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Mechanotransduction by Membrane Proteins

Characterizing the lipid fingerprint of the
mechanosensitive channel Piezo2
Yiechang Lin1, Amanda Buyan1, and Ben Corry1

Piezo2 is a mechanosensitive ion channel that plays critical roles in sensing touch and pain, proprioception, and regulation of
heart rate. Global knockout of Piezo2 leads to perinatal lethality in mice, and Piezo2 gain-of-function mutations are associated
with distal arthrogryposis, a disease characterized by congenital joint contractures. Emerging evidence suggests that Piezo
channels (Piezo1 and Piezo2) can be regulated by their local membrane environment and particularly by cholesterol and
phosphoinositides. To characterize the local Piezo2 lipid environment and investigate key lipid–protein interactions, we carried
out coarse-grained molecular dynamics simulations of Piezo2 embedded in a complex mammalian membrane containing >60
distinct lipid species. We show that Piezo2 alters its local membrane composition such that it becomes enriched with specific
lipids, such as phosphoinositides, and forms specific, long-term interactions with a variety of lipids at functionally
relevant sites.

Introduction
Piezo1 and Piezo2 are membrane-embedded mechanosensitive
ion channels that play diverse and critical roles in mammalian
physiology and pathology (Lai et al., 2022; Coste et al., 2010).
Widely expressed across tissue and cell types, Piezo1 is required
for blood pressure regulation and vascular development (Li
et al., 2014; Ranade et al., 2014a; Zeng et al., 2018) and a com-
mon polymorphism of the channel is known to confer protection
against severe malaria (Ma et al., 2018; Nguetse et al., 2020).
Piezo2 is responsible for conveying tactile pain (Murthy et al.,
2018; Szczot et al., 2018), gentle touch sensations (Zhang et al.,
2019), and proprioception (Woo et al., 2015). These membrane-
embedded force sensors are essential in mammals, as knockout
studies show that the absence of Piezo1 or Piezo2 is lethal inmice
(Dubin et al., 2012; Li et al., 2014; Ranade et al., 2014a). Mal-
function of Piezo channels resulting from gain-of-function
(GOF) and loss-of-function (LOF) mutations have been shown to
lead to various types of disorders. These include hereditary
xerocytosis (Piezo1, GOF; Glogowska et al., 2017), generalized
lymphatic dysplasia (Piezo1, LOF; Fotiou et al., 2015), distal ar-
throgryposis 5 (Piezo2, GOF; Coste et al., 2013; McMillin et al.,
2014), Gordon syndrome (Piezo2, GOF; McMillin et al., 2014;
Alisch et al., 2017), andMarden-Walker Syndrome (Piezo2, GOF;
McMillin et al., 2014). Additionally, a Piezo2 LOF phenotype in

humans is characterized by loss of discriminative touch and
proprioception leading to ataxia and dysmetria (Chesler et al.,
2016). Similarly, conditional knockout of Piezo2 inmice neurons
abrogates light-touch sensation (Ranade et al., 2014b).

As membrane proteins, Piezo1 and Piezo2 affect and are af-
fected by the behavior of the surrounding lipid environment. In
a cryo-EM structure, Piezo1 was shown to induce local curvature
within a liposome, and it is thought that this curvature is critical
in allowing both Piezo1 and Piezo2 to sense mechanical forces
(Lin et al., 2019; Shin et al., 2019). Additionally, Piezo1 can ac-
tivate when reconstituted into liposomes or isolated in membrane
blebs free from cytoskeleton, suggesting that it can be gated via a
force-from-lipids mechanism (Cox et al., 2016; Syeda et al., 2016).
However, it is possible that Piezo1 gating is modulated by the
extracellular matrix or cytoskeletal elements (Gottlieb and Sachs,
2012; Cox et al., 2016; Bavi et al., 2019; Romero et al., 2020). In
contrast, there is emerging evidence that Piezo2 requires cy-
toskeletal elements to activate (Eijkelkamp et al., 2013;
Romero et al., 2020), suggesting different modes of activation
for Piezo2 (Moroni et al., 2018; Shin et al., 2019).

Individual membrane lipids can regulate the activity and
function of membrane proteins, either through direct lipid–
protein interactions (Gimpl et al., 1997; Deleu et al., 2014;
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Montenegro et al., 2017) or indirectly by altering bulk
membrane properties (Mitchell et al., 1990; Gimpl et al., 1997;
Ridone et al., 2020). Experimental studies of Piezo channels
have highlighted the important interplay between membrane
lipids and the protein in modulating its function (Cox and
Gottlieb, 2019). Depletion of phosphoinositides via TRPV1 is
known to inhibit both Piezo1 and Piezo2 activity (Borbiro et al.,
2015). There is also specific evidence for a role of phosphati-
dylinositol biphosphate (PIP2) in activating Piezo2 (Narayanan
et al., 2018). Additionally, dietary fatty acids have been shown
to play roles in modulating Piezo channel function, with mar-
garic acid inhibiting both Piezo1 and Piezo2 function (albeit at
higher concentration for Piezo2) and polyunsaturated (PUS)
fatty acids modulating Piezo1 inactivation (Romero et al., 2019;
Zheng et al., 2019; Romero et al., 2020). Piezo channels are also
regulated by cholesterol (CHOL). Depletion and disruption of
membrane CHOL affects the organization of Piezo1 clusters,
leading to slowing of activation and disruption of inactivation
(Ridone et al., 2020). Additionally, the CHOL binding STOML3
has been shown to modulate Piezo1 and Piezo2 sensitivity by
modulating membrane stiffness (Qi et al., 2015a).

Structurally, Piezo1 and Piezo2 are formed from three sub-
units that arrange as three long propellers extending in a domed
structure from a central pore (Fig. 1; Zhao et al., 2018; Wang
et al., 2019). Each propeller contains nine transmembrane heli-
cal units (THUs), each formed by a bundle of four transmem-
brane (TM) helices. The innermost helices, TM 37 (outer helix
[OH]) and TM 38 (inner helix [IH]), from each monomer tri-
merize to form the pore together with the anchor, large extra-
cellular cap, and C-terminal domain. A long helical beam 9 nm
long supports each propeller on the intracellular side, bridging
them to the central pore module.

Using computational techniques, several recent studies have
characterized the lipid fingerprint of Piezo1 (the way in which
the protein modulates its lipid environment), revealing several
functionally important PIP and CHOL binding sites (Buyan et al.,
2020; Chong et al., 2021; Jiang et al., 2021). For example, the
deletion of four lysine residues in a prominent PIP binding site
(4K site) near TM 37 was seen to abolish inactivation in elec-
trophysiological experiments (Buyan et al., 2020). Simulations
were also able to reproduce a CHOL binding site in the anchor
region of Piezo1, first identified by crosslinking data (Hulce
et al., 2013; Buyan et al., 2020). Both sites are conserved in
Piezo2 and may serve as important lipid binding sites.

Given the structural similarities and 42% sequence homology
between Piezo1 and Piezo2, it is hypothesized that Piezo2 would
similarly induce doming of the membrane. Additionally, it
would be interesting to see how the lipid fingerprint of Piezo2
differs from Piezo1, andwhether key PIP and CHOL binding sites
on Piezo1 are conserved in Piezo2. Computational inquiries into
the lipid–protein interactions of Piezo2 have been hampered by
the absence of structural data until recently, when the structure
of Piezo2 was solved by Wang et al. (2019) to a resolution of 3.8
Å. Consisting of ∼2,800 residues, Piezo2 is slightly larger than
Piezo1, but most of these additions occur in extracellular mem-
brane loops. Here, we use coarse-grained (CG) MD simulations
to characterize the lipid fingerprint of the Piezo2 protein in

a complex mammalian membrane, highlighting its notable
similarities to the published Piezo1 lipid fingerprint.We note the
presence of conserved, high-occupancy binding sites for PIPs
and CHOL on the protein, as well as several other lipid binding
sites of interest.

Materials and methods
System setup
Simulations were set up and run using GROMACS 2019.3 (Van
Der Spoel et al., 2005) and the Martini 2.2 forcefield (Marrink
et al., 2007; de Jong et al., 2013). The cryo-EM structure of
mPiezo2 (mouse Piezo2, PDB accession no. 6KG7) solved by Wang
et al. (2019) was obtained from the PDB, and glycans were re-
moved. The CHARMM-GUI Martini Maker was used to build in
the five short unresolved loops per monomer (<20 residues) and
coarse grain the structurewith an elastic network cutoff of 0.9 nm
(Periole et al., 2009; Qi et al., 2015b). Long unresolved loop regions
were omitted from themodel (details of the finalmodel used are in
Table S1). Using the INSANE python script (Wassenaar et al.,
2015), Piezo2 was embedded in a 50 × 50-nm average mamma-
lian membrane model containing 63 different lipid species (exact
lipid composition detailed in Table S2; Ingólfsson et al., 2014),
solvated, and ionized with 0.15 M NaCl. The final system has di-
mensions 50 × 50 × 20 nm and contains ∼400,000 particles, with
∼290,000 of these being solvent beads and ∼7,500 ion beads.

All simulations were carried out at 310°K (maintained using a
velocity-rescale thermostat; Bussi et al., 2007) with a van der
Waals radius of 1.1 nm. The system was energy minimized using
the steepest descent method for 1,000 steps. The system was
simulated in the constant pressure, constant volume (NVT)
ensemble at 1 atm for 10 ps with backbone position restraints
(1,000 kJ mol−1 nm−2) using a 2-fs timestep. Following this, three
position-restrained (1,000 kJ mol−1 nm−2) constant number of
particles, pressure, and temperature (NPT) equilibration simu-
lations with 5-, 10-, and 20-fs timesteps were run for 5,000 steps
each, with a pressure of 1 atm maintained using a Berendsen
barostat with semi-isotropic conditions (Berendsen et al., 1984).
Production simulations were carried out for 21 μs in triplicate
using a 20-fs timestep, with the backbone beads weakly re-
strained to their starting conformations using a force constant of
50 kJ mol−1 nm−2 to prevent unrealistic protein deformation.

Simulation analysis
Unless otherwise specified, all analysis was carried out using the
last 7 µs of the trajectory, with one frame representing 1 ns of
simulation time. Lipid depletion/enrichment (D/E) analysis was
performed using the formula and script detailed in Buyan et al.
(2020), which is a modified version of the original script from
Corradi et al. (2018). This script can be downloaded from http://
cgmartini.nl/index.php/tools2/proteins-and-bilayers under
“Analyse Lipid Fingerprints.” The cutoff used for D/E was 20 Å.
Lipid contact analysis was carried out using the Visual Molecular
Dynamics contactFreq tcl script, with lipid occupancies calcu-
lated individually for each monomer in each replicate to provide
a total of nine occupancy values from which the average is re-
ported. Graphs were generated using Matplotlib. Representative
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snapshots of the simulation system and key binding sites were
generated using Visual Molecular Dynamics (Humphrey et al.,
1996). Lipid density maps were produced using gmx densmap,
with densities averaged across all z values (both leaflets) and
plotted using an in-house Python script. Statistical differences
between lipid D/E were calculated using Student’s t tests; paired,
two-tailed t tests were used when comparing lipids in the same
simulation system, and unpaired, two-tailed t tests were used to
compare lipids between replicate systems. Differences in occu-
pancy between negative lipids on positively charged residues of
Piezo2 were calculated and evaluated using a one-way ANOVA
with Tukey’s post hoc test.

Online supplemental material
Fig. S1 shows changes in lipid D/E index over time. Fig. S2 gives
details on PUS D/E behavior around Piezo2. Fig. S3 shows time
series data tracking PIP binding across the individual mono-
mers. Figs. S4 and S5 show density maps and lipid contacts on
the Piezo2 structure for lipid types not discussed in the main
article. Fig. S6 shows the locations of disease-causing mutations
along with the lipids that interact at these residues on Piezo2.

Table S1 contains information on the Piezo2 model used in our
simulations. Table S2 details the membrane lipid composition.
Table S3 contains information regarding lipid interactions at
disease-causing mutations.

Results
PIPs, glycolipids (GM), DGs, and PUS lipids are enriched
around Piezo2
A CG model of Piezo2 was embedded in a complex, asymmetric
mammalian membrane containing 63 distinct lipid species
(composition detailed in Table S2) and simulated for 21 µs in
triplicate (Fig. 1 A) to facilitate characterization of its lipid fin-
gerprint. An average mammalian membrane was used to reflect
the physiological lipid environment of Piezo2 and facilitate
comparisons to the published Piezo1 lipid fingerprint (Buyan
et al., 2020). Its composition is described in Ingólfsson et al.
(2014), and was based on mass spectrometry data from Madin-
Darby canine kidney cells (a model mammalian cell line) and
human erythrocyte plasma membranes (Han and Gross, 1994;
Virtanen et al., 1998; Sampaio et al., 2011). The bilayer used

Figure 1. Piezo2 in a complex mammalian membrane after equilibration. (A) Top-down view of Piezo2 embedded in a 63-component realistic mammalian
membrane. The protein is shown in white, and lipids are colored according to headgroup type as shown in B. (B) Side-on view of Piezo2, with water, ions, lipid,
and protein in front of the clipped plain omitted from the visualization for clarity. (C) Topology of the 38 helices in the Piezo2 structure, including the anchor,
cap, and C-terminal domain (CTD); dotted lines indicate unresolved regions not modeled in our simulations.
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contains phosphatidylcholine (PC), phosphatidylethanolamine
(PE), sphingomyelin (SM), ceramides (CER), diacylglycerol (DG),
and CHOL in both leaflets, with GM and lysophosphatidylcho-
lines (LPC) present in the upper leaflet only, and phosphati-
dylserine (PS), phosphatidic acid (PA), phosphatidylinositol (PI),
and PIP in the lower leaflet only. Multiple lipid species are in-
cluded in each headgroup category, with lipid tails that differ in
length and number of unsaturations. Lipids with no C=C double
bonds in their tails were classified as saturated, while lipids with
more than one unsaturation on each tail were classified as PUS.
Finally, lipids that contain only one saturation on either tail
were grouped into the “other” category.

Piezo2 is initially embedded in a flat bilayer; however, within
the first 200 ns of each replicate simulation, a lipid dome forms
around Piezo2 (Fig. 1 B) and remains for the duration of the
simulation. To characterize the lipid annulus around Piezo2, we
calculated the D/E index of each lipid type, categorized by either
headgroup or lipid tail type, around the protein (Fig. 2). D/E
index values >1 indicate enrichment of the lipid type around the
protein compared with its concentration in the bulk membrane,
whereas values <1 suggest depletion of the lipid. We tracked the
D/E index of each lipid type over the 21 μs of simulation time
(Fig. S1) to assess whether sufficient time for equilibration oc-
curred, since lateral lipid diffusion takes place on the order of
microseconds, and other key events such as dome formation
occur more rapidly. We observed that high-concentration lipid
species that are present in both leaflets (CHOL, SM, PC, and PE)
had D/E indices that stabilized rapidly, in <4 µs. In contrast,
lower-concentration lipid species (DG, LPC, GM CER, PI, PA,
PIPs, and PS) required ≤14 µs for the lipid D/E index to stabilize.

When the D/E index was calculated across the final 7 µs of
each replicate and aggregated, we noted the relative enrichment
of DG, GM, PIPs, PI, LPC, and PE (descending order) around

Piezo2. Given the functional roles played by PIPs in modulating
Piezo channel function, we further examined the D/E indices of
phosphatidylinositol phosphate (PIP1), PIP2, and phosphatidyl-
inositol trisphosphate (PIP3) individually (Fig. 2, inset). This
showed that Piezo2’s lipid annulus was enriched in all PIPs, with
no statistical difference between D/E indices of individual PIP
species. PC and SM lipids were observed to be depleted around
Piezo2. CHOL, PS, and CER had D/E indices close to 1, indicating
similar lipid concentrations in the bulk membrane and around
the protein. When lipid species were categorized according to
tail saturation rather than headgroup, we observed significant
enrichment of PUS lipids around Piezo2. When the D/E index of
individual PUS species was quantified (Fig. S2), we noted that all
lipids containing PUS tails were enriched around the protein,
with DAPE (PE headgroup, C20:4/C22:5 tails) having the highest
enrichment around the protein in the upper leaflet and DUPS
(PS headgroup, C20:5/C22:6 tails) being most enriched in the
lower leaflet.

PIPs form specific and long-lasting interactions with the lower
region of Piezo2
Given their relative enrichment around Piezo2 and evident
modulatory action on Piezo channels (Borbiro et al., 2015;
Narayanan et al., 2018), we sought to better understand the
nature of the PIP–Piezo2 interactions formed in our simulations.
A 2-D density map (Fig. 3 A) shows that PIPs are generally ho-
mogeneously distributed in the bulk membrane, with evidence
of hotspots around the protein suggesting the presence of spe-
cific PIP binding sites on Piezo2. These sites aremapped onto the
structure in Fig. 3 B, in which the backbone of Piezo2 is shown
and each residue colored according to occupancy of PIP lipids
around it. Dark purple regions, indicating areas of high PIP oc-
cupancy, are visible along the cytosolic side of the protein,

Figure 2. Lipid D/E index by headgroup, calculated across the final 7 µs (14–21 µs) and averaged between the three replicates. SEMs are indicated
using error bars. The D/E index for each PIP species is included as an inset.
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consistent with the presence of PIPs in the intracellular leaflet
only. From this, three high (>40%) PIP occupancy sites were
identified (Fig. 3, D–F) and shown to be conserved in Piezo1
(Fig. 3 C). Time series plots (Fig S3) show the rate of binding and
unbinding as well as the competition of lipids for these sites
(discussed in more detail below).

PIP binding site D is located on TM17 of THU5 on Piezo2,
toward the middle of each propeller (Fig. 3, A and B, pink). In the
snapshot (Fig. 3 D), the PIP lipid headgroup can be seen inter-
acting with two positively charged residues (K994 and R997) on
the protein, as well as a nonpolar (L995) amino acid. This binding

site is strongly conserved between Piezo2 and Piezo1, with all
four homologous residues on Piezo1 also known to bind PIP.

PIP binding site E is located on TM22 (THU6) and TM27
(THU7) of Piezo2 and consists of three positively charged resi-
dues (R1173, R1174, and R1361) that coordinate the binding of the
PIP headgroup as well as Y1172, which interacts with PIP at the
lipid tail moiety close to the headgroup.

Finally, PIP binding site F is in the linker region of Piezo2,
between the anchor domain and the OH of the pore. This site is
homologous to the 4K PIP binding site identified on Piezo1
(Buyan et al., 2020). It consists of two adjacent, positively

Figure 3. Protein–lipid interactions between PIPs and Piezo2. (A) Density map of PIP species around Piezo2. (B) PIP binding sites mapped onto the Piezo2
structure, with darker coloration indicating higher occupancy of PIPs around the given residue. (C) Top three PIP binding sites mapped onto Piezo multiple
sequence alignment. (D) First PIP binding site. (E) Second PIP binding site. (F) Third PIP binding site. The residues on Piezo2 coordinating PIP binding are shown
in pink, blue, or green surface, respectively. PIP species are represented by purple licorice and spheres. The protein backbone is represented by a white surface.
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charged residues (K2467 and K2468) that coordinate the head-
group of bound PIP lipids and two nonpolar residues (A2669 and
Y2472).

Key CHOL binding sites on Piezo2
CHOL is an important component of the lipid membrane, not
only in modulating membrane properties (Mitchell et al., 1990;
Gimpl et al., 1997; Ridone et al., 2020) but also in regulating
behavior of membrane proteins (Gimpl et al., 1997; Deleu et al.,
2014; Montenegro et al., 2017). As CHOL has been shown to have
an intimate yet complicated relationship with Piezo1’s function
(Ridone et al., 2020; Chong et al., 2021), it follows that CHOL
likely has a similar relationship with Piezo2. There is no en-
richment of CHOL around Piezo2, as its D/E index is ∼1. How-
ever, there are several interaction sites around Piezo1, as shown
by the density map in Fig. 4 A. Looking at these sites on the
structure of Piezo2 (Fig. 4 B), there are several CHOL binding
sites with high occupancy (Fig. 4 B), and the three highest oc-
cupancy sites are discussed in detail here.

CHOL binding site D is located at the N terminus of the
protein and comprises M1, A2, and V5, while binding site E can
be found on TM5 and TM8 (THU 2), containing residues K212,
Y346, and T350. We note that both sites are in the first three
THUs of Piezo2, which is not resolved in the Piezo1 structure
(indicated by pale pink coloring on sequence alignment).
Therefore, we cannot comment on whether these CHOL bind-
ing sites are conserved on Piezo1. Binding site F is located on
TM33 and TM36 of the protein in THU9 of the protein, close to
the pore. At this site, we observe four amino acids (V2269,
I2273, L2364, and V2368) that coordinate the binding of a CHOL
molecule. This site is conserved in Piezo1, with I1989 known to
also bind CHOL. Additionally, we note that residues within the
LVPF motif in the anchor domain of both Piezo1 and Piezo2,
identified to interact with CHOL by previous crosslinking studies
(Hulce et al., 2013), also have high CHOL occupancy (>50%) in
our simulations; however, this was not the among the top three
ranked CHOL binding sites.

Other lipids also form long-lasting interactions with Piezo2
In addition to CHOL and PIPs, which have been experimentally
shown to modulate the function of Piezo channels, we analyzed
the distribution of other lipids present in the mammalian
membrane around Piezo2 (Figs. S4 and S5) to identify key lipid
protein interactions that may be functionally relevant.

Density maps of each lipid headgroup (Figs. S4 and S5, left)
show that most lipids are generally homogeneously distributed
in the membrane, with some lipid aggregation around Piezo2
noted for all lipid types (PE, GS, LPC, PA, PS, PI, DG, and CER)
except PC and SM. Generally, we observe symmetric distribu-
tion of lipids around eachmonomer of the trimeric protein, with
many lipid density hotspots seen across all three arms in similar
locations. This indicates relatively good convergence of lateral
lipid diffusion in our simulations. Depletion of SM lipids (noted
previously) around Piezo2 results in a wider region of white
around the protein, indicating low density throughout the
simulation (Fig. S4 E). In contrast, the density map for GM lipids
(Fig. S4 G) indicates that they self-cluster in the bulk membrane

and form patches of high density around the protein. We then
calculated the percentage of simulation time that a specific lipid
type was near Piezo2 on a per-residue basis and mapped these
occupancy values onto the protein structure (Figs. S4 and S5,
right). Unsurprisingly, lipids that are confined to the lower
leaflet (PA, PS, and PI) form contacts with residues on the cy-
tosolic side of the protein, whereas lipids present only in the
upper leaflet (GM and LPC) have areas of high occupancy toward
the top of Piezo2. Despite being present in both leaflets, PC lipids
mostly form contacts with the upper portion of Piezo2, whereas
PE lipids primarily interact with the lower portion of the pro-
tein. This result is consistent with the asymmetric concen-
trations of PC (higher in the upper leaflet) and PE (higher in the
lower leaflet) lipids between leaflets. CER and DG lipids, which
are present in both leaflets, interact with Piezo2 across several
sites scattered across the protein.

By visualizing the residues with the highest occupancy of
each lipid type on the protein, we identified some intriguing
high-occupancy binding sites for SM, PI, and DG on Piezo2.
Despite overall depletion of SM around Piezo2, we note the
presence of a high-occupancy hotspot in the IH of the pore
(Fig. 5, B and D), which results from the binding of SM lipids on
the interface between two monomers to residue F2758 (on one
arm) and S2760 (on the adjacent arm). While PI lipids bind to
multiple locations on the protein, the site with the highest oc-
cupancy shows PI stabilized by two lysine residues (K735 and
K738) and one tyrosine residue (Y739) in TM14. Finally, we note
a high-occupancy site for DG observed in the middle of the
propeller (Fig. 5, B and E). This site contains predominantly
aromatic residues from TM25, TM29, and TM32 of the protein,
which form stabilizing interactions with the headgroup of DG.

Selective binding of negative lipids to Piezo2
All negative lipids display localized binding sites on the protein,
which represent competition for basic residues on the protein.
As shown in Fig. 6, different negative lipids are seen to bind to
arginine and lysine residues on the protein. Many of these sites
display a preference for some lipid types over others, with
several showing statistically significant differences in occu-
pancy compared with all other negative lipids. In particular, we
note the presence of four PI selective residues (R536, K735, K738,
and K1129) of which two (K735 and K738) comprise part of the PI
binding site (Fig. 5 D) discussed in the previous section. Addi-
tionally, all PIP binding sites identified (Fig. 3, D–F) contain pos-
itively charged residues that are selective for PIP over all other
lipids (R997, R1173, R1174, R1361, and K2468). These represent the
sites with the greatest net charge (three or four basic residues)
that likely select for PIPs as themost highly charged negative lipid.
The preference of PI or PIPs for these sites is notable given the
much larger number of PS lipids present in the simulation system
(Table S2). Finally, we note the presence of a single PS selective
residue (K1185) located on TM23 of the protein.

Discussion
Mechanosensitive Piezo channels perform diverse, important
roles in humans, and their dysfunction has been implicated in a
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range of genetic disorders. As Piezo1 and Piezo2 are membrane-
embedded channels, it is unsurprising that their function is
regulated by the local lipid environment. Several recent com-
putational studies have characterized the lipid fingerprint of
Piezo1 and highlighted the critical roles which lipids such as
CHOL and PIP2 play in modulating its behavior (Buyan et al.,
2020; Chong et al., 2021; Jiang et al., 2021). Here, we carried out
CGMD simulations of Piezo2 embedded in a complex mammalian
membrane to examine its local lipid environment and identify key
lipid binding sites to compare its lipid fingerprint directly with
Piezo1. In our simulations, GM, PIP, DG, and PUS lipids are en-
riched around Piezo2, while PC and SM lipids are depleted around

the protein. Additionally, we note several key PIP and CHOL in-
teractions with Piezo2 that independently arise in multiple rep-
licates and persist for much of the simulation time.

Compared to Piezo1 (Buyan et al., 2020), the lipid fingerprint
of Piezo2 is similar. Both proteins show enrichment of PUS
lipids, DG, PIPs, PI, GMs, LPC, and PEs and depletion of PC and
SM. However, there are some notable differences in the lipid
enrichment between Piezo1 and Piezo2. One of the most striking
is that PIPs are significantly more enriched in Piezo1 than Piezo2
(P < 0.0001; Fig. 2). There is no statistically significant differ-
ence in the D/E index of PIP species for either Piezo1 or Piezo2
(Fig. 2, inset). For both Piezo1 and Piezo2, the differences

Figure 4. Protein–lipid interactions between CHOL and Piezo2. (A) Density map of CHOL species around Piezo2. (B) CHOL binding sites mapped onto the
Piezo2 structure, with darker coloration indicating higher occupancy of CHOL around the given residue. (C) Top three CHOL binding sites mapped onto Piezo
multiple sequence alignment. (D) First CHOL binding site. (E) Second CHOL binding site. (F) Third CHOL binding site. The residues on Piezo2 coordinating
CHOL binding are shown in pink, blue, or green surface, respectively. CHOL species are represented by yellow spheres. The protein backbone is represented by
a white surface.
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between PI and PIP D/E are statistically significant (Piezo1, P =
0.0002; Piezo2, P = 0.0247). Another notable difference is that for
Piezo2, PA lipids are preferred over PS lipids (P = 0.0039), whereas
in Piezo1, there is no such preference. We also examined the pat-
tern of PUS lipids around Piezo2, as they have been shown to be
influential for Piezo channel activity (Romero et al., 2019; Romero
et al., 2020). The pattern of PUS lipids around Piezo2 is similar to
that of Piezo1 (Fig. S2); however, Piezo2 prefers PE C20:5/C22:6
over PS C20:4/C22:5 (P = 0.0171), whereas in Piezo1’s fingerprint,
the D/E indices are not significantly different (P = 0.6170).

PIPs have been shown to play key regulatory roles for a range
of membrane proteins (Dickson and Hille, 2019), including for

Piezo channels, where the presence of PIP2 in the inner leaflet of
the membrane is known to promote channel activation (Borbiro
et al., 2015; Narayanan et al., 2018). Our simulations reveal PIP
binding hotspots scattered across the lower half of Piezo2,
consistent with prior studies of Piezo1 showing that PIP binds at
the numerous positively charged residues on the intracellular
side of the protein. This result is unsurprising, given the con-
servation of many positively charged lysine and arginine resi-
dues between Piezo1 and Piezo2. Previous simulation studies
have indicated that PIPs form several functionally important
interactions with Piezo1, including at a patch of four lysine
residues (K2166–K2169, human sequence numbering) located in

Figure 5. Selected binding sites of other lipids to Piezo2. (A) Structure of Piezo2 with lipid binding sites highlighted on the structure as pink, blue, or green
boxes. This figure is an amalgamation of images in Figs. S4 and S5 to show the relation of these different binding sites to each other. (B) Sequence of Piezo2
with key lipid interactions highlighted on it. (C–E) The binding sites visualized in C–E are highlighted in a pink (SM binding site), blue (PI binding site), or green
(DG binding site) box on the sequence.
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the intracellular linker between the pore and propeller domains.
A variant of Piezo1 without these four residues abolishes inac-
tivation and leads to xerocytosis (Albuisson et al., 2013), while
mutation to asparagine or aspartic acid reduces sensitivity to
force in addition to delaying inactivation. Buyan et al. (2020)
hypothesized that these changes in Piezo1 kinetics can be ex-
plained by a combination of structural changes and changes to
PIP binding behavior at this 4K site. In our simulations, this PIP
binding site is conserved in Piezo2, suggesting that Piezo2 inac-
tivation and pressure sensitivitymay be similarly regulated by PIP
binding at this site. It has previously been shown experimentally
that PIP2 binds to a Piezo2 peptide sequence containing K735 and
K738 (Narayanan et al., 2018). While PIP binding is seen in this
position, this is the site that we have shown prefers binding of PI
(Fig. 5 E). Additionally, it has previously been suggested that the
homologous Piezo1 sequence RKLLRVFWWL does not bind PIP2.
However, in our simulations, we note that the three residues just
to the left of this sequence (TLW) are important for PIP binding at
this position, and the lack of binding in the peptidemay have been
due to their absence. Notably, we see selectivity for different
negatively charged lipids at some sites that appears to be con-
trolled by the overall charge of the site. We note that while our CG
simulations explicitly represent the three different PIP species
(PIP1, PIP2, and PIP3) present in the mammalian membrane, they
do not distinguish between phosphate positions within each
charge state (e.g., PI(3,5)P2 versus PI(3,4)P2).

CHOL has also been shown to be a key player in Piezo pro-
teins’ function (Ridone et al., 2020; Chong et al., 2021). Despite
no general enrichment of CHOL around Piezo2 being observed,
we noted the presence of several CHOL binding sites on Piezo2.
We have identified three sites with high CHOL occupancy. In
addition to these, a CHOL binding site previously identified via
cross-linking studies containing the RVLP motif on Piezo1 is also
highly occupied in our simulations, but was not among the top
three. Despite CHOL being shown to regulate Piezo proteins, it is
still unclear whether it does so by modulating the membrane
properties, through direct protein–lipid interactions, or a mix-
ture of both. A few disease-causing mutations in Piezo2 occur at
locations with consistent lipid binding (Fig. S6 and Table S3).
While changes in lipid binding may contribute to altered func-
tion, it is difficult to discern this from alternative explanations
such as alterations in Piezo2 structure.

Some lipids besides CHOL and PIPs also formed notable in-
teractions with Piezo2. SM has a key binding site on the inner
pore helix. This is of note, as a recent paper found that SM alters
the pressure sensitivity of Piezo1 (Shi et al., 2020). There are no
suggestions in the study for how this would occur; however, the
binding site for SM found on the IH is conserved and would
suggest a plausible explanation. Experimental mutagenesis of
residues in this site for both Piezo1 and Piezo2 would confirm
this speculation. The other two sites of note were for DGs and
PIs. The DG site contained residues from three different helices

Figure 6. Occupancies of negative lipids between arginines and lysines that have displayed >50% occupancy in PA, PS, PI, or PIPs; differences in lipid
occupancies. Bar graphs are averages between three replicates, and the error bars are SEM. Table shows statistically significant differences in lipid occu-
pancies as determined by a one-way ANOVA with Tukey’s post hoc test. Residues that selectively bind a specific negatively charged lipid are indicated with an
asterisk.
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and involved two helical repeats. DG could be aiding Piezo2 in
signaling in this site; however, without experimental evidence,
this remains speculative at best. For the PI site, this is out on the
fourth helical repeat of Piezo2. While this could be a case of
lysines attracting PIs, it could also be of functional relevance, as
mutations outside of the pore region have been shown to con-
tribute to disease (Coste et al., 2013; McMillin et al., 2014; Okubo
et al., 2015). Overall, while these lipid sites are of note, only the
SM has the clearest possible link to affecting the function of
Piezo1, and by proxy that of Piezo2.

Protein–lipid interactions are key for regulating membrane
proteins, and the overall membrane environment also influen-
ces membrane proteins’ behavior. We have found several likely
binding sites of CHOL and PIP2, with a smattering of other
protein–lipid interactions. A good deal of the lipid binding sites
between Piezo1 and Piezo2 are conserved, which suggests there
are likely similarities in how they are activated. These lipid
binding sites occur around disease-causing mutations (Fig. S6).
However, it is difficult to delineate if these mutations are the
results of changes in lipid binding, changes in Piezo2’s ability to
function, or a combination of the two. Further sterol cross-
linking experiments on Piezo2 would also aid in showing any
relevant CHOL binding sites. Experimental mutagenesis studies
could aid in validating the functional relevance of these key lipid
binding sites. Electrophysiology, as well as cryo-EM structures
of these mutants, may help to shed light on how exactly these
mutations are affecting the behavior of Piezo2.
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Supplemental material

Figure S1. Lipid D/E index over time to assess convergence. (A) The lipid D/E was calculated every 50 ns and graphed over time. SDs are calculated
between replicates and represented using pale bands around each line. For some lipids (PC, PE, and SM), there are two lines, one corresponding to the upper
leaflet value, and one corresponding to the lower leaflet value. It was determined that the D/E index converged after 14 µs. (B) Changes in lipid D/E index over
time calculated in 250-ns blocks and shown as a rolling average to reduce noise.

Figure S2. Lipid D/E index of the PUS fatty acids (PUFAs) in the system, averaged between three replicates and including SD. Two types of lipid tails
are listed under the bar graph, as the CG lipid can represent either of these two tails. S, saturated.
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Figure S3. Minimum distance between contacting lipids and PIP binding sites D (left), E (middle), and F (right) on each arm of Piezo2 across each
replicate plotted over simulation time. Note that analysis was performed on the last 7 µs only (14–21 µs) to ensure the system was equilibrated.
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Figure S4. Density maps and occupancy surfaces for other lipids. (A–J) Density maps and contacts on the Piezo2 structure for PC (A and B), PE (C and D),
SM (E and F), glycolipids (G and H), and LPC (I and J). The structure of Piezo2 is represented as surface, with the contacts mapped as a percentage: the darker
the color, the higher the occupancy the lipid has with Piezo2 throughout the last 7 µs of simulation time.
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Figure S5. Density maps and occupancy surfaces for other lipids. (A–J) Density maps and contacts on the Piezo2 structure for PA (A and B), PS (C and D),
PI (E and F), DG (G and H), and CER (I and J). The structure of Piezo2 is represented as surface, with the contacts mapped as a percentage: the darker the color,
the higher the occupancy the lipid has with Piezo2 throughout the last 7 µs of simulation time.
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Provided online are Table S1, Table S2, and Table S3. Table S1 contains information on the Piezo2 model used in our simulations.
Table S2 shows lipid composition of Piezo2 simulations. Table S3 shows lipid interactions at disease-causing mutations.

Figure S6. Locations of disease-causing mutations. Each mutation is represented on the Piezo2 structure by spheres. Black residues do not interact with a
lipid headgroup. Other residues are colored by the main lipid that they interact with. The protein backbone is represented in silver glass. Diseases associated
with each mutation are noted (DA5, distal arthrogryposis type 5; DA3, distal arthrogryposis type 3; DA2B, distal arthrogryposis type 2B).
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