response to cell indenta-
tion (42), and increased the pressure required to open the
channel in cell-attached patch clamping (41). Depletion of
phosphatidylinositol 4,5-bisphosphate (PIP2) via activation
of TRPV1 inhibits Piezo1 activity (43). Although a specific
PIP2-binding region was identified on Piezo2, with deple-
tion of PIP2 also leading to channel inhibition, this specific
structural region was not conserved in Piezo1 (44). The
presence of phosphatidylserine (PS) or lysophosphatidylser-
ine in the outer leaflet inhibits Piezo1-mediated Ca2þ entry.
The PS presence is due to the scramblase TMEM16F,
which, when activated by Ca2þ, flips PS into the outer leaflet
and acts as a negative feedback loop for Piezo1 activity (45).
Piezo1 activity seems to depend on asymmetry within the
membrane, with spontaneous activity observed in asym-
metric bilayers containing dioleoyl-sn-glycero-3-phospha-
tidic acid or lysophosphatidic acid in the inner leaflet, but
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not in symmetric bilayers (28,46). However, exactly how
and where different lipids interact with Piezo1 to regulate
channel activity is yet to be carefully explored.

Here, we use coarse-grained molecular dynamics (CG-
MD) simulations of Piezo1 in complex asymmetric bilayers
to understand how different lipid types interact with the pro-
tein. By finding residues that form long-lasting interactions
with specific lipid types, we identify potential lipid-binding
sites. Electrophysiological studies on mutations at these sites
shows that some appear to be functionally important and that
this may be due to altering lipid binding to the protein.
METHODS

Molecular dynamics simulations

Structural modeling

The structure of mPiezo1 (Protein Data Bank, PDB: 6B3R (36)) was down-

loaded from the Protein Data Bank (https://www.rcsb.org) (47). Because

some of the smaller loops were not resolved, these were built in using the

program MODELER (48). Any large unstructured loops were not modeled.

In addition, the sequence of the unresolved loops of mPiezo1 was run

through PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/). This determined that

there is likely another amphipathic region before helix 33 in addition to

the structurally resolved amphipathic helix. This helix was modeled into

both structures using MODELER (48). The final structure was chosen

from the best of five models generated using MODELER (48). The

mPiezo1 model starts from L577 and omits the following large extracellular

loops: E718-D781, R1366-S1492, S1579-I1656, and A1808-V1904. The

model lacking the propeller domains starts from M1905 (mouse

numbering). For all simulation figures, the mouse sequence numbering

has been converted to human numbering for ease of comparison with the

experimental data on human Piezo1.

Simulation setup

GROMACS2018.1 (49) was used for the setup and execution simulations,

with the Martini 2.2 force field (50,51) being used for all simulations. The

model used for these simulations was an mPiezo1 model based on the struc-

ture solved by Guo and Mackinnon (36). This model was one that was

deemed the ‘‘best’’ of the five models in that it had no loops overlapping,

had the best DOPE score, and constructed the best representation of the

a-helices. All simulations were run at 310 K, with a van der Waals radius

of 1.1 nm and a timestep of 20 fs (52). The NPT simulations used a Berend-

sen (53) thermostat, with semiisotropic pressure coupling and the pressure

set to 1 atm using the Parrinello-Rahman barostat. A straight cutoff Lenard-

Jones potential with potential modifiers, as well as a Verlet neighbor search

algorithm (52,54), was used in GROMACS (55) to calculate electrostatics.

Simulations were set up using the MARTINATE script, which is avail-

able on Github (https://github.com/Tsjerk/gromit). The initial homology

model was coarse grained using martinize (http://cgmartini.nl/index.php/

tools2/proteins-and-bilayers), with an elastic network cutoff of 0.6 nm.

The elastic network was initially built using ElNeDyn (56), and extraneous

elastic network bonds were removed using domELNEDIN (57). The pro-

tein was then embedded into a realistic mammalian membrane model using

INSANE (58) (see Table S1 for the exact lipid composition), solvated with

coarse-grain waters, neutralized, and ionized with 0.15 M NaCl. The size of

the Piezo1 system is 60� 60� 25 nm, which totals�710,000 coarse-grain

particles. The system was then energy minimized using the steepest descent

method for 5000 steps. After this initial minimization, position-restrained

NVT was run for 1 ps to remove possible high-energy interactions. For

the position-restrained NVT simulations, they were run for 5000 steps,

with isotropic pressure at 1 atm and a timestep of 2 fs. After this, three

https://www.rcsb.org
http://bioinf.cs.ucl.ac.uk/psipred/
https://github.com/Tsjerk/gromit
http://cgmartini.nl/index.php/tools2/proteins-and-bilayers
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FIGURE 1 Simulation setup and Piezo1 structure. Shown is the initial system setup as viewed from (A) the side of the bilayer and (B) from the extracellular

side of the membrane. In (A), Piezo1 is shown by the gray surface, whereas each different lipid type is shown in different colors, and water is shown as a green

surface. Ions are omitted for clarity. In the top down view, each protein chain colored differently. The box highlights one protein subunit as represented in (C).

Only the central part of the simulation system is shown. (C) Shown is the topology of a single subunit of the truncated construct, with each part of the

secondary structure labeled. Helices 1–12 are absent in this protein model. ah6 is a computationally predicted amphipathic helix. The location of predicted

PIP- and CHOL-binding sites are highlighted by purple and yellow regions, respectively. To see this figure in color, go online.
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position-restrained NPT equilibration steps were run for 5000 steps each,

with 5-, 10-, and 20-fs timesteps, respectively, with a Berendsen barostat

(53) and a pressure of 1 atm. Next, two initial NPT simulations were run

for 1 ps each, with a 20-fs timestep, again with a Berendsen barostat (53)

and a pressure of 1 atm. Finally, production runs were conducted for 30

ms in total. To allow the systems to equilibrate, all analysis was done using

the last 10 ms.

For the mutation simulations, specifically R808Q and K2097E, the last

frame of the first replicate of the wild-type (WT) simulation was manually

mutated. Because the mutations R808Q and K2097E involve removing one

coarse-grain side chain bead, we manually deleted this bead and changed

the name of the side chain. We then re-neutralized this structure and simu-

lated each system for 10 ms. For the D4K simulation, a new model was

created using the Piezo1 structure as a template but was built without

K2166-K2169. This was simulated for 30 ms, with the last 10 ms of the

simulation used for subsequent analysis.

Simulation analysis

Radial distribution functions were analyzed using gmx rdf in

GROMACS2018.1 (49). Contact maps were calculated using in-house
Python and gnuplot scripts. Depletion/Enrichment Indices were calculated

using an updated version of the script used in (59) and is available on the

Martini website (cgmartini.nl). The Depletement/Enrichment Index (DEI)

is calculated as follows:

DEI; LipidX ¼ RatioðLipidXÞwithincutoff
RatioðLipidXÞBulk

; (1)
where

RatioðLipidXÞwithincutoff ¼
#LipidXwithincutoff

#LipidXBulk

; (2)
and

RatioðLipidXÞbulk ¼
Total#LipidX

Total#Lipids
: (3)
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Thickness and density maps were calculated using modified versions

of g_density and g_thickness (60) (available for download from

http://perso.ibcp.fr/luca.monticelli/tools/index.html) and compiled using

GROMACS4.5.6 (61). Visualization was done using visual molecular

dynamics (62).

Electrophysiology

Transiently transfected P1 KO HEK293T cells were plated on 35-mm

dishes for patch-clamp analysis. The extracellular solution for cell-attached

patches contained high Kþ to zero the membrane potential and consisted

90 mM potassium aspartate, 50 mMKCl, 1 mMMgCl2 and 10 mMHEPES

(pH 7.2) adjusted using KOH. The pipette solution contained either

145 mM CsCl or 145 mM NaCl with 10 mM HEPES (pH 7.2) adjusted us-

ing the respective hydroxide. EGTA was added to control levels of free

pipette (extracellular) Ca2þ using an available online EGTA calculator—

Ca-EGTA Calculator TS v1.3—Maxchelator. Negative pressure was

applied to patch pipettes using a High Speed Pressure Clamp-1 (ALA Sci-

entific Instruments, Farmingdale, NY) and recorded in millimeters of mer-

cury (mmHgs) using a piezoelectric pressure transducer (World Precision

Instruments, Sarasota, FL). Borosilicate glass pipettes (Sigma-Aldrich, St

Louis, MO) were pulled using a vertical pipette puller (PP-83; Narishige

Scientific Instrument Lab, Tokyo, Japan) to produce electrodes with a

resistance of 1.8–2.2 MU. Single-channel PIEZO1 currents were amplified

using an AxoPatch 200B amplifier (Axon Instruments Molecular Devices,

San Jose, CA), and data were acquired at a sampling rate of 10 kHz with

1-kHz filtration and analyzed using pCLAMP10 software (Axon Instru-

ments Molecular Devices). Boltzmann distribution functions describe the

dependence of the mesoscopic PIEZO1 channel currents and open probabil-

ity, respectively, on the negative pressure applied to patch pipettes. The

Boltzmann plots were obtained by fitting open probability Po�I/Imax versus

negative pressure using the expression Po/(1 � Po) ¼ exp[a(P � P1/2)],

where P is the negative pressure (suction) [mmHgs], P1/2 is the negative

pressure at which Po ¼ 0.5, and a [mmHgs�1] is the slope of the plot ln

[Po/(1 � Po) ¼ [a(P � P1/2)], reflecting the channel mechanosensitivity.

Kinetic analysis was performed using Clampfit on records with a deadtime

of 0.4 ms, idealized by the half-amplitude threshold method under the appli-

cation of 10 mmHg. The resulting dwell time data were fitted with a one-

component probability density function.

Cell culture

hPiezo1 KO HEK293T cells were a kind gift from Ardem Patapoutian and

cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10%

fetal bovine serum.
RESULTS

The lipid fingerprint of Piezo1

To probe the local interactions of Piezo1 with surrounding
lipids, we made use of CG-MD simulations, an efficient
tool to study the molecular details of protein-lipid interac-
tions (63). To closely mimic the composition of mammalian
membranes, we simulated Piezo1 inside a complex asym-
metric in silico bilayer containing more than 60 different
lipid types (Fig. 1 A; Table S1; (64)), allowing us to see
which of these localize to specific sites on the protein. We
conducted three 30-ms replicate simulations of a WT, trun-
cated construct of Piezo1, based on the portion of the protein
resolved in the cryo-EM structure of Guo and Mackinnon
(36). This construct includes six of the nine four-helical re-
peats that make up the propellers, starting from residue
L577, and contains all regions of the protein resolved in
1686 Biophysical Journal 119, 1683–1697, October 20, 2020
the recent cryo-EM structures (36,37,65) (pore, cap, and
beam domains and most of the propellers; see Fig. 1 B).
Although omitting the ends of the propellers may alter the
overall curvature of the membrane around the protein, we
believe it should not influence specific lipid-protein interac-
tions in the central portion of the protein.

The CG-MD simulations reveal membrane curvature
around the protein (to be examined in future work) and
enrichment and depletion of specific lipids around the pro-
tein, suggesting a clear preference for the protein to interact
with some lipids over others (denoted lipid fingerprints
(59)). Some lipid types are highly enriched around the pro-
tein, in particular, glycolipids, phosphatidylinositol phos-
phates (PIPs), and diacylglycerols (DAGs), whereas some
lipids, most notably sphingomyelin, are strongly depleted.
This can be inferred from the D/E index calculated for
each lipid group for each leaflet (Fig. 2 A), as well as by den-
sity plots of specific lipids around the protein (Fig. 2 B) and
maps of the residues that most frequently interact with each
lipid type (Fig. 3). As seen in Figs. 2 B and 3, a large number
of lipids, including PSs, phosphatidic acids (PAs), sphingo-
myelin, phosphatidylethanolamines, PIPs, phosphatidylino-
sitols (PIs), and cholesterol bind at specific sites on the
protein. This includes some lipids that are not enriched over-
all in the neighborhood of Piezo1, such as cholesterol. The
lipid fingerprint of Piezo1 is similar to that observed for
other membrane proteins (59), including the binding of
PIPs to the protein and the relative higher occupancy of
polyunsaturated lipids compared with the saturated ones
(Fig. S1). Polyunsaturated fatty acids have been shown
to be able to modulate Piezo1 channel kinetics (66). The
accumulation of specific polyunsaturated lipids close to
the protein in our simulations, such as highly unsaturated
phosphatidylethanolamines and PSs (Fig. S1), suggests
that modulation could involve both direct interactions with
the protein and alteration of the bulk membrane properties.
Most other proteins studied in this way show a significant
depletion of lyso-phosphatidylcholine near the protein
(59). In contrast, the conically shaped lyso-phosphatidyl-
choline is enriched around Piezo1 (Fig. 2), which may be
associated with membrane curvature induced by the protein.
Below, we focus our detailed analysis on negative lipids and
cholesterol that have been shown to modulate Piezo1 activ-
ity as described above.
Specific binding sites for PIPs

Negative lipids such as PIPs, PIs, PAs, and PSs share com-
mon binding sites, as seen in Fig. 4 (more detail is available
in Table S2), characterized by the presence of basic residues
on the protein surface, some of which are identified in a
recent preprint (67). PIPs, having the largest negative
charge, tend to have the highest occupancy in many of these
sites. This is particularly true of sites that contain multiple
positive residues, such as R623/K624/K627, R850/R852,

http://perso.ibcp.fr/luca.monticelli/tools/index.html


FIGURE 2 Lipid fingerprinting of the Piezo1 channel. (A) Given are the average and sem (standard error of the mean) of the depletion and enrichment

(D/E) index of all lipid groups in three simulations within a 20-Å cutoff of Piezo1. Lipids are separated by the leaflet and by their tendency to flip-flop (these

are noted as ‘‘both’’). The D/E index is also calculated for lipids grouped according to tail saturation. The D/E of different PIP species are shown in the inset.

(B) Given are the densities of PIPs, cholesterol, PIs, and PSs or PAs around Piezo1, shown as a fraction of the bulk density. The dashed lines represent the

halfway point between the center of the system (Piezo1’s pore) with the bilayer bulk. To see this figure in color, go online.
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FIGURE 3 Significant contacts made with the

lipids either in the upper leaflet (top), lower leaflet

(bottom), or that can flip-flop between leaflets

(inset). Residues that interact with a given lipid

type are colored on the surface of a monomer of

Piezo1, as viewed from two sides. Darker colors

represent lipids interacting with, or occupying,

that region of the protein for a larger percentage

of the 20–30-ms analysis window of the simula-

tions. An example colormap is shown to the left

of the result for the PC. To see this figure in color,

go online.
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R1724/K1727/R1728, and K1911/R1912/R1915/R1919/
R1921. Some other sites have greater than 50% occupancy
for PIPs, but PSs and other PIs share the site, such as
K2196/K2197 and K2163/K2166-K2169. In contrast,
many of the sites containing a single basic residue, such
as R1527 and R1534, have a slight preference for PSs.
Many of these regions of negative lipid binding are also
the location of disease-causing mutations. For example,
each of R808Q (discussed in more detail below), R972H,
1688 Biophysical Journal 119, 1683–1697, October 20, 2020
R1925W, and DK2169 lead to hereditary xerocytosis (68).
We find that although R808 has an occupancy of greater
than 75% for PIPs, R972 has a slight preference for PS,
and R1925 and K2169 near the pore domain have a PIP or
PI lipid binding to them for at least 70% of the simulation
time.

As noted in the introduction, PIPs are a particularly inter-
esting lipid class. Our simulations include PI-monophos-
phates, PI-diphosphates, and PI-triphosphates (noting that



FIGURE 4 Specific protein-lipid interactions for negatively charged lipids. Average5 SE of the percentage of time that each lipid type is interacting with

specific residues during the last 10 ms of the repeat simulations. Results shown for PIPs, PIs, PSs, and PAs. To see this figure in color, go online.
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CG-MD can separate these three categories but cannot
distinguish lipid types within them, i.e., PI(3,4)P2 vs.
PI(4,5)P2). PIPs (especially the di- and tri-phosphate spe-
cies) are not only highly enriched around the protein (inset
to Fig. 2 A) but can be seen to form high-density regions
around both the pore domain and propellers (Fig. 2 B).
The clustering of PIPs to specific sites is also evident by
looking at the map of residues frequently interacting with
PIPs (Fig. 5 A) and selected snapshots as depicted in the
inset of Fig. 5 A.

Among many specific protein-PIP-binding sites identi-
fied, an intriguing site was determined around the pore
domain, shown on the right in Fig. 5 A. There is a noticeable
patch of four lysines, K2166-K2169 (human sequence
numbering), right before helix 37, which is highly
conserved in Piezo1 channel homologs (Fig. 5 B). These ly-
sines, along with some adjacent lysines (K2096-K2097 and
K2163), were identified to consistently interact with PIPs
(most notably di-phosphate species, Fig. 6) or other negative
lipids, as seen by the constancy of protein-PIP contacts at
these sites (Fig. 5 C). To test the importance of this site,
we removed this string of four lysines (D4K mutant)
because this variant had been noted to cause xerocytosis
(8). Patch-clamp electrophysiology in the cell-attached
configuration show that this mutation reduces channel inac-
tivation significantly. Using large cell-attached patches with
‘‘mesoscopic’’ currents arising from multiple channels, it
was not possible to measure the inactivation rate because
the noninactivating phenotype was so severe (Fig. 5, D
and F), although the pressure sensitivity of the mutant was
unchanged from WT (Fig. 5 E). As previously described
(11), we measured the degree of steady-state current, which
clearly quantifies the marked difference with WT (Fig. 5 G).
This change becomes even more evident when looking at
longer pressure pulses, as shown in Fig. 5 H. We also
used depolarizing voltages to compare deactivation, and
again, deactivation of the D4K mutant was slower than the
WT (Fig. S2, A and B).

The loss of inactivation, and slowing of deactivation of
the D4K, may be caused by changes in lipid binding or to
structural changes in the protein itself. To help address
this question, we examined two additional mutants at this
location: 4K/4N and 4K/4D. As for D4K, both muta-
tions remove inactivation (Fig. S2 C). Unlike the D4K
mutant, these produce a significant rightward shift in the
pressure response curve (WT 11.92 5 0.81, n ¼ 15; 4K-
4N 20.23 5 1.6, n ¼ 7; and 4K-4D 16.84 5 1.7 n ¼ 6)
(Fig. 5, I and J) and match similar data for 4K/4A from
the Xiao Laboratory (69). This indicates a loss of sensitivity
to force, which fits with experiments documenting PIP
removal (43). Although it is hard to imagine all mutations
could cause the same structural change, all can be expected
to remove binding of negative lipids, such as PIPs. This
leads us to the hypothesis that the functional consequences
of the xerocytosis-causing D4K may be caused by both a
structural change and by changes in essential lipid-binding
sites. In support of the latter, simulations of the D4K mutant
show a large reduction in PIP enrichment around the protein
and, specifically, a loss of mono- and di-phosphate PIP mol-
ecules at this site (Fig. 6, top row).

We also use our simulations to examine a range of other
mutations occurring at PIP-binding sites. A mutation of the
residue K2097E (K2113E in mouse) has a modest effect in
speeding up inactivation (Fig. 5, D and G). This is probably
not by preventing PIP binding because no significant change
is seen in simulations of this mutant (Fig. 6, middle row).
Our simulations also show that R808 binds all species of
PIPs (Fig. 6, bottom row). R808Q is a rare variant with a mi-
nor allele frequency of 0.6% and has been reported as a
gain-of-function mutant associated with xerocytosis (68).
Biophysical Journal 119, 1683–1697, October 20, 2020 1689



FIGURE 5 Computationally identified phosphatidylinositide-binding sites and the effect of mutations on Piezo1 channel function. (A) The contact map of

a Piezo1 monomer indicates the residues that form consistent interactions with PIPs (purple) with the protein backbone, represented as a gray surface. The

colorbar shows the percentage of frames that PIPs are interacting with that particular residue (only from 20 to 30 ms). The inset shows a snapshot of a PIP-

binding site close to the pore, with relevant lysines shown in blue and PIPs in purple. Residue numbering corresponds to the human sequence for comparison

(legend continued on next page)
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However, this mutation has been reported in patients in
combination with G782S, though which of these are disease
causing has yet to be addressed. Simulations of the R808Q
mutant show a loss of PIP binding but no loss of other lipids
(Fig. 6, bottom row), suggesting that the gain of function
may be related to changes in the pattern of lipid binding.

Previous work suggested conversion of R2119 to alanine
(R2135 in mouse (37)) led to a nonfunctional channel, with
structural information suggesting an interaction with nega-
tively charged lipids. However, we did not see any nega-
tively charged lipids interacting with this residue. We do,
however, see a salt bridge between R2119 and E2140 that
is present most of the time in all three monomers and in
all three replicates (Fig. S3, A and B). This salt bridge
may be the reason for the need for arginine at this position.
Another critical salt bridge identified in the simulations is
that between the elbow and beam at positions R1955 and
E1342/E1343. The mutation R1955C is found in a case of
hereditary xerocytosis (70) and is associated with colorectal
adenomatous polyposis and displays a modest reduction in
pressure sensitivity (Fig. S3 C). Negative lipids do not
congregate around this site, suggesting that the pathology
related to this mutation may be explained by a break in a
salt bridge, which is important for conveying forces felt in
the propellers via the beam to the pore (71).
Specific binding sites for cholesterol

Because cholesterol is present because 30% of the mem-
brane fraction in our CG-MD simulations, there are natu-
rally a large number of residues on Piezo1 that interact
with cholesterol (Fig. 3). However, there are certain places
on the structure of Piezo1 where cholesterol is found most
frequently (Fig. 3) that may help understand the importance
of cholesterol to Piezo1 function. We searched for choles-
terol-recognition motifs (termed CRAC and CARC)
(72,73) within the sequence of Piezo1 using ProSite
(https://prosite.expasy.org/scanprosite/) and identified 19
CRAC motifs and 39 CARC motifs (Fig. 7 A; Table S3).
Previous cross-linking studies showed an interaction of
cholesterol with four residues (LVPF), which are part of a
with experimental data, although simulations are conducted on mPiezo1. (B) Sho

lian homologs. (C) Given is contact analysis showing interactions between PIPs

residues with PIPs throughout the simulation. (D) Deletion of conserved lysines

tivation. Shown are representative traces of WT human Piezo1, a mutant in whic

site located near these conserved lysines (hK2097E, equivalent to mK2113). Show

(E) Shown are the pressure response curves of WT Piezo1 and the two muta

comparingWTwith the PIP-binding mutants from pressure pulses of 20–40 mmH

fitting of ‘‘mesoscopic’’-cell-attached currents was not possible (not determin

20–40 mmHg shows a large increase in D4K and a modest but statistically sig

(H) Shown is the long 2-s square wave pressure pulse illustrating the vast differe

curves of WT Piezo1 compared with 4K-4N and 4K-4D mutants (n R 6). (J) Th

shows a large increase in the steady-state current, which is indicative of a loss of

asterisk (*) represents statistically significant p < 0.05 from WT controls usi

go online.
CARC motif we have identified and are located in the an-
chor domain between the two elbow regions of Piezo1
(74), a region previously identified as being highly
conserved (75) (Fig. 7 B, residues 2127–2130 in mouse).
Cholesterol was observed in this same site in all three mono-
mers, on average 75 5 20% of the simulation duration
(Fig. 7 D, bottom right), highlighting the ability of the
coarse-grained simulations to reproduce known protein-
lipid interactions.

To test the importance of predicted cholesterol-binding
sites, we examined a number of alanine mutations in this
conserved elbow region (i.e., P2113A) and in other parts
of the first Piezo1 repeat, as identified in simulations and
by recognition sequences to interact with cholesterol
(L1966A, L2037A and Y2073A, and Y2173A) (Fig. 7 C;
Table S3, highlighted in yellow). L1966A and L2037A
behave similar to WT, with a similar P1/2 and inactivation
properties (Fig. 7, E–G). However, P2113A has a right-
shifted pressure response curve (WT 11.92 5 0.81, n ¼
15; P2113A 20.18 5 1.92 mmHg, n ¼ 15) (Fig. 7 D).
mPiezo1 also displays loss of function when this residue
is mutated (P2129A (71,76)). Y2073A could not be opened
regardless of the pressure applied up to the lytic limit of the
patch. Simulations of the P2113A (76) mutant show loss of
cholesterol binding at this residue (cholesterol occupancy is
96% for P2113 and 5% for A2113) but no obvious structural
changes in the protein. In contrast, Y2073 appears to be part
of a hydrophobic cluster that maintains the integrity of the
four-helix bundle closest to the pore (Fig. S4 A).

Many of these identified cholesterol-binding sites also
contain residues which, when mutated, lead to disease. Three
CRAC motifs contain such mutations in their key residues:
R1943Q (12) (the arginine in motif LaqgtYrplrR) and
K2070Q (77) (the lysine in motif VaqlwYfvK). In addition,
there are six such mutations in CARC motifs: R1797C
(78,79) (RsqllcYgL), R1925W (80) (RrlqgFcvsL), R1955C
(70,81) (RaatdvYalmfL), K2070Q (77) (KciYFaL),
R2110W (78)/R2110Q (80) (RlvpFlveL), and R2302H (12)
(RftwnFqrdL). We are only interested in missense variants,
and many of these may be involved in the formation of
key structural interactions, such as salt bridges (Fig. S4,
wn is the complete conservation of human Piezo1 K2166-2169 in mamma-

and Piezo1 residues, highlighting the stability of the interaction of specific

in human Piezo1 is associated with xerocytosis and causes a loss of inac-

h these conserved lysines are deleted (D4K), and charge reversal at another

n are all the cell-attached traces recorded at a holding potential of�65 mV.

nts (n R 6). (F) Shown is the inactivation time constant in milliseconds

g. The inactivation phenotype ofD4Kmutant was so profound that accurate

ed). (G) The analysis of the steady-state current from pressure pulses of

nificant decrease in the K2097E mutant. The data represent mean 5 SE

nce in the D4K mutant to WT Piezo1. (I) Shown are the pressure response

e analysis of the steady-state current from pressure pulses of 20–40 mmHg

inactivation in both 4K-4N and 4K-4D. The data represent mean5 SE. The

ng Kruskal-Wallis with Dunn’s post hoc test. To see this figure in color,
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FIGURE 6 Mutation of disease-causing residues

alters PIP binding. Given are the D/E indices for

both the WT (left) and mutants (right) for the

D4K (A), K2097E (B), and R808Q (C) mutants.

The averages of the D4K and middle and bottom

rows of D/E indices were calculated by averaging

each propeller’s D/E index for each lipid, and the

mean 5 SE is shown. The WT D4K mutation is

an average of three replicates, which each had their

own average and mean 5 SE from the three pro-

pellers in each simulation. The insets show D/E

for different PIP species and the number of PIP

molecules per monomer within 15 Å of the site

of mutation in both the WT and mutant. To see

this figure in color, go online.
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‘‘Missense’’). An example of this is the mutations at
R1955, which appears to form a stable salt bridge with
E1342/E1343, thus linking the beam to the propeller
(Fig. S3 C). K2070 forms a salt bridge with D1976, presum-
ably helping to hold this central helical bundle together
(Fig. S4 B). Although part of a cholesterol-recognition motif,
R2302 forms a salt bridge with D2209 inside the cap of
Piezo1, well away from the membrane (Fig. S4 C). R2110
forms a critical bridge with D2141 and E2471 between the
elbow region, the base of the base, and helix 38. This is
most likely another connection between the propeller and
the pore (Fig. S4 D). Recent work implicates another los-
1692 Biophysical Journal 119, 1683–1697, October 20, 2020
s-of-function mutation as a cause of bicuspid aortic valve
(Fig. S4 E; (82)); this forms part of another cholesterol-
recognition motif (Y2022H).
DISCUSSION

There is accumulating data showing that lipids can regulate
the function of Piezo channels (66,83). Some of these affects
are likely to come from altering the global membrane prop-
erties such bending rigidity or stiffness, but we believe it is
likely that Piezo1 generates essential protein-lipid interac-
tions. To address this, we have conducted extensive analysis



FIGURE 7 Computationally identified cholesterol-binding sites and the effect of point mutations on Piezo1 activation. (A) Shown are the CRAC (top) and

CARC (bottom) motifs identified by ExPasy ProSite, and their average percentage of occupancy5 SE with cholesterol in simulation. (B) Shown is the align-

ment of anchor domain and conservation of human Piezo1 P2113 in all Piezo1 homologs. (C) Given is the cholesterol (yellow) contact map of a Piezo1

monomer (only the regions close to the pore shown for clarity), with the backbone represented as a gray surface. Brown regions denote areas in which a

cholesterol molecule resides greater than 65% of the simulation. (D) Shown are snapshots of four CARC motifs near the pore domain that bind cholesterol.

The relevant sequence and relevant residues are highlighted, and the human numbering is shown. Residues that were subsequently mutated are indicated by

an asterisk (*). (E) Shown are the cell-attached currents of human Piezo1WTand residues identified to interact with cholesterol: L1966A, L2037A, Y2073A,

P2113A, and Y2173A. All are part of bona fide cholesterol-recognition motifs. Shown are the currents recorded at a holding potential of �65 mV and, for

comparison, the �15 mmHg pulse of each representative trace is shown in red. (F) Shown is the calculated P1/2 from each patch compared with WT (not

determined). (G) Given is a box and whiskers plot showing the inactivation time constant from the cell-attached patches, illustrating that there is little dif-

ference between these mutants and WT. The data represent mean5 SE. The asterisk (*) represents statistically significant p < 0.05 fromWT controls using

Kruskal-Wallis with Dunn’s post hoc test. To see this figure in color, go online.
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of the Piezo1-lipid interactions to identify a characteristic
lipid fingerprint for Piezo1. This shows membrane distor-
tions and an enrichment of phospholipids with unsaturated
acyl chains. These flexible lipids can adopt many very
different conformations that are similar in energy and
are ideal to pack against the protein surface; this is particu-
larly important for a protein that deforms the membrane as
markedly as Piezo1. We identify a number of stable binding
sites for negative lipids, including phosphoinositides, as
well as for cholesterol. To test the importance of the binding
sites, we conduct site-directed mutagenesis in combination
with electrophysiology to show that many of these sites
are functionally relevant. Furthermore, a large number of
mutations at these sites are related to Piezo1-mediated
pathologies.

In particular, we identify a highly conserved patch of
four lysines which, when deleted, causes a gain-of-function
xerocytosis phenotype. This site stably recruits PIP species.
These residues lie on an intracellular linker that has previ-
ously been shown to be important for transducing forces
felt in the propeller domains to the pore, analogous to the
linker that connects the voltage sensor and pore regions
of voltage sensitive channels. This site has been identified
as being able to interact with the sarcoplasmic/
endoplasmic-reticulum Ca2þ ATPase (SERCA), whose
presence suppresses the mechanosensitivity of Piezo1
(69). A Piezo1 mutant in which all four lysines are con-
verted to alanines has been shown to remove this interac-
tion, which would yield a Piezo1 gain-of-function
phenotype. The presence of PIPs at this site may aid or
hinder SERCA binding, providing another possible mech-
anism by which lipids can regulate Piezo1. This is unlikely
to be the full explanation of Piezo1 mediated xerocytosis,
however, because red blood cells lack an endoplasmic
reticulum and, thus, the potential for the same SERCA2
interaction (69). Our careful analysis of cell-attached cur-
rents show that deletions or mutations at this site cause a
profound loss of inactivation, and a slowing of deactiva-
tion, which is congruent with a gain-of-function phenotype
that causes xerocytosis. This intriguing result shows that
the intracellular linker not only couples the propellers
and pore as required for mechanosensation but also has a
critical role in channel inactivation.

Cholesterol has been shown to cross-link with a number
of regions of Piezo1, including the apex of the anchor
domain, an area where cholesterol is enriched during our
simulations (74). Mutations in both this anchor domain
(P2113A) and in nearby cholesterol-recognition motifs in
close proximity to the pore (Y2073A and Y2173A) influ-
ence function. However, many of the mutants in predicted
cholesterol-binding domains are WT like, suggesting that
cholesterol effects may be mediated by both specific pro-
tein-lipid interactions and a global influence on the mechan-
ical properties of the membrane (42,84). Some of the
mutations at cholesterol-binding sites that alter function
1694 Biophysical Journal 119, 1683–1697, October 20, 2020
may do so by affecting lipid binding. However, some of
these may also be altering the structural stability of the pro-
tein’s different states because some appear to be involved in
key structural interactions within the protein. Examples of
such structural interactions identified here are residues
involved either in connecting the propeller and pore do-
mains (particularly the salt bridge formed by residues
R1955, K2070, and R2110) or in hydrophobic interactions
that maintain the integrity of the helical bundles or connect
the first helical bundle to the pore helices (e.g., residues
Y2022, Y2073, and Y2173). Weakening any of these can
be expected to alter the connection between the force
sensing propeller and pore domain.

Although we have identified a large number of likely
binding sites for a range of different lipid types, it remains
to be experimentally proven that lipids do bind at these lo-
cations in the full-length protein because such experiments
(for example, using mass spectrometry (13,85)) remain
challenging. However, we have shown that we can repro-
duce three cholesterol-binding sites on Piezo1 proven by
chemical cross-linking (74). Furthermore, these mutants
largely follow the consequences of cholesterol removal
(i.e., reduce channel sensitivity to applied force (41,42)).
However, none of those tested seem to influence inactivation
(41). CG-MD simulations on other membrane proteins have
also been successful in reproducing or predicting proven
sites (59,86–89). Although we hypothesize that the func-
tional consequences of mutations at some of the lipid-bind-
ing sites (particularly for PIPs) are due to alterations in
specific lipid binding, this is also difficult to prove directly
because of the fact that there are many binding sites for
each lipid type. Removing PIP binding at one site (e.g.,
the D4K mutant) may not be expected to replicate the global
PIP-depletion phenotype because a large number of other
PIP-binding sites remain. In addition, the sharing of binding
sites between negative lipids means that they are likely to be
able to compensate for each other to some extent. Finally,
these binding sites may not be essential for stretch activation
in patch-clamp studies but may be important focal points for
interactions with other structural proteins such as those
found at cell-cell contacts (32) or focal adhesions (31,90),
which are critical foci for cellular mechanotransduction.

It is interesting that lipid-binding sites can have a positive
or negative modulatory effect on Piezo1 channel function.
These sites seem to influence not only mechanosensitivity
but also gating kinetics. These results, in addition to work
on specific and global effects of lipids on Piezo1
(41,42,45,66,83) make it clear that Piezo1 mutations, where
possible, should be studied in the membranes of natively ex-
pressing Piezo1 cells. Finally, the curvature of the mem-
brane induced by Piezo1 (36) likely requires strong
protein-lipid interactions to anchor the bilayer around the
curved shape of Piezo1. More work is required to determine
if the binding sites seen for specific lipid types are essential
for locally curving the membrane.
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