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Physics of mechanotransduction by Piezo

ion channels
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Piezo ion channels are sensors of mechanical forces and mediate a wide range of physiological mechanotransduction
processes. More than a decade of intense research has elucidated much of the structural and mechanistic principles underlying Piezo
gating and its roles in physiology, although wide gaps of knowledge continue to exist. Here, we review the forces and energies
involved in mechanical activation of Piezo ion channels and their functional modulation by other chemical and physical stimuli
including lipids, voltage, and temperature. We compare the three predominant mechanisms likely to explain Piezo activation—the
force-from-lipids mechanism, the tether model, and the membrane footprint theory. Additional sections shine light on how Piezo
ion channels may affect each other through spatial clustering and functional cooperativity, and how substantial functional
heterogeneity of Piezo ion channels arises as a byproduct of the precise physical environment each channel experiences. Finally, our
review concludes by pointing out major research questions and technological limitations that future research can address.

Energetics of mechanosensitive ion channel gating:

A framework

Ion channels, which facilitate the movement of ions down their
electrochemical gradient and across membranes, require energy to
transition between conformational states. Piezo ion channels are
no exception: they gate (open and close) in response to mechanical
forces, allowing the nonselective flux of cations into the cell (Coste
et al., 2010; Coste et al., 2012). The difference in free energy (AG,)
between the open (conducting) and closed (nonconducting) states
of the Piezo protein, not including the membrane, is

AGO = Gopen - Gclosed-

The probability of finding Piezos in the open state (P,) depends
on AG’, which is the difference between AG, and the sum of all
combined external energies (G; = Geoutombic: Gligand> Gthermab €tC.):

AG = AG, - Z G,

_ 1
1+exp (%)
For Piezos, the open state is higher energy compared with
the closed state, and AG, is positive. Consequently, the basal
open probability of Piezos is low. When external energy is

added, AG’ is reduced (or even made negative), and P, is in-
creased. There are many potential sources of external energy,

P,
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including mechanical energy (Gmecr), which is the focus of our
review.

Importantly, many ion channels efficiently couple to multiple
sources of external energy, making them polymodal. For ex-
ample, in TRPVI, opening can be driven by voltage, temperature,
and the chemical ligand capsaicin (Julius, 2013; Voets et al.,
2004; Latorre et al., 2007). Specifically, hot temperatures and
capsaicin can act either individually or in concert to dramatically
shift the voltage dependence of TRPV1 to a physiological
range—i.e., the modalities are allosterically coupled to reduce
AGo. Similarly, large conductance BK potassium channels are
allosterically gated by both Ca?* ions and depolarizing potentials
(Horrigan and Aldrich, 2002).

Consistent with this concept, all membrane proteins are,
in principle, sensitive to mechanical energy. For example,
stretching of the membrane bilayer can weakly shift the voltage
dependence of voltage-gated ion channels (Beyder et al., 2010;
Morris, 2011; Schmidt et al., 2012). However, for most channels,
the contribution of mechanical energy to gating will be negligi-
ble, i.e., Gpech < AGo.

In this review, we focus on the energetics of Piezo ion
channels (Box 1 and Fig. 1), which are, in essence, “professional
mechanosensors™: they are activated directly by mechanical
stimuli with exquisite sensitivity but are nearly inert to voltage,
temperature, pH, and ligands. Upon opening, Piezos become
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permeable to cations, including calcium, and rapidly inactivate
in response to prolonged stimuli. Together, these properties
make them ideal proteins for transducing mechanical energy
into electrochemical signals and mediating diverse mechano-
transduction processes throughout the body (Coste et al., 2010;
Coste et al., 2012; Kefauver et al., 2020). The specialization of
Piezos as mechanosensors means that mechanical energy alone is
sufficient to substantially reduce AG,, and it can therefore drive
gating transitions through the entire range of open probabilities.
In contrast, charge movement, ligand binding, and temperature
contribute relatively little energy (Geoutombic Giigands Gthermal <
AG,) and therefore only weakly modulate Piezo open probability.

In principle, mechanical energy can arise from multiple
sources which, importantly, are not mutually exclusive (Haswell
et al., 2011). While the two best described mechanisms for me-
chanical activation are “force-from-lipids” (see The force-from-
lipid model) and “force-from-tether” (see The force-from-tether
model), the unique size and structure of Piezo channels has led to
the additional hypothesis of a “footprint mechanism” (see The
membrane footprint model), which also predicts potential spatial
and functional cooperativity (see Piezo channel cooperativity).
Under physiological conditions, thermal energy, voltage, and li-
gands do not activate Piezos, but are nevertheless impor-
tant functional modulators (see Modulation of Piezo
mechanosensitivity...). The local environment also represents an
important source of functional modulation and heterogeneity (see
Heterogeneity of mechanical gating). In the following sections, we
discuss what is known, and what remains to be discovered (see
Looking forward: Future directions...) regarding the contribution
of different energy sources to gating of Piezo ion channels.

The force-from-lipid model
In the force-from-lipid model, mechanical energy is provided in
the form of membrane tension (y)—a 2D force propagated
through the lipid bilayer to the channel with no requirement for
other cellular components. Importantly, force-from-lipids alone
is sufficient to activate Piezol (see Box 2 and Fig. 2 for compar-
ison of Piezol versus Piezo2). Specifically, work from several
laboratories showed that Piezol is directly activated by lateral
membrane tension, an intact cytoskeleton is not required for
channel activity, and most importantly, Piezol can be recon-
stituted and activated by tension in a cell-free lipid bilayer sys-
tem (Lewis and Grandl, 2015; Cox et al., 2016; Syeda et al., 2016).
As described earlier, the difference in energy between the
closed and open conformations of the Piezo protein is AG,. An
increase in membrane tension (y) induces a conformational
change that includes an area expansion (AA = Agpen — Aciosea) that
can overcome AG,. Therefore, the total Gibbs free energy (AG’)
of this system is

AG' = AG, - y*AA.
Differentiating this equation with respect to tension reveals
that the tension sensitivity of a channel is directly proportional
to its change in cross-sectional area:

3AG
a—y = —AA.
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In other words, a steep slope of the P,-tension relationship re-
flects a large change in cross-sectional area. This relationship
has been well established for the prototypical bacterial mecha-
nosensitive MscL, in which a comparison of crystal structures in
open and closed states reveals that it undergoes significant area
expansion upon opening (AA = ~20 nm?; Sukharev et al., 2001;
Fig. 3). Area expansion can also be estimated from patch-clamp
recordings, in which pressure steps are applied to the patch to
induce tension, and peak current amplitude is used as a readout
of open probability (Chiang et al., 2004). Indeed, electrophysi-
ology experiments with MscL and Piezol expressed in the same
patch revealed current-pressure curves with different half-
maximal values for activation but similar slopes. Under the as-
sumption that tension scales linearly with pressure, the similar
slope values imply that the area expansion of the two proteins is
of similar magnitudes (AA for Piezol = 6-20 nm?; Cox et al., 2016;
Bae et al., 2013; Fig. 3). Consistent with this result, combined
patch-clamp and membrane imaging experiments, which allow
for a direct conversion of pressure to tension via Laplace’s law,
yielded current-tension relationships with a maximal slope
factor value (k) of 0.7 + 0.1 mN/m for Piezol, which provides an
estimate for the area expansion for Piezol of
kgT 1.38- IO'ZSN'Tm - 300K
"k 07:01mN

(Lewis and Grandl, 2015). Notably, these values are potentially
an underestimate of the true area expansion, as local variance
in membrane environment may lead to artificially shallow
pressure-response curves for macroscopic Piezol currents
(Fig. 4; discussed further in Heterogeneity of mechanical gating).
Indeed, structural data indicate that Piezos may have a particu-
larly high potential for area expansion: in the absence of force,
the Piezol dome has a very large surface area of 460 nm?, which,
owing to its extreme curvature, projects on a smaller in-plane
area of ~380 nm? (see Box 1 and Fig. 1 for a structural overview).
Under force, atomic force microscopy experiments revealed that
dome flattening causes an increase in the cross-sectional area to
~900 nm? Together, these data led to an estimated AA of
~80-500 nm?; similar values are predicted for Piezo2 based on
the full structure (Wang et al., 2019; Lin et al., 2019; discussed
further in The membrane footprint model).

Current-tension relationships can also be used to calculate
AG,, which is proportional to the relationship between the half-
maximal pressure for activation (yso) and the slope factor (k):

=5.9+0.6 nm?

AGO = kBT‘Y%O.

For Piezol, AG, has been estimated at 2-10 kzT (Lewis and
Grandl, 2015; Cox et al., 2016; Fig. 3). This contrasts with the
much higher gating energies required to overcome AG, and open
MscL (20-50 kgT) but is comparable to those required for the
mechanosensitive two-pore potassium channels (K2Ps) Trek-
1 and TRAAK (~0.3-7 kgT; Chiang et al., 2004; Sukharev et al.,
1999; Maksaev et al., 2011; Brohawn et al., 2014a).

These calculations also give insight into the mechanical
specialization of each channel type: while MscL has a high
sensitivity to tension (steep slope and large AA), its large AG,
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Box 1: General architecture of Piezos

In vertebrates, there are two isoforms, Piezol and Piezo2, that share significant homology to each other, but little homology to other membrane proteins.
Cryo-EM structures reveal that both proteins are trimeric, with each subunit comprising 38 TMs (Wang et al,, 2019; Guo and Mackinnon, 2017; Saotome et al.,,
2018). The most complete structure to date is of mouse Piezo2 (Wang et al., 2019) and reveals that the first 36 TMs form the “blades” of the protein and are
arranged in nine bundles of four TMs each that spiral out from a central pore in a highly curved, triskelion-like shape that forms a dome in the cell membrane (Fig. 1,
A and D). Except for the most distal bundle, each is preceded by an amphipathic helix that lies parallel to the membrane (Fig. 1 E). The final two TMs, termed inner
helix (IH) and outer helix (OH), line the central pore, which is permeant to cations including calcium. The pore is coupled in a domain-swapped fashion to an
extracellular cap that, at least in existing structures, is embedded in the center of the blades (Fig. 1 C). The pore domain is also connected to the extended blades by
a long, continuous a helix, termed the beam, that runs intracellularly from the pore to the third-most proximal bundle in each blade. The beam terminates in a latch
domain that connects to the pore via a C-terminal intracellular domain and additionally interfaces with a triangle-shaped anchor domain that is wedged between
the pore and the first helical bundle, as well as plug domains that may regulate ion permeation through intracellular portals (Taberner et al,, 2019; Geng et al,
2020). The unique, curved shape of Piezos can induce significant curvature in lipid bilayers (Lin et al., 2019), which can be appreciated by visualizing the elec-
trostatic surface potential, which is largely neutral in the transmembrane regions of the protein (Fig. 1 A).

Electrostatic
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Figure 1. Structure of Piezo ion channels. (A) Surface model of mouse Piezo2 (PDB accession no. 6KG7) colored according to electrostatic potential and
embedded in a disc model of the putative membrane plane (dark teal). Red indicates a negative potential, and blue indicates a positive potential. The discs
highlight the curvature of the uncharged region of the TMs. The projected area (A,;) of the channel is shown as a dotted line. The putative range of area
expansion upon flattening (80-500 nm) of the Piezo protein is shown in light purple. (B) Top: Side view of the membrane deformation in A (dark teal). Bottom:
Schematized area expansion in the presence of tension with projected area of the relaxed membrane configuration overlaid (white + dotted line). (C) Left: Side
view of a space-filling model of the Piezo2 cap, anchor, latch, beam, and C-terminal domain (CTD). Right: Bottom view of the same structures. A space-filling
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model of the blades is shown in light gray. (D) Transmembrane helix (TM) organization of the Piezo2 structure. TMs are colored according to bundle, which
each containing four TMs. A space-filling model of the full protein is shown in light gray. (E) Same structure as in D, additionally showing interbundle
amphipathic helices, colored according to the preceding bundle as in D. TMs are shown in dark gray.

means that a high tension is required to open the channel—
consistent with its role as an emergency osmotic pressure re-
lease valve that is permeable to large ions (Chiang et al., 2004).
In contrast, K2Ps undergo a smaller area expansion (AA = 2.7
nm? for TRAAK; Brohawn et al., 2014a) and retain a highly se-
lective pore. The gating energy for K2Ps is also much smaller,
which may contribute to their polymodality: in addition to
mechanical stretch, voltage, temperature, pH, and ligand bind-
ing are also capable of overcoming this energy barrier (Honore,
2007). Piezos, remarkably, have both a low threshold for acti-
vation (small y50) and a high tension sensitivity (steep slope and
large AA)—which together makes them exquisitely sensitive to
small perturbations in tension.

Interactions between the forces within a membrane and the
protein residing in it are complex, leading to multiple hypoth-
eses as to how force-from-lipids might couple to area expansion
and Piezo channel opening. First, the tension profile in the
transmembrane bilayer is complex and asymmetric, including
both attractive and repulsive forces, and this asymmetry is
further increased under tension (Martinac et al., 2018). For
example, K2P channels have been demonstrated to primarily
sense tension in the outer leaflet of the bilayer (Clausen et al.,
2017). Likewise, reconstituted Piezos are constitutively active in
asymmetric droplet bilayers (Coste et al., 2012; Syeda et al.,
2016). Further, Piezos are inhibited by translocation of phos-
phatidylserine from the inner to the outer leaflet; additional
experiments with systematically altered membrane lipid com-
position may help elucidate the underlying mechanism
(Tsuchiya et al., 2018). Second, membrane tension causes the
bilayer to thin, which may result in tilting or distortion of
transmembrane domains (TM) to counteract hydrophobic mis-
match (Bavi et al., 2017; Killian, 1998). Piezos have a total of 114

Box 2: Piezol versus Piezo2

TMs, such that the sum of energetic contributions from hydro-
phobic constraints (estimated ~1-2 kcal/mol per newly exposed
residue; Chang et al., 2007; Moon and Fleming, 2011) might be
particularly large. Testing whether membrane thinning is a
major driver of gating will require the reconstitution of Piezos in
lipid bilayers of systematically varying thicknesses and the
measurement of gating energetics. Structural data may also re-
veal how membrane thickness affects Piezo conformations and
gating transitions. Third, an increase in tension leads to an in-
crease in area-per-lipid (Gullingsrud and Schulten, 2004). In-
deed, lipids can be extruded from binding pockets upon
increases in tension and subsequently result in pore opening—
the “lipids-move-first” model for mechanosensitive gating
(Brohawn et al., 2014b; Flegler et al., 2021; Zhang et al., 2021).
While no lipids have been identified in pore pathways of cur-
rently available Piezo structures, a lipid-shaped density exists in
the pocket between the anchor and the first helical bundle in one
Piezol structure that may couple allosterically to pore closing
(Saotome et al., 2018). Finally, as for many mechanosensitive ion
channels, the intracellular membrane interface is lined with
amphipathic helices that occur between most bundles (Box 1 and
Fig. 1). In the “lipid dragging” model, lipids remain tightly as-
sociated with these helices during membrane expansion, re-
sulting in lateral movements that could couple to pore opening
(Bavi et al., 2017; Bavi et al., 2016a).

Clearly, force-from-lipids explains much of Piezo function
and is sufficient as a sole source of energy for Piezol opening. It
remains unknown, however, if and to what extent other
mechanistic principles, including the force-from-tether model
(see The force-from-tether model) and the membrane footprint
model (see The membrane footprint model), also serve as sig-
nificant sources of mechanical energy.

Overall, the structures of Piezol and Piezo2 are quite similar: at the amino acid level, they share ~40% sequence homology and have an identical overall

architecture, with particularly strong conservation in transmembrane helices compared to loops and overall increasing conservation toward the C-terminus
(Saotome et al., 2018; Wang et al., 2019; Guo and Mackinnon, 2017; Fig. 2, A-C).In principle, the similar structures suggest the two proteins should have similar
activation mechanisms and gating energies, particularly if the predominant force is applied through the membrane alone. However, several key differences exist
between the two proteins that suggest the energetic contributions to their gating may differ.

Piezol and Piezo2 proteins have similar thresholds in the poke indentation assay as well as similar macroscopic current amplitudes (Coste et al., 2010; Wu
etal, 2017; Taberner et al,, 2019). However, whereas Piezol is robustly activated by the negative pressure-clamp assay, Piezo2 is not: only a fraction of transfected
cells responds at all, and the few responders typically have small currents (Moroni et al., 2018; Coste et al., 2015; Ikeda and Gu, 2014; Shin et al., 2019; Verkest et al.,
2022). The similar shape of the two proteins suggests that both, in principle, should be sensitive to gating energies of the membrane footprint. Yet if they are, why
would increases in lateral tension achieved by the pressure clamp system not efficiently activate Piezo2? Perhaps Piezo2 is less sensitive to membrane tension and/
or direct activation through force-from-lipids, and instead relies more on gating through a tether mechanism.

Consistent with this idea, Piezo2 is less sensitive to margaric acid (which stiffens the cell membrane and increases the gating threshold for Piezol) and more
sensitive to latrunculin A (which prevents actin polymerization) than is Piezol (Romero et al.,, 2019; Romero et al., 2020). The differential sensitivity is linked to the
beam domain in each protein, suggesting this as a possible site of differential cytoskeletal tethering between the two proteins. Additionally, Piezo2 peak current
amplitudes are insensitive to temperature, whereas Piezol peak currents are inhibited (Zheng et al., 2019b). Together, these lines of evidence suggest that force-
from-lipid may not be the primary activation mechanism for Piezo2, as cooling is expected to stiffen the membrane and potentially reduce transmission of force
(Pan et al,, 2008). Piezo2 is also insensitive to Yodal: this could result from heterogeneity in the proposed binding site, but also from differences in how the blades
transmit force to the channel pore (Lacroix et al., 2018; Botello-Smith et al,, 2019). On the other hand, the spider toxin GsMTx4, which nonspecifically inhibits
mechanically activated ion channels by distorting local tension and reducing the efficiency of transfer to the channel, inhibits both Piezol and Piezo2
(Gnanasambandam et al., 2017; Alcaino et al.,, 2017). Future experiments to test whether Piezo2 can be activated in a cell-free environment are critical to clarify
some of these discrepancies.
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Figure 2. Comparison between mouse Piezol and mouse Piezo2. (A) Top: Snake plot of mouse Piezol (Uniprot accession no. E2JF22) illustrating the TMs
and loops. Each circle represents one amino acid. Bottom: Identical snake plot of mouse Piezo2 (Uniprot accession no. Q8CD54). Helical bundles are colored as in
Fig. 1 A. Interbundle loops are colored according to the preceding bundle. The N- and C-terminal loops are shown in gray, the outer helix is shown in pink, the inner
helix is shown in orange, and the cap domain is shown in light blue. (B) Conservation of individual TMs between mouse Piezol and mouse Piezo2. Bars are organized
into bundles and colored as in A. Amino acid identity is shown in filled bars, and similarity is shown in outlined bars for each helix. (C) Same as in B, but for all loops.

The force-from-tether model

In the force-from-tether mechanism, mechanical energy is
supplied by the application of a force (F) to a so-called gating
spring, which is a structural domain with an elastic constant (k)
that increases in length by an increment, Ax. In a perfectly
elastic system, the energy associated with this displacement is

1
AG = —ZekeAx?.
2
Stretching and compression of the gating spring can be ac-

tuated by a tether that couples either directly to the membrane

Young et al.
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or to other cellular structures (i.e., the cytoskeleton or extra-
cellular matrix). Importantly, the fact that a channel associates
with a tether-like protein need not imply that gating is directly
controlled by a spring; membrane-associated tethers can also
affect local tension and thereby modulate channel gating via this
mechanism.

Several mechanically activated ion channels have previously
been shown to be directly gated via a tether mechanism. These
include the Drosophila channel NompC, in which the gating
spring is formed by intracellular ankyrin repeats that are com-
pressed by microtubules with a spring constant of ~13 pN/nm
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Figure 3. Estimated area expansions and gating energies of mechano-

transduction channels. (A) Schematized depiction of a sigmoidal current-

tension relationship, generated with the equation - = —&— . The tension of
™ lee ko

half-maximal activation (yso) and slope factor (k) of the sigmoid can be used
to estimate the biophysical parameters of channel area expansion (AA) and
gating energy (AG). (B and C) Estimates of channel area expansion upon
opening (B) and estimates of channel gating energies for mechanosensitive
ion channels (C). The red dotted line represents thermal energy (ksT) at 22°C.
The preparations from which these values were estimated are as follows: (a)
meta-analysis (Ricci et al, 2006), (b) spheroplasts (Chiang et al, 2004), (c)
liposomes (Sukharev et al, 1999), (d) liposomes (Sukharev, 2002), (e)
spheroplasts (Belyy et al,, 2010), (f) cell-attached (Cox et al., 2016), (g) cell-
attached with positive pressure prepulse (Lewis and Grandl, 2015), (h)
structure (Brohawn et al, 2014a), (i) cell-attached and (j) bleb-attached
(Maksaev et al., 2011), (k) cell-attached (Bae et al., 2013), and (1) simulation
(Aryal et al, 2017). Error bars are included when uncertainty was reported.
Gating energies and area expansions reported as bands are represented as
thick lines.

(Wang et al., 2021), as well as the mechanotransduction complex
of hair cells, in which the channel pore (likely TMC1/2) is gated
by a spring with a stiffness of 0.5 pN/nm (Howard and
Hudspeth, 1988; Peng et al., 2011; Holt et al., 2021).

For Piezol, several lines of evidence argue against a sub-
stantial contribution from a tether force toward gating energy.
Most notably, the channel is mechanically activated in a cell-free
system, indicating that an extrinsic tether is not required for
channel gating (Syeda et al., 2016). Moreover, upward pulling on
every accessible extracellular loop via magnetic particles with a
force of ~10 pN normal to the membrane failed to directly
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activate Piezol (Wu et al., 2016). Finally, Piezol channels diffuse
freely and rapidly (~0.05 um?/s) across the membrane in sev-
eral cell types, suggesting they are not tied to any cellular
structures (Ellefsen et al., 2019; Ridone et al., 2020).

However, there is also contrasting evidence suggesting that
Piezos may have the ability to couple to tether-like structures. In
some cell types, Piezol may be tethered to the actin cytoskeletal
network via interactions with E-cadherin, as disruption of this
putative interaction reduces mechanosensitive currents (Wang
etal., 2022). Additionally, extracellular matrix proteins sensitize
Piezol, particularly to pulling forces (Gaub and Muller, 2017).
For Piezo2, the situation is even less clear. Its ability to respond
to mechanical stimuli in a cell-free system has not yet been di-
rectly tested, and Piezo2 is less sensitive to pressure-clamp
stimulation, which implies it may be less sensitive to mem-
brane tension, i.e., force-from-lipids (see also Box 2). Moreover,
an extracellular protein tether was previously identified to be
critical for rapidly adapting mechanosensitive currents in dorsal
root ganglion neurons—a current later identified to be carried by
Piezo2 (Li and Ginty, 2014; Schwaller et al., 2021; Hu et al., 2010).

If a gating spring does directly contribute to Piezo channel
gating energy, where might it be located? The central permea-
tion pathway in both Piezo isoforms leads to three intracellular
lateral portals (one per monomer) that have been proposed to be
gated by a “plug and latch” mechanism in which the beam serves
as a lever connected to the portals via latch and plug domains
(Fig. 1; Geng et al., 2020; Taberner et al., 2019; Wang et al., 2019).
In this framework, the plug, which is unresolved in the struc-
ture, obstructs the exit portals, and the latch is an attractive
candidate for serving as the spring. Additionally, many of the
extensive intracellular loops in both Piezol and Piezo2 have yet
to be structurally resolved, which will help generate additional
hypotheses about their ability to act directly as a spring or in-
directly as a point of contact for intracellular tethers (Verkest
et al., 2022). Interestingly, intracellular loops are also the site of
alternative splicing for both isoforms, which may provide a cell-
specific modulation of the contribution of intracellular tethers
(Szczot et al., 2017; Geng et al., 2020).

In addition to directly transmitting force to the channel, in-
tra- and/or extracellular tethers may indirectly alter Piezo gat-
ing by modulating local membrane tension and/or bending
stiffness. Interestingly, given the variable rate of long-distance
tension propagation among cells (Shi et al., 2018; Gomis Perez
etal,, 2022), a complementary tether-activated mechanism may
allow fast and long-range transmission of otherwise local per-
turbations in membrane tension. Consistent with this idea, an
intact cytoskeletal network is required for efficient activation of
Piezol by traction forces, and it facilitates responses of Piezol to
the poke assay (Gottlieb et al., 2012; Romero et al., 2019; Ellefsen
et al., 2019). On the other hand, disruption of the cytoskeleton
facilitates pressure-clamp-induced Piezo activation, suggesting
that the cytoskeleton may also buffer mechanical energy and
shield the channel from small mechanical perturbations
(Retailleau et al., 2015; Cox et al., 2016). Thus, whether the cy-
toskeleton plays an amplifying or a mechanoprotective role may
depend not only on cell type and local membrane composition,
but also the nature of the stimulus.

Journal of General Physiology
https://doi.org/10.1085/jgp.202113044

60of 13


https://doi.org/10.1085/jgp.202113044

Channel response
Population response

Po

Tension

Figure 4. Broadening of the population tuning curve for mechano-
transduction channels. Simulated equilibrium open probability (P,) as a
function of tension for hypothetical individual channels (gray) as well as their
average population response (blue). Measurements of channel population
activity will necessarily underestimate sensitivity (slope), resulting in a
broadening of the tension-response profile.

The membrane footprint model

In addition to the two canonical models of mechanosensitive ion
channel gating discussed above, the unique size and shape of the
Piezo structure has led to a third complementary model: gating
via membrane footprint. The large, dome-shaped structure of
Piezol is predicted to not only induce membrane curvature in
regions of direct interaction with the lipid bilayer, but also de-
form the cell membrane well beyond the perimeter of the
channel, resulting in a large membrane footprint (Haselwandter
and Mackinnon, 2018). This bending of the cell membrane by
Piezo will make an additional energetic contribution (AGy,) that
depends on the membrane bending stiffness (Ky), the curvature
of the mid-bilayer surface (c, and c,), tension (y), and the de-
crease in in-plane area (AA) upon membrane deformation:

1
AGy = EKbI(Cl + CZ)ZdA +YAA.

Further, in a continuum model of a lipid bilayer, the char-
acteristic decay length (A) of this footprint can be predicted by
only three properties: the basic shape of the Piezo dome (mod-
eled as a bowl with a radius of ~10 nm), the membrane bending
modulus (K, ~ 20 kT for biological membranes), and tension
(y = 0.1 kgT/nm? for a membrane at rest):

A:\/K_b/;.

With these values, a footprint with a characteristic decay
length of 14 nm is predicted for Piezol in the absence of applied
tension. Strikingly, this results in a footprint that extends far
greater than the boundary of the channel itself! As tension in-
creases, the energy associated with maintaining the footprint
increases; that is, under tension, it takes more work to bend the
membrane into the shape of Piezol’s footprint. Therefore, an
increase in tension will favor a flatter conformation of the
protein (with a correspondingly smaller footprint). Importantly,
the tension-dependent contribution of the membrane footprint
(AGy) to the total gating energy will sum with the energy
required to form the dome against membrane tension
(AG) = —y*AA; see The force-from-lipid model). Theoretical
calculations predict that in typical biological membranes, these
energies will contribute to similar degrees, although this will
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depend to some extent on local membrane properties; the foot-
print mechanism will provide a larger contribution in stiffer
membranes, where greater work is required to bend the bilayer
(Haselwandter and Mackinnon, 2018).

Is there experimental evidence that flattening of Piezo is
coupled to channel opening? A study using high-speed atomic
force microscopy to apply a compressive force to Piezol channels
while simultaneously scanning their topography revealed they
indeed flatten reversibly (Lin et al., 2019). Recent molecular
dynamics simulations based on a partial Piezol structure are also
consistent with the idea that flattening of the blades could couple
to pore opening (De Vecchis et al., 2021; Jiang et al., 2021). This
property may not be unique to Piezos, either: recent closed- and
open-state structures of MSL1, a plant homolog of MscS, suggest
that it undergoes a transformation from a bowl-like structure in
the closed state that expands and flattens upon opening (Deng
et al., 2020).

Importantly, the membrane footprint theory unifies some of
the otherwise contradictory observations about Piezo gating,
including the effects of the cytoskeleton and the relative con-
tributions of force-from-lipids and force-from-tether. It allows
the large size and curvature of Piezo to produce a large AA, and
thus exquisite tension sensitivity, without a correspondingly
large change in pore diameter, which would not be consistent
with its small and selective pore. Additionally, Piezo will be
sensitive to the size of local membrane compartments, which are
formed by cytoskeletal attachments and will impose addi-
tional constraints on the size of its footprint (Krapf, 2018;
Haselwandter and Mackinnon, 2018). Piezos will also be sensi-
tive to the bending modulus of the membrane itself: in principle,
a stiffer membrane bending modulus will yield lower tension
thresholds for activation, though experimental data suggest that
stiffer membranes may instead inhibit Piezol via an unknown
mechanism (Romero et al.,, 2019; Zheng et al., 2019b). Finally,
Piezo will also be highly sensitive to local curvature induced in
the membrane by other proteins, which will create further en-
ergetic constraints on the size and shape of the Piezo footprint,
as well as potentially bias the localization of Piezos toward do-
mains with similar membrane curvature. Altogether, local var-
iations in membrane composition and cytoskeletal organization
will have a large contribution to Piezos’ precise sensitivity to an
applied stimulus, which will vary not only with cell type, but
also within different compartments of the same cell (discussed
further in Heterogeneity of mechanical gating). This may help
explain why one ion channel can perform such diverse roles
(sensing shear stress, compression, flow, etc.) in many
cell types.

Piezo channel cooperativity

Nearby proteins can influence each other’s behavior via coop-
erativity, a phenomenon that has been well established for other
ion channels, including voltage-gated calcium (Cay) and
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels (Dekker and Yellen, 2006; Moreno et al., 2016). The
extent of cooperativity depends on the local density of channels
(the extent of clustering) as well as the degree of functional
coupling. Do Piezo channels localize in close proximity in vivo?
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Figure 5. Interaction between Piezo ion channels. Top: Schematic
showing two Piezo channels (blue) in proximity. When channels approach
one another, the high degree of curvature resulting from their extended
footprints will result in an energetic penalty. Middle: The overall energy of the
system can be reduced by repulsion of nearby channels, resulting in a local
exclusion zone. Bottom: Alternatively, the overall energy of the system can be
minimized by flattening of the Piezo channel blades, reducing the high local
curvature induced by their footprints.

In keratinocytes, Piezol is spatially enriched at the retracting
edge of wounds (Holt et al., 2021). In red blood cells, Piezol forms
submicrometer clusters that preferentially localize near areas of
higher tension (Dumitru et al., 2021). Punctate distributions of
Piezol have also been observed in overexpression systems
(Ridone et al., 2020), although the correlation between punctate
fluorescence and number of channels per puncta has yet to be
established. Is there any evidence for an effect of Piezo channel
density on function? One recent study showed that the number
of Piezol channels in a patch was positively correlated with an
increase in resting open probability as well as a shift of the gating
curve to lower pressures (Tharaka Wijerathne et al., 2021 Pre-
print). Work from our own laboratory showed the opposite re-
sult: channel density had no effect on tension sensitivity and
vanishingly little influence on open probability in the nominal
absence of membrane tension (Lewis and Grandl, 202Ia).
Clearly, more work needs to be done to establish the extent of
functional cooperativity in additional cell types.

What are the potential mechanisms for any effect of Piezo
channel density on its function? One predicted consequence of
Piezo’s large membrane footprint is that nearby channels would
influence each other’s behavior: as two channels approach, the
opposing curvature of their footprints will create a large ener-
getic constraint on the intervening membrane (Fig. 5). This
constraint could be dealt with in two ways: first, channels could
spatially segregate to prevent footprint overlap; that is, channels
could repel each other. Second, if opening is indeed coupled to
flattening of the blades and a corresponding reduction of foot-
print size, then nearby channels might increase each other’s
open probability, or in the extreme case, channels could undergo
“tensionless gating” (Jiang et al., 2021).

In addition to footprint-mediated effects on cooperativity, the
area expansion (AA) of any opening channel will decrease the
overall membrane tension stress on all other channels. This
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buffering effect is inherent to all tension-gated membrane
proteins and would result in a negative cooperativity that scales
with channel density (Boucher et al., 2009). The extent to which
Piezo channels buffer membrane tension depends on their area
expansion and channel density: experimental evidence suggests
this is small (AA = 6-20 nm? per channel), although structural
data suggest up to a doubling of area (~500 nm?) is theoretically
possible (Lewis and Grandl, 2015; Cox et al., 2016; Wang et al.,
2019). Moreover, in biological membranes, other proteins may
also undergo significant tension-induced area expansion, fur-
ther sensitizing the function of Piezo channels to their overall
environment.

Modulation of Piezo mechanosensitivity via interaction of
mechanical force with other physical stimuli

As discussed above, many ion channels are polymodal, re-
sponding cooperatively to multiple types of stimuli. In contrast,
Piezos are particularly specialized to open in response to me-
chanical force—and not much else. However, in the presence of
mechanical force, Piezos are subject to some degree of modula-
tion by additional physical stimuli, which we will discuss
briefly here.

Some Piezo isoforms (zebrafish and fly, as well as
inactivation-deficient mouse Piezol) are capable of transitioning
to a voltage-dependent gating mode. Importantly, this mecha-
nism requires a preceding mechanical stimulus, as well as out-
ward permeation, and therefore substantially differs from
canonical voltage-gating (Moroni et al., 2018). Once open, all
Piezo channels are modulated by voltage: inactivation and de-
activation kinetics are both slowed by depolarization (Coste
et al, 2010; Lewis and Grandl, 2020). Interestingly, fast
changes in voltage may also indirectly activate Piezo ion chan-
nels: action potentials have been shown to induce small but
perceptible movements in the cell membrane (~0.2-0.4 nm)
that may lead to local perturbations in membrane tension (Yang
et al., 2018).

Temperature modulates the gating of Piezo channels via
multiple mechanisms. First, as for all channels, thermal energy
(Gthermar = ksT) contributes directly to overcome AG. Tempera-
ture also indirectly modulates gating through its effects on
membrane properties; specifically, warmer temperatures will
thin the bilayer and decrease its bending modulus (Pan et al.,
2008). Interestingly, temperature has a differential effect on
Piezol versus Piezo2, perhaps hinting at differing contributions
of lipid-membrane interactions to the gating mechanism (Box
2). Finally, as for all ion channels, temperature modulates the
diffusion of ions in aqueous solution and thereby the unitary
conductance, with a Qo of 1.6 (Hille, 2001).

To date, the only ligands identified that modulate Piezos are
Yodal and Jedil/2, which are small molecules specific to Piezol
(Syeda et al., 2015; Wang et al., 2018). Yodal lowers the tension
threshold of the channel for opening, potentially by acting as a
molecular wedge that promotes blade flattening (Syeda et al.,
2015; Lacroix et al., 2018; Botello-Smith et al., 2019). No li-
gands have yet been identified to act on Piezo2, again speaking
to the high specialization of these channels for sensing me-
chanical forces.
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Figure 6. Heterogeneity in mechanical environments. (A) Membrane curvature. The radius of curvature (R) varies locally based on local density of Piezo ion
channels and other membrane proteins. (B) Membrane composition. Lipids are unevenly distributed throughout a cell; in addition, heterogeneity in membrane
leaflets and lipid macrodomains, such as lipid rafts, will result in cellular regions in which Piezos may be preferentially distributed and/or differentially sensitive
to mechanical force. Structures of lipid species shown to modulate Piezo channel function are also shown (PS, phosphatidylserine; PIP2, phosphatidylinositol
4,5-bisphosphate). (C) Cytoskeletal architecture. The actin cortical network is tightly coupled to the plasma membrane, and the density of this coupling can
vary spatially. The heatmap illustrates local cytoskeletal contact density in the schematized image, with higher densities shown in darker red. The density of
this coupling will affect local mechanical properties and tension propagation. (D) Tension propagation. In many cells, tension propagation is slow, resulting in
nonuniform stimulus intensity across the membrane when a force is locally applied. The magnitude of tension is schematized in the surface plot. Darker red and
z-height represent higher tension.

Heterogeneity of mechanical gating

Compared with other stimuli, which are relatively spatially
homogeneous (e.g., temperature) or propagate relatively rapidly
(e.g., voltage and ligands), mechanical forces are spatially and

temporally heterogeneous: both cellular properties and the
spatial distribution of channels will affect the overall mechanical
response of a cell (Katta et al., 2019; Fig. 6). For example, lipid
composition, which can differ substantially on short length
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scales, likely has large effects on Piezo gating through its effects
on membrane properties, including stiffness. Indeed, margaric
acid, cholesterol, phosphatidylserine, and phosphoinositides
have all been shown to influence Piezo gating (Romero et al.,
2019; Romero et al., 2020; Ridone et al., 2020; Borbiro et al.,
2015; Tsuchiya et al., 2018). Similarly, the extent of cytoskele-
tal coupling to the channel and/or membrane may lead to het-
erogeneity in Piezo gating. This could occur indirectly, through
the effects of the cytoskeleton on membrane compartment size,
or directly, if a cytoskeletal protein binds the channel and acts as
a tether. In addition, the synchrony of Piezo gating is affected by
inactivation as well as the limited diffusion of membrane ten-
sion, the latter of which has been shown to be modulated by local
membrane protein concentration (Shi et al., 2018). Each of these
effects will result in an overall broadening of the tuning curve:
while the stimulus-response curve of an individual channel may
be steep, local membrane dynamics will shift the midpoint of
activation for each individual channel, as well as the time course
of activation, resulting in an overall shallower response (Figs. 4
and 6).

Looking forward: Future directions in Piezo gating energetics
One major gap in knowledge of Piezos is that no structures have
captured a pore that is sufficiently dilated to permit ion flow,
and therefore all are assumed to be in a closed or inactivated
state. An open-state structure is critical for illuminating the
precise conformational changes that occur during the gating
cycle, which in turn will provide valuable insight into mecha-
nism. For example, comparison of closed and open states will
reveal whether flattening results in a dilated pore, as well as the
true extent of area expansion. Several avenues could help ach-
ieve this goal. As has classically been done for many channels,
gain-of-function mutations or addition of agonists may stabilize
the open state (Lewis and Grandl, 2020; Zheng et al., 20193;
Syeda et al.,, 2015). Alternatively, the protein could be recon-
stituted in nanodiscs altered to have artificially high tension or
low curvature, thus promoting opening. Two avenues for doing
so include incorporation of cyclodextrins (Cox et al., 2021) or
light-actuated lipids (Doroudgar et al., 2021).

Another major gap is a precise quantification of Piezo acti-
vation kinetics: while the equilibrium occupancy of closed and
open states depends only on their respective free energies, the
rate at which equilibrium is reached (i.e., the speed of opening)
depends on the activation energy. Quantification of activation
kinetics would give key insight into what types of stimuli the
channels might be best suited to transduce; for example, if
Piezos are tuned to sense vibrations of specific frequencies, in-
cluding those relevant for hearing (Lewis et al., 2017; Li et al.,
2021). Existing methods for activating the channels are slower
than the presumed time constant of activation. Both piezo-
actuated cellular indentation (“poke”) and pressure clamp
(“stretch”) require ~10 ms to reach maximum amplitude (Lewis
and Grandl, 2021b); consequently, both methods are too slow to
resolve the speed of Piezo gating. New technologies, such as the
use of photonic force or ultrasound, continue to emerge and
will be crucial for precise measurements of gating kinetics
(Abeytunge et al., 2021; Sorum et al., 2021; Prieto et al., 2018).
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Standard force application techniques are also insufficient to
fully probe Piezos, as they are unspecific and/or lack quantifi-
cation. Specifically, the stretch assay, while allowing relatively
precise application of pressure, only allows for control of global
curvature (Bavi et al., 2016b). Moreover, it fails to robustly ac-
tivate Piezo2 (Box 2). Thoroughly testing the membrane foot-
print hypothesis for both isoforms will require the ability to
locally clamp curvature and/or tension. The poke assay robustly
activates both Piezol and Piezo2; however, it produces a non-
homogeneous force of unknown amplitude that likely rapidly
dissipates away from the time and point of indentation, such that
the ensemble of channels will fail to reach P, = 1. In a recently
developed assay, cells are plated on elastomeric micropillars that are
deflected to locally stimulate channels at the cell-substrate interface,
but this method still only allows for control of pillar deflection
amplitude, and not the magnitude of force acting on the cell or
channel (Poole et al., 2014). A full characterization of Piezo gating
kinetics will be facilitated by the ability to precisely quantify force
and simultaneously measure activity, for example, by combining
electrophysiology with atomic force microscopy (Gaub and Muller,
2017); even better would be locally clamping force (Eastwood et al.,
2015). Finally, to directly probe the tether mechanism, optical traps
or magnetic tweezers could be used to mechanically probe domains
identified to serve as putative springs (Basu et al., 2016).

A more complete understanding of the energetics and acti-
vation mechanisms for Piezo would be useful for later exploi-
tation of the process: for example, it would facilitate engineering
of a remotely activatable ion channel via magnetic force (Wu
et al., 2016; Lee et al., 2021). More importantly, it would enable
us to understand how cells detect and integrate mechanical
energy to act as force sensors.

Acknowledgments
Jeanne M. Nerbonne served as editor.

We thank Marie Cronin, Prateek Khandelwal, Hannah Reed,
Michael Sindoni, and Jason Wu for thoughtful comments on the
manuscript.

This study was supported by National Institutes of Health
grant 5ROINS110552 (to M. Young, A.H. Lewis, and J. Grandl).

The authors declare no competing interest.

Submitted: 24 January 2022
Revised: 28 March 2022
Accepted: 29 April 2022

References

Abeytunge, S., F. Gianoli, A.J. Hudspeth, and A.S. Kozlov. 2021. Rapid me-
chanical stimulation of inner-ear hair cells by photonic pressure. Elife.
10:€65930. https://doi.org/10.7554/eLife.65930

Alcaino, C., K. Knutson, P.A. Gottlieb, G. Farrugia, and A. Beyder. 2017. Me-
chanosensitive ion channel Piezo2 is inhibited by D-GsMTx4. Channels.
11:245-253. https://doi.org/10.1080/19336950.2017.1279370

Aryal, P., V. Jarerattanachat, M.V. Clausen, M. Schewe, C. Mcclenaghan, L.
Argent, LJ. Conrad, Y.Y. Dong, A.C.W. Pike, E.P. Carpenter, et al. 2017.
Bilayer-mediated structural transitions control mechanosensitivity of
the TREK-2 K2P channel. Structure. 25:708-718 e2. https://doi.org/10
.1016/j.str.2017.03.006

Journal of General Physiology
https://doi.org/10.1085/jgp.202113044

10 of 13


https://doi.org/10.7554/eLife.65930
https://doi.org/10.1080/19336950.2017.1279370
https://doi.org/10.1016/j.str.2017.03.006
https://doi.org/10.1016/j.str.2017.03.006
https://doi.org/10.1085/jgp.202113044

Bae, C., R. Gnanasambandam, C. Nicolai, F. Sachs, and P.A. Gottlieb. 2013.
Xerocytosis is caused by mutations that alter the kinetics of the me-
chanosensitive channel PIEZO1. Proc. Natl. Acad. Sci. USA. 110:
El162-E1168. https://doi.org/10.1073/pnas.1219777110

Basu, A., S. Lagier, M. Vologodskaia, B.A. Fabella, and A.]. Hudspeth. 2016.
Direct mechanical stimulation of tip links in hair cells through DNA
tethers. Elife. 5:e16041. https://doi.org/10.7554/eLife.16041

Bavi, N., D.M. Cortes, C.D. Cox, P.R. Rohde, W. Liu, ].W. Deitmer, O. Bavi, P. Strop,
AP. Hill, D. Rees, et al. 2016a. The role of MscL amphipathic N terminus
indicates a blueprint for bilayer-mediated gating of mechanosensitive
channels. Nat. Commun. 7:11984. https://doi.org/10.1038/ncomms11984

Bavi, N., C.D. Cox, E. Perozo, and B. Martinac. 2017. Toward a structural
blueprint for bilayer-mediated channel mechanosensitivity. Channels.
11:91-93. https://doi.org/10.1080/19336950.2016.1224624

Bavi, O., C.D. Cox, M. Vossoughi, R. Naghdabadi, Y. Jamali, and B. Martinac.
2016b. Influence of global and local membrane curvature on mecha-
nosensitive ion channels: A finite element approach. Membranes. 6.

Belyy, V., K. Kamaraju, B. Akitake, A. Anishkin, and S. Sukharev. 2010.
Adaptive behavior of bacterial mechanosensitive channels is coupled to
membrane mechanics. J. Gen. Physiol. 135:641-652. https://doi.org/10
.1085/jgp.200910371

Beyder, A., ].L. Rae, C. Bernard, P.R. Strege, F. Sachs, and G. Farrugia. 2010.
Mechanosensitivity of Navl.5, a voltage-sensitive sodium channel.
J. Physiol. 588:4969-4985. https://doi.org/10.1113/jphysiol.2010.199034

Borbiro, I., D. Badheka, and T. Rohacs. 2015. Activation of TRPV1 channels
inhibits mechanosensitive Piezo channel activity by depleting mem-
brane phosphoinositides. Sci. Signal. 8:ral5. https://doi.org/10.1126/
scisignal.2005667

Botello-Smith, W.M., W. Jiang, H. Zhang, A.D. Ozkan, Y.C. Lin, C.N. Pham, J.J.
Lacroix, and Y. Luo. 2019. A mechanism for the activation of the me-
chanosensitive Piezol channel by the small molecule Yodal. Nat. Com-
mun. 10:4503. https://doi.org/10.1038/s41467-019-12501-1

Boucher, P.A., C.E. Morris, and B. Joos. 2009. Mechanosensitive closed-closed
transitions in large membrane proteins: Osmoprotection and tension
damping. Biophys. ]. 97:2761-2770. https://doi.org/10.1016/j.bp;j.2009.08
.054

Brohawn, S.G., E.B. Campbell, and R. Mackinnon. 2014a. Physical mechanism
for gating and mechanosensitivity of the human TRAAK K* channel.
Nature. 516:126-130. https://doi.org/10.1038/naturel4013

Brohawn, S.G., Z. Su, and R. Mackinnon. 2014b. Mechanosensitivity is me-
diated directly by the lipid membrane in TRAAK and TREK1 K* chan-
nels. Proc. Natl. Acad. Sci. USA. 111:3614-3619. https://doi.org/10.1073/
pnas.1320768111

Chang, J., A.M. Lenhoff, and S.I. Sandler. 2007. Solvation free energy of
amino acids and side-chain analogues. J. Phys. Chem. B. 111:2098-2106.
https://doi.org/10.1021/jp0620163

Chiang, C.S., A. Anishkin, and S. Sukharev. 2004. Gating of the large me-
chanosensitive channel in situ: Estimation of the spatial scale of the
transition from channel population responses. Biophys. J. 86:2846-2861.
https://doi.org/10.1016/S0006-3495(04)74337-4

Clausen, M.V., V. Jarerattanachat, E.P. Carpenter, M.S.P. Sansom, and S.J.
Tucker. 2017. Asymmetric mechanosensitivity in a eukaryotic ion
channel. Proc. Natl. Acad. Sci. USA. 114:E8343-E8351. https://doi.org/10
.1073/pnas.1708990114

Coste, B., J. Mathur, M. Schmidt, T.J. Earley, S. Ranade, M.J. Petrus, A.E.
Dubin, and A. Patapoutian. 2010. Piezol and Piezo2 are essential com-
ponents of distinct mechanically activated cation channels. Science. 330:
55-60. https://doi.org/10.1126/science.1193270

Coste, B., S.E. Murthy, J. Mathur, M. Schmidt, Y. Mechioukhi, P. Delmas, and
A. Patapoutian. 2015. Piezol ion channel pore properties are dictated
by C-terminal region. Nat. Commun. 6:7223. https://doi.org/10.1038/
ncomms822.3

Coste, B., B. Xiao, ].S. Santos, R. Syeda, J. Grandl, K.S. Spencer, S.E. Kim, M.
Schmidt, J. Mathur, A.E. Dubin, et al. 2012. Piezo proteins are pore-
forming subunits of mechanically activated channels. Nature. 483:
176-181. https://doi.org/10.1038/naturel0812

Cox, C.D., C. Bae, L. Ziegler, S. Hartley, V. Nikolova-Krstevski, P.R. Rohde,
C.A. Ng, F. Sachs, P.A. Gottlieb, and B. Martinac. 2016. Removal of the
mechanoprotective influence of the cytoskeleton reveals PIEZO1 is
gated by bilayer tension. Nat. Commun. 7:10366. https://doi.org/10
.1038/ncomms10366

Cox, C.D., Y. Zhang, Z. Zhou, T. Walz, and B. Martinac. 2021. Cyclodextrins
increase membrane tension and are universal activators of mechano-
sensitive channels. Proc. Natl. Acad. Sci. USA. 118:2104820118. https://
doi.org/10.1073/pnas.2104820118

Young et al.
Piezo physics

JGP

De Vecchis, D., D.J. Beech, and A.C. Kalli. 2021. Molecular dynamics simu-
lations of Piezol channel opening by increases in membrane tension.
Biophys. J. 120:1510-1521. https://doi.org/10.1016/j.bp;j.2021.02.006

Dekker, J.P., and G. Yellen. 2006. Cooperative gating between single HCN
pacemaker channels. J. Gen. Physiol. 128:561-567. https://doi.org/10
.1085/jgp.200609599

Deng, Z., G. Maksaev, A.M. Schlegel, J. Zhang, M. Rau, J.A]. Fitzpatrick, E.S.
Haswell, and P. Yuan. 2020. Structural mechanism for gating of a eu-
karyotic mechanosensitive channel of small conductance. Nat. Commun.
11:3690. https://doi.org/10.1038/s41467-020-17538-1

Doroudgar, M., J. Morstein, J. Becker-Baldus, D. Trauner, and C. Glaubitz.
2021. How photoswitchable lipids affect the order and dynamics of lipid
bilayers and embedded proteins. J. Am. Chem. Soc. 143:9515-9528.
https://doi.org/10.1021/jacs.1c03524

Dumitru, A.C., A. Stommen, M. Koehler, A.S. Cloos, J. Yang, A. Leclercqz, D.
Tyteca, and D. Alsteens. 2021. Probing PIEZO1 localization upon acti-
vation using high-resolution atomic force and confocal microscopy.
Nano Lett. 21:4950-4958. https://doi.org/10.1021/acs.nanolett.1c00599

Eastwood, A.L., A. Sanzeni, B.C. Petzold, S.J. Park, M. Vergassola, B.L. Pruitt,
and M.B. Goodman. 2015. Tissue mechanics govern the rapidly adapting
and symmetrical response to touch. Proc. Natl. Acad. Sci. USA. 112:
E6955-E6963. https://doi.org/10.1073/pnas.1514138112

Ellefsen, K.L., ].R. Holt, A.C. Chang, ].L. Nourse, J. Arulmoli, A.H. Mekhdjian,
H. Abuwarda, F. Tombola, L.A. Flanagan, A.R. Dunn, et al. 2019.
Myosin-II mediated traction forces evoke localized Piezol-dependent
Ca?* flickers. Commun. Biol. 2:298. https://doi.org/10.1038/542003-019
-0514-3

Flegler, VJ., A. Rasmussen, K. Borbil, L. Boten, H.A. Chen, H. Deinlein, ].
Halang, K. Hellmanzik, J. Loffler, V. Schmidt, et al. 2021. Mechano-
sensitive channel gating by delipidation. Proc. Natl. Acad. Sci. USA. 118:
€2107095118. https://doi.org/10.1073/pnas.2107095118

Gaub, B.M., and D.J. Muller. 2017. Mechanical stimulation of Piezol receptors
depends on extracellular matrix proteins and directionality of force.
Nano Lett. 17:2064-2072. https://doi.org/10.1021/acs.nanolett.7b00177

Geng, J., W. Liu, H. Zhou, T. Zhang, L. Wang, M. Zhang, Y. Li, B. Shen, X. Li,
and B. Xiao. 2020. A plug-and-latch mechanism for gating the mecha-
nosensitive Piezo channel. Neuron. 106:438-451.e6. https://doi.org/10
.1016/j.neuron.2020.02.010

Gnanasambandam, R., C. Ghatak, A. Yasmann, K. Nishizawa, F. Sachs, A.S.
Ladokhin, S.I. Sukharev, and T.M. Suchyna. 2017. GsMTx4: Mechanism
of inhibiting mechanosensitive ion channels. Biophys. J. 112:31-45.
https://doi.org/10.1016/j.bp;j.2016.11.013

Gomis Perez, C., N.R. Dudzinski, M. Rouches, A. Landajuela, B. Machta, D.
Zenisek, and E. Karatekin. 2022. Rapid propagation of membrane ten-
sion at retinal bipolar neuron presynaptic terminals. Sci. Adv. 8:
eabl4411. https://doi.org/10.1126/sciadv.abl4411

Gottlieb, P.A., C. Bae, and F. Sachs. 2012. Gating the mechanical channel
Piezol: A comparison between whole-cell and patch recording. Chan-
nels. 6:282-289. https://doi.org/10.4161/chan.21064

Gullingsrud, J., and K. Schulten. 2004. Lipid bilayer pressure profiles and
mechanosensitive channel gating. Biophys. J. 86:3496-3509. https://doi
.org/10.1529/biophysj.103.034322

Guo, Y.R, and R. Mackinnon. 2017. Structure-based membrane dome
mechanism for Piezo mechanosensitivity. Elife. 6:e33660. https://doi
.org/10.7554/eLife.33660

Haselwandter, C.A., and R. Mackinnon. 2018. Piezo’s membrane footprint
and its contribution to mechanosensitivity. Elife. 7:e41968. https://doi
.org/10.7554/eLife.41968

Haswell, E.S., R. Phillips, and D.C. Rees. 2011. Mechanosensitive channels:
What can they do and how do they do it? Structure. 19:1356-1369.
https://doi.org/10.1016/j.str.2011.09.005

Hille, B. 2001. Ion Channels of Excitable Membranes. Oxford University
Press.

Holt, J.R., W.Z. Zeng, E.L. Evans, S.H. Woo, S. Ma, H. Abuwarda, M. Loud, A.
Patapoutian, and M.M. Pathak. 2021. Spatiotemporal dynamics of
PIEZO1 localization controls keratinocyte migration during wound
healing. Elife. 10:e65415. https://doi.org/10.7554/elife.65415

Honore, E. 2007. The neuronal background K2P channels: Focus on TREKI.
Nat. Rev. Neurosci. 8:251-261. https://doi.org/10.1038/nrn2117

Horrigan, F.T., and R.W. Aldrich. 2002. Coupling between voltage sensor
activation, Ca®* binding and channel opening in large conductance (BK)
potassium channels. J. Gen. Physiol. 120:267-305. https://doi.org/10
.1085/jgp.20028605

Howard, J., and A.J. Hudspeth. 1988. Compliance of the hair bundle associated
with gating of mechanoelectrical transduction channels in the bullfrog’s

Journal of General Physiology
https://doi.org/10.1085/jgp.202113044

110f13


https://doi.org/10.1073/pnas.1219777110
https://doi.org/10.7554/eLife.16041
https://doi.org/10.1038/ncomms11984
https://doi.org/10.1080/19336950.2016.1224624
https://doi.org/10.1085/jgp.200910371
https://doi.org/10.1085/jgp.200910371
https://doi.org/10.1113/jphysiol.2010.199034
https://doi.org/10.1126/scisignal.2005667
https://doi.org/10.1126/scisignal.2005667
https://doi.org/10.1038/s41467-019-12501-1
https://doi.org/10.1016/j.bpj.2009.08.054
https://doi.org/10.1016/j.bpj.2009.08.054
https://doi.org/10.1038/nature14013
https://doi.org/10.1073/pnas.1320768111
https://doi.org/10.1073/pnas.1320768111
https://doi.org/10.1021/jp0620163
https://doi.org/10.1016/S0006-3495(04)74337-4
https://doi.org/10.1073/pnas.1708990114
https://doi.org/10.1073/pnas.1708990114
https://doi.org/10.1126/science.1193270
https://doi.org/10.1038/ncomms8223
https://doi.org/10.1038/ncomms8223
https://doi.org/10.1038/nature10812
https://doi.org/10.1038/ncomms10366
https://doi.org/10.1038/ncomms10366
https://doi.org/10.1073/pnas.2104820118
https://doi.org/10.1073/pnas.2104820118
https://doi.org/10.1016/j.bpj.2021.02.006
https://doi.org/10.1085/jgp.200609599
https://doi.org/10.1085/jgp.200609599
https://doi.org/10.1038/s41467-020-17538-1
https://doi.org/10.1021/jacs.1c03524
https://doi.org/10.1021/acs.nanolett.1c00599
https://doi.org/10.1073/pnas.1514138112
https://doi.org/10.1038/s42003-019-0514-3
https://doi.org/10.1038/s42003-019-0514-3
https://doi.org/10.1073/pnas.2107095118
https://doi.org/10.1021/acs.nanolett.7b00177
https://doi.org/10.1016/j.neuron.2020.02.010
https://doi.org/10.1016/j.neuron.2020.02.010
https://doi.org/10.1016/j.bpj.2016.11.013
https://doi.org/10.1126/sciadv.abl4411
https://doi.org/10.4161/chan.21064
https://doi.org/10.1529/biophysj.103.034322
https://doi.org/10.1529/biophysj.103.034322
https://doi.org/10.7554/eLife.33660
https://doi.org/10.7554/eLife.33660
https://doi.org/10.7554/eLife.41968
https://doi.org/10.7554/eLife.41968
https://doi.org/10.1016/j.str.2011.09.005
https://doi.org/10.7554/elife.65415
https://doi.org/10.1038/nrn2117
https://doi.org/10.1085/jgp.20028605
https://doi.org/10.1085/jgp.20028605
https://doi.org/10.1085/jgp.202113044

saccular hair cell. Neuron. 1:189-199. https://doi.org/10.1016/0896
-6273(88)90139-0

Hu, J., L.Y. Chiang, M. Koch, and G.R. Lewin. 2010. Evidence for a protein
tether involved in somatic touch. EMBO J. 29:855-867. https://doi.org/
10.1038/embo0j.2009.398

Ikeda, R., and J.G. Gu. 2014. Piezo2 channel conductance and localization
domains in Merkel cells of rat whisker hair follicles. Neurosci. Lett. 583:
210-215. https://doi.org/10.1016/j.neulet.2014.05.055

Jiang, W., J.S. Del Rosario, W. Botello-Smith, S. Zhao, Y.C. Lin, H. Zhang, J.
Lacroix, T. Rohacs, and Y.L. Luo. 2021. Crowding-induced opening of
the mechanosensitive Piezol channel in silico. Commun. Biol. 4:84.
https://doi.org/10.1038/542003-020-01600-1

Julius, D. 2013. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 29:355-384.
https://doi.org/10.1146/annurev-cellbio-101011-155833

Katta, S., A. Sanzeni, A. Das, M. Vergassola, and M.B. Goodman. 2019. Pro-
gressive recruitment of distal MEC-4 channels determines touch re-
sponse strength in C. elegans. J. Gen. Physiol. 151:1213-1230. https://doi
.org/10.1085/jgp.201912374

Kefauver, J.M., A.B. Ward, and A. patapoutian. 2020. Discoveries in structure
and physiology of mechanically activated ion channels. Nature. 587:
567-576. https://doi.org/10.1038/541586-020-2933-1

Killian, J.A. 1998. Hydrophobic mismatch between proteins and lipids in
membranes. Biochim. Biophys. Acta. 1376:401-415. https://doi.org/10
.1016/s0304-4157(98)00017-3

Krapf, D. 2018. Compartmentalization of the plasma membrane. Curr. Opin.
Cell Biol. 53:15-21. https://doi.org/10.1016/j.ceb.2018.04.002

Lacroix, J.J., W.M. Botello-Smith, and Y. Luo. 2018. Probing the gating
mechanism of the mechanosensitive channel Piezol with the small
molecule Yodal. Nat. Commun. 9:2029. https://doi.org/10.1038/5s41467
-018-04405-3

Latorre, R., S. Brauchi, G. Orta, C. Zaelzer, and G. Vargas. 2007. ThermoTRP
channels as modular proteins with allosteric gating. Cell Calcium. 42:
427-438. https://doi.org/10.1016/j.ceca.2007.04.004

Lee, J.U., W. Shin, Y. Lim, J. Kim, W.R. Kim, H. Kim, ].H. Lee, and J. Cheon.
2021. Non-contact long-range magnetic stimulation of mechanosensi-
tive ion channels in freely moving animals. Nat. Mater. 20:1029-1036.
https://doi.org/10.1038/541563-020-00896-y

Lewis, A.H., A.F. Cui, M.F. Mcdonald, and J. Grandl. 2017. Transduction of
repetitive mechanical stimuli by Piezol and Piezo2 ion channels. Cell
Rep. 19:2572-2585. https://doi.org/10.1016/j.celrep.2017.05.079

Lewis, A.H., and J. Grandl. 2015. Mechanical sensitivity of Piezol ion channels
can be tuned by cellular membrane tension. Elife. 4:e12088. https://doi
.org/10.7554/eLife.12088

Lewis, A.H., and J. Grandl. 2020. Inactivation kinetics and mechanical gating
of Piezol ion channels depend on subdomains within the cap. Cell Rep.
30:870-880.e2. https://doi.org/10.1016/j.celrep.2019.12.040

Lewis, A.H., and J. Grandl. 2021a. Piezol ion channels inherently function as
independent mechanotransducers. Elife. 10:e70988. https://doi.org/10
.7554/eLife.70988

Lewis, A.H., and J. Grandl. 2021b. Stretch and poke stimulation for charac-
terizing mechanically activated ion channels. Methods Enzymol. 654:
225-253. https://doi.org/10.1016/bs.mie.2020.12.024

Li, J., S. Liu, C. Song, Q. Hu, Z. Zhao, T. Deng, Y. Wang, T. Zhu, L. Zou, S.
Wang, et al. 2021. PIEZO2 mediates ultrasonic hearing via cochlear
outer hair cells in mice. Proc. Natl. Acad. Sci. USA. 118:2101207118.
https://doi.org/10.1073/pnas.2101207118

Li, L., and D.D. Ginty. 2014. The structure and organization of lanceolate
mechanosensory complexes at mouse hair follicles. Elife. 3:e01901.
https://doi.org/10.7554/eLife.01901

Lin, Y.C., Y.R. Guo, A. Miyagi, ]. Levring, R. Mackinnon, and S. Scheuring.
2019. Force-induced conformational changes in PIEZO1. Nature. 573:
230-234. https://doi.org/10.1038/s41586-019-1499-2

Maksaev, G., A. Milac, A. Anishkin, H.R. Guy, and S. Sukharev. 2011. Analyses
of gating thermodynamics and effects of deletions in the mechano-
sensitive channel TREK-1: Comparisons with structural models. Chan-
nels. 5:34-42. https://doi.org/10.4161/chan.5.1.13906

Martinac, B., N. Bavi, P. Ridone, Y.A. Nikolaev, A.D. Martinac, Y. Nakayama,
P.R. Rohde, and O. Bavi. 2018. Tuning ion channel mechanosensitivity
by asymmetry of the transbilayer pressure profile. Biophys. Rev. 10:
1377-1384. https://doi.org/10.1007/s12551-018-0450-3

Moon, C.P., and K.G. Fleming. 2011. Side-chain hydrophobicity scale derived
from transmembrane protein folding into lipid bilayers. Proc. Natl. Acad.
Sci. USA. 108:10174-10177. https://doi.org/10.1073/pnas.1103979108

Moreno, C.M., R.E. Dixon, S. Tajada, C. Yuan, X. Opitz-Araya, M.D. Binder,
and L.F. Santana. 2016. Ca®* entry into neurons is facilitated by

Young et al.
Piezo physics

JGP

cooperative gating of clustered CaV1.3 channels. Elife. 5:e15744. https://
doi.org/10.7554/eLife.15744

Moroni, M., M.R. Servin-Vences, R. Fleischer, O. Sanchez-Carranza, and G.R.
Lewin. 2018. Voltage gating of mechanosensitive PIEZO channels. Nat.
Commun. 9:1096. https://doi.org/10.1038/s41467-018-03502-7

Morris, C.E. 2011. Voltage-gated channel mechanosensitivity: Fact or friction?
Front. Physiol. 2:25. https://doi.org/10.3389/fphys.2011.00025

Pan, ], S. Tristram-Nagle, N. Kucerka, and J.F. Nagle. 2008. Temperature
dependence of structure, bending rigidity, and bilayer interactions of
dioleoylphosphatidylcholine bilayers. Biophys. J. 94:117-124. https://doi
.org/10.1529/biophys;j.107.115691

Peng, AW, F.T. Salles, B. Pan, and A.J. Ricci. 2011. Integrating the biophysical
and molecular mechanisms of auditory hair cell mechanotransduction.
Nat. Commun. 2:523. https://doi.org/10.1038/ncomms1533

Poole, K., R. Herget, L. Lapatsina, H.D. Ngo, and G.R. Lewin. 2014. Tuning
Piezo ion channels to detect molecular-scale movements relevant for
fine touch. Nat. Commun. 5:3520. https://doi.org/10.1038/ncomms4520

Prieto, M.L., K. Firouzi, B.T. Khuri-Yakub, and M. Maduke. 2018. Activation of
Piezol but not NaV1.2 channels by ultrasound at 43 MHz. Ultrasound Med.
Biol. 44:1217-1232. https://doi.org/10.1016/j.ultrasmedbio.2017.12.020

Retailleau, K., F. Duprat, M. Arhatte, S.S. Ranade, R. Peyronnet, J.R. Martins,
M. Jodar, C. Moro, S. Offermanns, Y. Feng, et al. 2015. Piezol in smooth
muscle cells is involved in hypertension-dependent arterial remodel-
ing. Cell Rep. 13:1161-1171. https://doi.org/10.1016/j.celrep.2015.09.072

Ricci, A.J., B. Kachar, J. Gale, and S.M. Van Netten. 2006. Mechano-electrical
transduction: New insights into old ideas. J. Membr. Biol. 209:71-88.
https://doi.org/10.1007/500232-005-0834-8

Ridone, P., E. Pandzic, M. Vassalli, C.D. Cox, A. Macmillan, P.A. Gottlieb, and
B. Martinac. 2020. Disruption of membrane cholesterol organization
impairs the activity of PIEZO1 channel clusters. J. Gen. Physiol. 152:
€201912515. https://doi.org/10.1085/jgp.201912515

Romero, L.O., R. Caires, A.R. Nickolls, A.T. Chesler, ].F. Cordero-Morales, and
V. Vasquez. 2020. A dietary fatty acid counteracts neuronal mechanical
sensitization. Nat. Commun. 11:2997. https://doi.org/10.1038/s41467-020
-16816-2

Romero, L.O., A.E. Massey, A.D. Mata-Daboin, FJ. Sierra-Valdez, S.C. Chau-
han, J.F. Cordero-Morales, and V. Vasquez. 2019. Dietary fatty acids
fine-tune Piezol mechanical response. Nat. Commun. 10:1200. https://
doi.org/10.1038/541467-019-09055-7

Saotome, K., S.E. Murthy, ].M. Kefauver, T. Whitwam, A. Patapoutian, and
A.B. Ward. 2018. Structure of the mechanically activated ion channel
Piezol. Nature. 554:481-486. https://doi.org/10.1038/nature25453

Schmidt, D., J. Del Marmol, and R. Mackinnon. 2012. Mechanistic basis for
low threshold mechanosensitivity in voltage-dependent K* channels.
Proc. Natl. Acad. Sci. USA. 109:10352-10357. https://doi.org/10.1073/pnas
1204700109

Schwaller, F., V. Begay, G. Garcia-Garcia, F.J. Taberner, R. Moshourab, B.
Mcdonald, T. Docter, J. Kuhnemund, J. Ojeda-Alonso, R. Paricio-Mon-
tesinos, et al. 2021. USH2A is a Meissner’s corpuscle protein necessary
for normal vibration sensing in mice and humans. Nat. Neurosci. 24:
74-81. https://doi.org/10.1038/541593-020-00751-y

Shi, Z., Z.T. Graber, T. Baumgart, H.A. Stone, and A.E. Cohen. 2018. Cell
membranes resist flow. Cell. 175:1769-1779.e13. https://doi.org/10.1016/j
.cell.2018.09.054

Shin, K.C., H.J. Park, J.G. Kim, LH. Lee, H. Cho, C. Park, T.S. Sung, S.D. Koh,
S.W. Park, and Y.M. Bae. 2019. The Piezo2 ion channel is mechanically
activated by low-threshold positive pressure. Sci. Rep. 9:6446. https://
doi.org/10.1038/541598-019-42492-4

Sorum, B., R.A. Rietmeijer, K. Gopakumar, H. Adesnik, and S.G. Brohawn.
2021. Ultrasound activates mechanosensitive TRAAK K* channels
through the lipid membrane. Proc. Natl. Acad. Sci. USA. 118:e2006980118.
https://doi.org/10.1073/pnas.2006980118

Sukharev, S. 2002. Purification of the small mechanosensitive channel of
Escherichia coli (MscS): The subunit structure, conduction, and gating
characteristics in liposomes. Biophys. J. 83:290-298. https://doi.org/10
.1016/S0006-3495(02)75169-2

Sukharev, S., M. Betanzos, C.S. Chiang, and H.R. Guy. 2001. The gating
mechanism of the large mechanosensitive channel MscL. Nature. 409:
720-724. https://doi.org/10.1038/35055559

Sukharev, S.I., W.J. Sigurdson, C. Kung, and F. Sachs. 1999. Energetic and
spatial parameters for gating of the bacterial large conductance me-
chanosensitive channel, MscL. J. Gen. Physiol. 113:525-540. https://doi
.0rg/10.1085/jgp.113.4.525

Syeda, R., M.N. Florendo, C.D. Cox, ].M. Kefauver, ].S. Santos, B. Martinac, and
A. Patapoutian. 2016. Piezol channels are inherently mechanosensitive.

Journal of General Physiology
https://doi.org/10.1085/jgp.202113044

12 0f 13


https://doi.org/10.1016/0896-6273(88)90139-0
https://doi.org/10.1016/0896-6273(88)90139-0
https://doi.org/10.1038/emboj.2009.398
https://doi.org/10.1038/emboj.2009.398
https://doi.org/10.1016/j.neulet.2014.05.055
https://doi.org/10.1038/s42003-020-01600-1
https://doi.org/10.1146/annurev-cellbio-101011-155833
https://doi.org/10.1085/jgp.201912374
https://doi.org/10.1085/jgp.201912374
https://doi.org/10.1038/s41586-020-2933-1
https://doi.org/10.1016/s0304-4157(98)00017-3
https://doi.org/10.1016/s0304-4157(98)00017-3
https://doi.org/10.1016/j.ceb.2018.04.002
https://doi.org/10.1038/s41467-018-04405-3
https://doi.org/10.1038/s41467-018-04405-3
https://doi.org/10.1016/j.ceca.2007.04.004
https://doi.org/10.1038/s41563-020-00896-y
https://doi.org/10.1016/j.celrep.2017.05.079
https://doi.org/10.7554/eLife.12088
https://doi.org/10.7554/eLife.12088
https://doi.org/10.1016/j.celrep.2019.12.040
https://doi.org/10.7554/eLife.70988
https://doi.org/10.7554/eLife.70988
https://doi.org/10.1016/bs.mie.2020.12.024
https://doi.org/10.1073/pnas.2101207118
https://doi.org/10.7554/eLife.01901
https://doi.org/10.1038/s41586-019-1499-2
https://doi.org/10.4161/chan.5.1.13906
https://doi.org/10.1007/s12551-018-0450-3
https://doi.org/10.1073/pnas.1103979108
https://doi.org/10.7554/eLife.15744
https://doi.org/10.7554/eLife.15744
https://doi.org/10.1038/s41467-018-03502-7
https://doi.org/10.3389/fphys.2011.00025
https://doi.org/10.1529/biophysj.107.115691
https://doi.org/10.1529/biophysj.107.115691
https://doi.org/10.1038/ncomms1533
https://doi.org/10.1038/ncomms4520
https://doi.org/10.1016/j.ultrasmedbio.2017.12.020
https://doi.org/10.1016/j.celrep.2015.09.072
https://doi.org/10.1007/s00232-005-0834-8
https://doi.org/10.1085/jgp.201912515
https://doi.org/10.1038/s41467-020-16816-2
https://doi.org/10.1038/s41467-020-16816-2
https://doi.org/10.1038/s41467-019-09055-7
https://doi.org/10.1038/s41467-019-09055-7
https://doi.org/10.1038/nature25453
https://doi.org/10.1073/pnas.1204700109
https://doi.org/10.1073/pnas.1204700109
https://doi.org/10.1038/s41593-020-00751-y
https://doi.org/10.1016/j.cell.2018.09.054
https://doi.org/10.1016/j.cell.2018.09.054
https://doi.org/10.1038/s41598-019-42492-4
https://doi.org/10.1038/s41598-019-42492-4
https://doi.org/10.1073/pnas.2006980118
https://doi.org/10.1016/S0006-3495(02)75169-2
https://doi.org/10.1016/S0006-3495(02)75169-2
https://doi.org/10.1038/35055559
https://doi.org/10.1085/jgp.113.4.525
https://doi.org/10.1085/jgp.113.4.525
https://doi.org/10.1085/jgp.202113044

Cell Rep. 17:1739-1746. https://doi.org/10.1016/j.celrep.2016.10
.033

Syeda, R., J. Xu, A.E. Dubin, B. Coste, ]J. Mathur, T. Huynh, J. Matzen, J. Lao,
D.C. Tully, LH. Engels, et al. 2015. Chemical activation of the mecha-
notransduction channel Piezol. Elife. 4. https://doi.org/10.7554/eLife
.07369

Szczot, M., L.A. Pogorzala, H.J. Solinski, L. Young, P. Yee, C.E. Le Pichon, A.T.
Chesler, and M.A. Hoon. 2017. Cell-type-specific splicing of Piezo2
regulates mechanotransduction. Cell Rep. 21:2760-2771. https://doi.org/
10.1016/j.celrep.2017.11.035

Taberner, F.J., V. Prato, I. Schaefer, K. Schrenk-Siemens, P.A. Heppenstall,
and S.G. Lechner. 2019. Structure-guided examination of the mecha-
nogating mechanism of PIEZO2. Proc. Natl. Acad. Sci. USA. 116:14260-14269.
https://doi.org/10.1073/pnas.1905985116

Tharaka Wijerathne, A.D.O., W. Jiang, Y. Luo, and J. JéromeLacroix. 2021. An
inter-channel cooperative mechanism mediates PIEZOl's exquisite
mechanosensitivity. bioRxiv. https://doi.org/10.1101/2021.04.16.440217

Tsuchiya, M., Y. Hara, M. Okuda, K. Itoh, R. Nishioka, A. Shiomi, K. Nagao,
M. Mori, Y. Mori, J. Ikenouchi, et al. 2018. Cell surface flip-flop of
phosphatidylserine is critical for PIEZOl-mediated myotube forma-
tion. Nat. Commun. 9:2049. https://doi.org/10.1038/541467-018
-04436-w

Verkest, C., I. Schaefer, T.A. Nees, N. Wang, ].M. Jegelka, F.J. Taberner, and
S.G. Lechner. 2022. Intrinsically disordered intracellular domains
control key features of the mechanically-gated ion channel PIEZO2. Nat.
Commun. 13:1365. https://doi.org/10.1038/541467-022-28974-6

Voets, T., G. Droogmans, U. Wissenbach, A. Janssens, V. Flockerzi, and B.
Nilius. 2004. The principle of temperature-dependent gating in cold-
and heat-sensitive TRP channels. Nature. 430:748-754. https://doi.org/
10.1038/nature02732

Wang, J., J. Jiang, X. Yang, G. Zhou, L. Wang, and B. Xiao. 2022. Tethering
Piezo channels to the actin cytoskeleton for mechanogating via the
cadherin-beta-catenin mechanotransduction complex. Cell Rep. 38:
110342. https://doi.org/10.1016/j.celrep.2022.110342

Young et al.

Piezo physics

JGP

Wang, L., H. Zhou, M. Zhang, W. Liu, T. Deng, Q. Zhao, Y. Li, J. Lei, X. Li, and
B. Xiao. 2019. Structure and mechanogating of the mammalian tactile
channel PIEZO2. Nature. 573:225-229. https://doi.org/10.1038/s41586
-019-1505-8

Wang, Y., S. Chi, H. Guo, G. Li, L. Wang, Q. Zhao, Y. Rao, L. Zu, W. He, and B.
Xiao. 2018. A lever-like transduction pathway for long-distance
chemical- and mechano-gating of the mechanosensitive Piezol chan-
nel. Nat. Commun. 9:1300. https://doi.org/10.1038/541467-018-03570-9

Wang, Y., Y. Guo, G. Li, C. Liu, L. Wang, A. Zhang, Z. Yan, and C. Song. 2021.
The push-to-open mechanism of the tethered mechanosensitive ion
channel NompC. Elife. 10:e58388. https://doi.org/10.7554/eLife.58388

Wu, J., R. Goyal, and J. Grandl. 2016. Localized force application reveals
mechanically sensitive domains of Piezol. Nat. Commun. 7:12939. https://
doi.org/10.1038/ncomms12939

Wu, J., M. Young, A.H. Lewis, A.N. Martfeld, B. Kalmeta, and J. Grandl. 2017.
Inactivation of mechanically activated Piezol ion channels is deter-
mined by the C-terminal extracellular domain and the inner pore helix.
Cell Rep. 21:2357-2366. https://doi.org/10.1016/j.celrep.2017.10.120

Yang, Y., X.W. Liu, H. Wang, H. Yu, Y. Guan, S. Wang, and N. Tao. 2018.
Imaging action potential in single mammalian neurons by tracking the
accompanying sub-nanometer mechanical motion. ACS Nano. 12:
4186-4193. https://doi.org/10.1021/acsnano.8b00867

Zhang, Y., C. Daday, R.X. Gu, C.D. Cox, B. Martinac, B.L. De Groot, and T.
Walz. 2021. Visualization of the mechanosensitive ion channel MscS
under membrane tension. Nature. 590:509-514. https://doi.org/10.1038/
541586-021-03196-w

Zheng, W., E.O. Gracheva, and S.N. Bagriantsev. 2019a. A hydrophobic gate in
the inner pore helix is the major determinant of inactivation in me-
chanosensitive Piezo channels. Elife. 8:¢44003. https://doi.org/10.7554/
eLife.44003

Zheng, W., Y.A. Nikolaev, E.O. Gracheva, and S.N. Bagriantsev. 2019b. Piezo2
integrates mechanical and thermal cues in vertebrate mechanor-
eceptors. Proc. Natl. Acad. Sci. USA. 116:17547-17555. https://doi.org/10
.1073/pnas.1910213116

Journal of General Physiology

https://doi.org/10.1085/jgp.202113044

13 0f 13


https://doi.org/10.1016/j.celrep.2016.10.033
https://doi.org/10.1016/j.celrep.2016.10.033
https://doi.org/10.7554/eLife.07369
https://doi.org/10.7554/eLife.07369
https://doi.org/10.1016/j.celrep.2017.11.035
https://doi.org/10.1016/j.celrep.2017.11.035
https://doi.org/10.1073/pnas.1905985116
https://doi.org/10.1101/2021.04.16.440217
https://doi.org/10.1038/s41467-018-04436-w
https://doi.org/10.1038/s41467-018-04436-w
https://doi.org/10.1038/s41467-022-28974-6
https://doi.org/10.1038/nature02732
https://doi.org/10.1038/nature02732
https://doi.org/10.1016/j.celrep.2022.110342
https://doi.org/10.1038/s41586-019-1505-8
https://doi.org/10.1038/s41586-019-1505-8
https://doi.org/10.1038/s41467-018-03570-9
https://doi.org/10.7554/eLife.58388
https://doi.org/10.1038/ncomms12939
https://doi.org/10.1038/ncomms12939
https://doi.org/10.1016/j.celrep.2017.10.120
https://doi.org/10.1021/acsnano.8b00867
https://doi.org/10.1038/s41586-021-03196-w
https://doi.org/10.1038/s41586-021-03196-w
https://doi.org/10.7554/eLife.44003
https://doi.org/10.7554/eLife.44003
https://doi.org/10.1073/pnas.1910213116
https://doi.org/10.1073/pnas.1910213116
https://doi.org/10.1085/jgp.202113044

	Physics of mechanotransduction by Piezo ion channels
	Energetics of mechanosensitive ion channel gating: A framework
	The force
	The force
	The membrane footprint model
	Piezo channel cooperativity
	Modulation of Piezo mechanosensitivity via interaction of mechanical force with other physical stimuli
	Heterogeneity of mechanical gating
	Looking forward: Future directions in Piezo gating energetics
	Acknowledgments
	References


