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M Check for updates

The ability to sense physical forcesis conserved across all organisms. Cells convert
mechanical stimuliinto electrical or chemical signals viamechanically activated ion
channels. Inrecent years, the identification of new families of mechanosensitive ion
channels—such as PIEZO and OSCA/TMEM®63 channels—along with surprising insights

into well-studied mechanosensitive channels have driven further developmentsin
the mechanotransduction field. Several well-characterized mechanosensory roles
such as touch, blood-pressure sensing and hearing are now linked with primary
mechanotransducers. Unanticipated roles of mechanical force sensing continue to be
uncovered. Furthermore, high-resolution structures representative of nearly every
family of mechanically activated channel described so far have underscored their
diversity while advancing our understanding of the biophysical mechanisms of
pressure sensing. Here we summarize recent discoveries in the physiology and
structures of known mechanically activated ion channel families and discuss their
implications for understanding the mechanisms of mechanical force sensing.

From the sound of a whisper to the strike of a hammer on a finger,
many familiar environmental cues occur as mechanical forces. Mech-
anotransduction, the conversion of mechanical perturbations into
electrochemical signals, is conserved across all domains of life. It is
possibly the most ancient sensory process, and may have protected
early protocells from osmotic and mechanical forces that threatened
to break their membranes’. The primary sensors that mediate many
such rapid responses to mechanical signals are ion channels?.

Researchonthese channels hasbeenimpeded by their sparse expres-
sion, their need (in some cases) for specialized cellular structures and
the difficulty in producing physiologically relevant mechanical stimuli
that canbe used across multiple cellular and experimental contexts™>.
Alack of evolutionary conservation in mechanically activated ion chan-
nels has delayed the discovery of the channels responsible for mam-
malian mechanotransductionin particular. In spite of these difficulties,
several families of ion channels have been identified in a variety of
organisms, from bacteria and flies to humans®*. Each channel family
is structurally distinct from the others, suggesting that each arose
independently?*™*.

Several recent advancements have prompted considerable excite-
mentabout the mechanotransduction field (also reviewed in refs. ©7).
The discovery of new families of mechanically activated ion channels
such as PIEZOs, which have important in vivo physiological roles in
mammals, has opened new avenues of inquiry into the roles of mecha-
notransduction in human health and disease®’. Additionally, mecha-
nosensitive channels from the K2P (two-pore potassium) and OSCA/
TMEM®63 (hyperosmolality-gated calcium-permeable) channel families
have been validated as bona fide mechanically activated ion chan-
nels'®!, Recent technical advances in single-particle cryo-electron
microscopy (cryo-EM) have led to published structures for almost every
known family of mechanically activated ion channel> (Fig.1). Finally,

new insights from the best-studied mechanically activated channels
have bolstered our mechanistic understanding of mechanotransduc-
tion at the molecular level'¢%28 (Fig. 2).

Mechanosensitive ion channel families

lon channel families from a variety of organisms have been discovered,
each with disparate structures and functions.

MscL, MscS and MscS-like channels

The first mechanosensitive ion channels to be discovered were the
prokaryotic channels mechanosensitive channel large conductance
(MscL) and mechanosensitive channel small conductance (MscS), and
their homologues in archaea and plants***~., In bacteria, these chan-
nels respond to osmotic shock by permeating ions and osmolytes to
prevent cell lysis*.

MscL is non-selective and opens its large pore like the iris of a cam-
erain response to membrane tension®>*, Its five-subunit structure is
composed of an N-terminal amphipathic helix (S1) anchored to the
cytosolicleaflet followed by two transmembrane (TM) domains (TM1
and TM2) and asingle cytosolic helix (S3) at the C terminus® (Fig. 1a).
The poreis lined by TM1 from each subunit and the narrowest part of
the pore is formed by a junction of TM1 helices near the cytoplasmic
side of the membrane®*. The cytosolic S3 helices form abundle below
the pore that probably acts as aselectivity filter, preventing leakage of
metabolites®. Under membrane tension, the amphipathic S1helix slides
along the membrane at the lipid-solvent interface and drives a tiltin
the pore-lining TM1 helix, producing anincrease in pore diameter*
(Fig. 2a). This tension-induced change in free energy overcomes the
stability of the closed state, illustrating afundamental principlein the
biophysics of mechanically gated channels***,
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Fig.1|Structures of mechanically activated ion channels. Many
mechanically activated channels seem to share acommon feature:
amphipathic helices (dark red on subunit A, rose on all other subunits)
connected directly orindirectly to pore-lining regions (dark blue on subunitA,
cornflower onall other subunits).a, Cartoon model of MscL (Protein Data Bank
(PDB): 20AR). Pore-lining TM1 (blue) is connected to the amphipathic S1 helix
(red). b, Cartoon models of MscS. Main, arecent structure of MscS in nanodiscs
(PDB: 6PWP), with the amphipathic anchor domain (red) sitting on the external
membrane leaflet. Inset, the previous model of MscS (PDB: 20AU), with the
pore-lining TM3a helix (blue) completely embedded within the membrane and
TM3b (red) predicted to be anamphipathic segment at the cytoplasmic leaflet.

MscSisstructurally distinct from MscL*. It isahomo-heptamer with
each protomer composed of three TM helices, with an extracellular N
terminus and a cytoplasmic C terminus*2. For many years, it was thought
that MscS gating was analogous to that of MscL, whereby the third TM
helix (TM3) served as the main pore-facing component with acytosolic
amphipathic helix (termed TM3b) formed by a kink in TM3 (Fig. 1b,
insert)***, However, recent structures of MscS solved in lipidic nano-
discs show that this region sits below the membrane, within the cyto-
plasm™® (Fig. 1b). The flexible N terminus, now designated the anchor
domain, occupies the periplasmic half of the TMregionandincludesan
amphipathic portion thatsits on the periplasmicleaflet>". This region
isimportant for gating by tension, and spectroscopic data suggest that
it moves deeper into the membrane as the channel opens™**¢, These
structures also reveal several bound lipids that may be important for
gating by mechanical stimuli®® (Fig. 3a) and underscore theimportance

568 | Nature | Vol 587 | 26 November 2020

Previous model of MscS:

¢, Cartoonmodel of TREK-1(PDB: 6CQ6). The pore domains (blue) are gated by
aC-type mechanism®. The amphipathic C-tail (red) extends below the M4 helix.
d, Cartoon model of PIEZO1 (PDB: 5Z10). Beneath the extracellular cap, two TM
helices from each subunitline the pore (blue). In the domain-swapped blades,
several amphipathic helices (red) line the cytoplasmic leaflet. e, Cartoon model
of OSCA1.2 (PDB: 6MGV). Five helices (blue) line each of the two putative pores
of OSCA1.2 and an amphipathic helix (red) sits on the opposite face of each
subunit. f, Cartoon model of NOMPC (PDB: 5VK4). Each NOMPC subunit hasan
amphipathic TRP domain (red), a pore helix (blue) and a large spring-like
ankyrinrepeat domain (green).

of structural determination in lipidic environments. Another distinct
feature of the MscS family is the large C-terminal cytoplasmic cham-
ber with eight portals that open to the cytoplasm, which serves as the
primary selectivity filter*”*5; it may also act as a sensor of cytoplasmic
crowding to prevent excessive draining of the cell* (Fig. 1b).
Homologues of MscS channels are found in plants and some fungi
and protists, but notinanimals®. Land plants encode several MscS-like
(MSL) genesthatare grouped into three categories on the basis of their
subcellular localization®. MSLs ingroup land group Il are expressedin
mitochondria and plastids, where they have an osmoregulatory role3**,
Group IlIMSLsreside at the plasma membrane, where their roles remain
an active area of research. In Arabidopsis thaliana, MSL8 and MSL10
have beenshown to be bona fide mechanosensitiveion channels, with
roles in pollen survival®, stress-induced cell death® and cell swelling
inseeds*. Recent structures of MSL1 reveal ashared architecture with
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Fig.2|Mechanisticmodels of mechanically activated ion channel gating.
Proposed mechanistic models with channel family examples. Amphipathic
helices (violet), TM helices (blue), bound lipids (red), beam-like features (gold),
tethers (emerald), ions (orange) and membrane lipids (grey) are indicated.

a, Left, thedragging model. Lipidsinteract withanamphipathic helixand dragit
outwards upon membrane expansion®. Right, MscL, for example, hasan
amphipathic helix on theinternalleaflet (helix S1, violet) that drives atilt to the
pore-lining helix (TM1, blue) asitis ‘dragged’ outward under tension®. b, Left,
entropy model. Lipids reside in hydrophobic pocketsin the closed state and exit
these pockets under membrane tension, inducing a conformational change'®.
Right, K2P, for example, has afenestration occupied by lipid acyl tails (red) when
inactive, whereasinactive channels, this fenestrationis closed and lipids are
absent. ¢, Left, membrane dome model. Channel curvature within the membrane
stores energy’®. Right, PIEZOs, for example, expand and flatten’*, gating the
poreviainteractionsbetween the beam domain, theanchor domainand the CTD
(gold)®°.d, Emerging models. OSCA channels have lipid-occupied pores and an

MscS, although two additional TM domains present in MSL1sit at an
angle within the membrane to create abowl-shaped TMregion that is
dilated and flattened in open structures of the channel*>*®.

Two-pore potassium channels
Three members of the two-pore potassium channel (K2P) family are
inherently mechanosensitive ion channels: TREK-1, TREK-2and TRAAK™.
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intersubunit cleft (red), anamphipathic helix (violet) on the inner leaflet,and a
beam-like domain (gold) connected to pore-lining helices, whichterminatesa
membrane-entrant hook domain (gold); all of these domains could havearolein
gating?. e, Left, the tether model. Forceis transmitted to the channel viaa tether
tothe extracellular matrix, the cytoskeleton or both. For example, NOMPC
(middle) is tethered to microtubules viaits ankyrin repeat domain (emerald)"2.
Right, the MET channel complexis tethered to the neighbouring stereociliumvia
thetip link (PCDH15; emerald)'.f, Top, resting membrane tension. The
transbilayer pressure profile reflects thelateral pressure experienced through
thebilayer asaconsequence of repulsion (positive pressure) of the lipid head
groups, attraction (negative pressure) due tosurface tension at the glycerol
backbone, andsteric hindrance (positive pressure) between the lipid tails®.
Bottom, model membranes under tension. Planar membrane expansion thins
thebilayer andincreases theareaoccupied by eachlipid. Membrane curvatureis
induced whensuctionisapplied to the membrane or conical-shaped
amphipathic compoundsinsertinto the bilayer'>'5,

TRAAK and TREK channels can be activated by a variety of mechanical
stimuli, including stretching, poking, swelling and fluid jet stimula-
tion, aswell astemperature and adiverse group of chemicals, including
lysolipids, volatile anaesthetics and antidepressants®. Both TRAAK and
TREK channels are sensitive to awide range of tension, from0.5mNm™
to the membrane lytic point of 12 mN m™, and their open probabilities
are proportional to the applied membrane tension®. Although these
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Fig.3|Lipids observedinstructures of mechanosensitiveion channels.

a, Lipidsareobservedinthreelocationsin MscSstructures. (1) Onelipid per
subunitis ‘hooked’ at the periplasmic leaflet'>"; (2) densities ascribed to lipid
acyl chainsresideinside the pore!>** (PDB: 6PWN). (3) Two additional lipids per
protomer are observed parallel to TM3b, below the membrane leaflet'? (PDB:
6RLD).b, Ininactive structures of TRAAK (PDB: 4WWF), an acyl tail (green)
occupiesafenestration below the selectivity filter®. ¢, Two lipid-like densities
areobservedinthe PIEZO1structure (PDB: 6BPZ): (1) inthe regionbetween the
anchor domain and piezorepeat A, and (2) between piezorepeats Band C
(second and third from the pore, respectively)®.

channels are expressed in sensory neurons, they are not involved in
generating action potentials; instead, they dampen the transduction
currents of a non-selective cationic mechanosensor by hyperpolariz-
ing cells™. Knockout mice with deletions of each of these three genes
exhibit hypersensitivity to mechanical stimuli®’. A recent study using
monoclonalantibodies specificto TRAAK showed that itis not localized
atnerve terminals (where sensory transductioninitiates), butisinstead
presentexclusively in the nodes of Ranvier in myelinated neurons®, This
raises the possibility that one of its roles is to prevent misfiring in the
event of neuronal stretch, or perhaps compensate the mechanical force
induced by an action potential®®. However, because these ion channels
respond to a variety of activators, arole of mechanical forces in the
nodes of Ranvier cannot yet be attributed with certainty.

K2Ps have two concatenated pore-facing domains per subunit,
which dimerize to form a pseudotetramer with two final amphipathic
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C-terminal tails* (Fig.1c). In contrast to many K* channels, K2Ps rely on
aC-type gating mechanism®. In C-type gating, the mobility of residues
inthe selectivity filter determines whetherions are able to permeate the
channel®. In crystal structures of TREKs and TRAAK, two main confor-
mationsare observed: a‘down’ stateinwhich afenestrationbelow the
selectivity filter opens towards the membrane, and an ‘up’ state in which
the final TM helix (M4) bends upward to occlude this opening? %
(Fig. 2b). Assigning afunctional state to these conformations has been
difficult, but evidence from studies with the state-dependent blocker
norfluoxetine indicate that, for mechanical activation at least, the up
state is most probably the active state of the channel? %%,

Several mechanisms of mechanosensitivity for K2P channels have
been proposed. Thefirstis similar tothat of MscL, in whichanincreased
cross-sectional area of the protein is more energetically favourable
under membrane tension***., Because the selectivity filters of TREK and
TRAAK channels must maintain structural integrity to retain selectivity
for potassiumions, only the portion of the channel below the selectiv-
ity filter (in the cytoplasmicleaflet of the membrane) expandsin-plane
under tension®*¢, An alternative mechanism has been suggested on
the basis of the observation thatin structures of the presumptive inac-
tive down state, lipids or detergent molecules occupy the fenestration
below the selectivity filter®**, but this lipid binding site is occluded
inthe presumptive active up state, suggesting that bound lipids have
arole in gating®*® (Figs. 2b, 3b). How these conformational changes
affect the C-type gate remains unknown.

PIEZO1and PIEZO2

The PIEZO family is conserved from protozoa to humans and was
the firstidentified class of non-selective cationic mechanotransduc-
ers shown to be physiologically relevant in mammals’. Relative to
other known channel families, PIEZOs have roles in a broad and var-
ied set of mechanotransduction processes®. PIEZOs are involved in
well-characterized mechanosensory roles such as touch®, mechanical
allodynia (a clinically relevant form of pain)®®*° and the baroreceptor
reflex’®, as well as several unexpected functions, including develop-
mental processes (such as lymphatic valve development” 7, heart valve
development”™™, angiogenesis™ and stem cell differentiation™) and
regulatory processes (such as bone formation’”’8, cell migration”,
axon regeneration®®, the inflammatory response of innate immune
cells® and red blood cell (RBC) volume regulation®?). Additionally,
one-third of the human population of African descent harbours a
relatively mild gain-of-function mutation in PIEZOI that causes RBC
dehydration (consistent with hereditary xerocytosis) and confers
resistance to malaria®>®,

PIEZOs are large trimeric proteins with a triskelion or three-blade
propeller architecture’® 2%, The three blade domains extend outward
within thelipid bilayer and an extracellular cap domain resides above
the central pore’® 2 (Fig. 1d). The cap domain appears to have a major
rolein channelinactivation® ¥, PIEZOs have an unusually large number
of TM passes per protomer; 38 TM helices per subunit are resolved
in the PIEZO2 structure?, matching previous membrane topology
predictions for PIEZO1%, The first 36 TM helices that form the flexible
blades of PIEZO assemble into nine repeating elements of four-helix
bundles preceded by an N-terminal amphipathic helix, termed Piezo
repeats'®? (Fig. 2c). Notably, amphipathic helices are known to sense
and/orinduce membrane curvature®®, The Piezo repeats spiral away
fromthe centre of the channelin a helical conformation, resultinginan
overall puckered architecture of the channel™® 2% (Fig.1d). The curved
form of PIEZOs could cause a local distortion to the native cell mem-
brane or result in its preferred localization to a membrane domain of
similar curvarture’®?, Whileitis possible that detergent solubilization
of PIEZOs alters its native conformation', when purified PIEZO1 is
reconstituted into lipid vesicles, the protein deforms the vesicle, pro-
ducingasimilar curvature to that observed in the detergent-solubilized
structures®®. Furthermore, interactions that occur between the cap



domain and the blades in the curved conformation are important for
PIEZOl inactivation, suggesting that this architecture represents the
closed or inactivated state of PIEZOs'®¥",

The pore of PIEZO is lined by the final two C-terminal TM helices,
termed the inner and outer helices™®?"#, The central pore and the
domain-swapped extracellular cap resemble the architecture of P2X
channels and acid-sensing ion channels (ASICs), but the C-terminal
domain (CTD), the anchor domain and the large blades are unique to
PIEZOs™. PIEZO structures provide clues regarding how these three
features might contribute to mechanosensitivity. The intracellular
CTDs form a vestibule with three portals that are probably a continu-
ation of theion conduction pathway®*®°. Juxtaposed against the CTD,
the wedge-shaped anchor domainis inserted into the inner leaflet of
the membrane, lodged between the pore-lining helix pair and the near-
est piezo repeat (piezo repeat A)'® *"#* (Fig. 2c). Beneath each blade, a
long beam-like helix extends under the first three piezo repeats (piezo
repeats A-C), then hinges at a conserved motif'®?°, The beam termi-
nates near the central pore, just below the CTD*® 2% (Figs. 1d, 2¢). One
possibility for mechanical gating is that movements of the beam can
be transmitted to the pore by a network of interactions between the
CTD, the anchor domain and the pore-lining helices'*?**"2, Because
theblades are also domain-swappedrelative to the inner or outer helix
pair, a flattening or lever-like motion in the blades could produce a
lateral dilation or unraveling of the CTD region viaitsinteractions with
the beam?*%°%2,

Despite the large size of PIEZO proteins, relatively few pharmacologi-
caltools have beenfound to modulate their activity. PIEZO1and PIEZO2
canboth be inhibited by the tarantula toxin GsMTx4°***; however, this
amphipathic peptide toxinis suggested tointeract with the membrane,
relieving the effects of tension in the outer bilayer leaflet rather than
binding specifically to PIEZOs*. The small molecule Yodal can activate
PIEZO1, but not PIEZ02°. An additional small molecule, Dookul, acts
as an antagonist of Yodal with no agonist capability”. PIEZO1 probably
harbours a specific binding site for Yodal in the region between the
anchor domainand piezo repeat A”®. Of note, alipid density is observed
betweenthese two domainsin cryo-EM structures, along with an addi-
tional lipid density between piezo repeats B and C* (Fig. 3c).

OSCA/TMEM63 channels

OSCA/TMEM®63 proteins constitute the largest family of mechanosen-
sitive channels®. Initially described as hyperosmolarity sensorsin A.
thaliana, OSCA proteins haverecently been shownto be pore-forming,
inherently mechanosensitive channels that are conserved across
plants and animals™°°. OSCAs and their mechanosensitive animal
homologues TMEM63A and TMEM63B are stretch-activated at a high
threshold relative to PIEZO channels'?. In plants, mutationsin OSCAL1
impair guard cell responses to stress and inhibit root growth under
hyperosmotic conditions'®. In humans, mutations in TMEM63A are
associated witha myelination defect ininfants'”, althoughitis currently
unclear whether this is related to amechanosensory role.

Several structures of different OSCA family members in detergent
and lipidic nanodiscs have been solved by cryo-EM* %, These dimeric
channels have two pores and 11 TM helices per subunit®* > (Fig. 1e). They
are predicted to share structural homology with the TMEM16 family
ofion channels or scramblases, as well as potentially transmembrane
channel-like protein1(TMCI1), whichisinvolved in hereditary deafness
(see below), on the basis of modelling and mutagenesis studies??%021%3,
Multiple structural features have been identified that might confer
mechanosensitivity to these channels (Fig. 2d). One is the hydropho-
bic cleft at the dimeric interface that is occupied by lipid molecules
in molecular dynamics simulations?®** (Fig. 2d). Flexibility between
the two protomers may allow an increase in cross-sectional area in
response to membrane tension?. A hydrophobic groove in the cytosolic
pore vestibule opens towards the membrane? 2, similar to the fenes-
tration observed in mechanosensitive K2Ps. In molecular dynamics

simulations, this region is occupied by lipids®. Upon membrane stretch,
lipids residing in the cytosolic pore vestibules or the hydrophobic cleft
could unbind or dissociate. One of the pore-lining helices (TM6) also
lines this fenestration andisbent ataglycineresidue that,inamanner
analogous to gating in MscL, might straighten during channel activa-
tion**?*%, At its C terminus, TM6 interacts with a distinct feature of
0SCAs—acytosolicdomain composed of two parallel helices connected
by amembrane-anchored loop* (Fig. 2d). This beam-like domain is
predicted to be one of the most dynamic regions of the channel**%. It
may actasastretch sensor that coordinates the movements of the TM
helices, similar to amodel for PIEZO mechanosensing®®. Experimental
datato support these possibilities is lacking at the moment, and an
understanding of gating will require structure-function analysis as
well as structures of the open state.

Transient receptor potential channels

Transientreceptor potential (TRP) channels areinvolvedinavariety of
sensory processes including chemosensation, thermosensation, mech-
anosensation and osmosensation, often exhibiting polymodal gating
by chemicals, signalling lipids (for example, phosphatidylinositol-4
,5-bisphosphate (PtdIns(4,5)P,)), and physical stimuli'®*. They all share
acanonical tetramericarchitecture, with cytosolic Nand C termini and
six TM domains'®*. Several members of the TRP ion channel family have
been proposed to be mechanosensitive?. However, with the exception
of the Drosophila melanogaster mechanosensor, no mechanorecep-
tor potential C (NOMPC)!%'%¢, proving that TRP channels are directly
activated by mechanical stimuli has been difficult.

nompC was first cloned from fruit fly sensory bristles'®. It is selec-
tively expressed in the ciliated mechanosensory organs of D. mela-
nogaster, Caenorhabditis elegans'® and zebrafish'” at locations where
mechanical forces impinge on the sensory cilia’®. NOMPC isabonafide
mechanically activated ion channel in Drosophila, but it has no mam-
malianhomologues'®. The N terminus of NOMPC contains a cytosolic
29-ankyrin repeat domain (ARD), which is required for microtubule
association, proper localization and the in vivo function of NOMPC'*®,
This ARD can be observed by transmission electron microscopy as a
filament thatisable to adopt variable lengths (20-80 nm) connecting
the membrane to microtubules in Drosophila campaniform mecha-
noreceptors™,

Acryo-EMstructurerevealed that the ARDs of NOMPC formaflexible
helical bundle with several intersubunit interactions™ (Fig. 1f). Atomic
force microscopy measurements had previously shown that isolated
NOMPC ARD acts analogously to alinear and fully reversible spring™.
Molecular dynamics simulations using the NOMPC structure show
that compression of the ARDs can produce a clockwise movement of
the TRP domain and linker helices, similar to the TRPV1 closed-to-open
gating transition”®' (Fig. 2e). The data are consistent with the tether
model of mechanotransduction, in which the ARD of NOMPCactsasa
spring that transduces the movement of the microtubules relative to
the membrane into channel gating.

The most compelling case for direct mechanical activation of
amammalian TRP channel has been made for TRPV4', TRPV4 has
beenimplicated in several processes that may rely on mechanosensi-
tive ion channels, including osmoregulation, control of vascular tone
and nociception™, Mechanically activated currents induced by a
pilus-deflection stimulus inmouse primary chondrocytes are depend-
enton TRPV4, and heterologous expression of TRPV4 inhamster embry-
onickidney cellsalsoinduces these currents™. However, like all other
tested mammalian TRP channels, TRPV4 is not activated by stretch, sug-
gesting that mammalian TRPs are notinherently mechanosensitive!>",
Tethering of TRPV4 to the extracellular matrix (ECM), the cytoskeleton
or some other localized factor is postulated to enable TRPV4 mecha-
nosensitivity'™. Another possibility is that TRPV4 responds to a down-
stream signal initiated by a primary mechanotransducer, such as the
amphipathic molecule diacylglyerol™. Cryo-EM and X-ray diffraction
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structures of TRPV4 provide few clues as to what structural features
may contribute to its putative gating by mechanical stimuli®.

Mechano-electrical transduction channel complex

The first measurement of mechanically activated currents was inmech-
anosensory hair cells of the auditory and vestibular systems that sense
vibrations induced by pressure waves at specialized hair bundle struc-
tures called stereocilia™"¢, The stereocilia are arranged in a stairstep
pattern of rows of similar height and are connected by filamentous
tip links (Fig. 4a). When the stereocilia are deflected, the tip links are
thought to transmit force to a mechanically gated ion channel, resulting
indepolarization of the hair cell"®. The exquisite structural complexity
ofthe mechanosensory hair cells hasimpeded the decades-long search
forthe mechano-electrical transduction (MET) channel complex that
underlies this current™®. Several proteins have been identified that are
essential to MET"¢, The tip link is atether composed of two components:
cadherin23isattachedtothe upperstereociliumand protocadherin15
(PCDH15) is connected to alower stereocilium where the MET channel
islocalized™ (Fig. 4b). Three candidate proteins are essential for MET
channel currents and colocalize with PCDH15: (1) TMC1 or TMC2, (2)
transmembrane inner ear (TMIE), and (3) lipoma high mobility group IC
fusion partner-like (LHFPLS5) (also called tetraspan membrane protein
of hair cell stereocilia (TMHS))" (Fig. 4b).

Several recent studies support the contribution of TMCl1and TMC2
tothe MET channel pore. First,amutationin TMCI that causes deafness
in mice (called Beethoven (Bth)) also alters ion permeability, single
channel conductance and channel blockade of MET channel currents'®,
Additionally, astructural model of TMC1based onitsloose homology
to the TMEM16 protein family predicts a dimeric two-pore structure
with amembrane-facing groove'*'®®, Cysteine-scanning mutagenesis
hasidentified residues that contribute to the pore pathway on each of
four pore-lining helices predicted by the homology model'®2 Finally,
reconstitution of purified TMC1fromgreen sea turtlesand TMC2 from
budgerigarsintoliposomesisreported to enable the measurement of
pressure-sensitive currents, providing the strongest evidence to date
that TMCs are mechanically activated ion channels'’. Replication of
this result, especially with vertebrate channels, would be ideal given
the non-conserved function of several other mechanically activated
channel families. While it is likely that TMC1 contributes to the MET
channel pore, it remains unclear whether it is the only molecule that
underlies MET currentsin all types of hair cells. For example, knockout
of LHFPLS5 has also been shown to affect conductance and adapta-
tion properties of mechanically activated currents in hair cells™®, and
mutations in the C-terminal lipid-binding domain of TMIE also alter
conductance as well as ion selectivity™.

It has been difficult to obtain atomic-resolution structures of many
MET channel components, possibly because their stability is depend-
entontheintricate structure of the hair cells'*¢, However, astructural
approach in which the entire multi-protein MET channel complex is
reconstituted for cryo-EM single-particle analysis may be transforma-
tive for the field™. This work has beeninitiated with a structure of trun-
cated PCDH1S5 co-expressed with LHFPLS, revealing the interactions
between these components at subnanometer resolution' (Fig. 4c).
LHFPLSis adimeric complex of 4-TM-helix protomers; where the two
protomers meet, they formaV-shaped interface thatis lined by TM1 of
each protomer. Each of the two PCDH15 proteins contributes a single
TM pass that forms aninverted V shape that inserts into and interacts
with the TM1helices of LHFPL5" (Figs. 2e, 4c). Because the two PCDH15
protomers are connected by astable linker domain, force along the tip
link would probably pull the PCDH15 TM helices apart, transmitting
force to LHFPL5™.

Degenerin, epithelial sodium channels and ASICs

The degenerin (DEG) family of ion channels (named for the cell
swelling and neurodegeneration phenotype these proteins cause)
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Fig.4|The MET channel complex. a, Model of a hair cell. b, MET channel
complex components: TMClor TMC2, TMIE and LHFPLS arelocalized to the
stereociliatips. Tip links are formed by dimers of PCDH15 and cadherin 23
(CDH23). ¢, Cartoon model of components of the MET channel complex:
PCDH15 formsthe lower half of the tip link (green) and LHFPLS isadimeric TM
protein (blue) (PDB: 6C13 and 6C14).

was first discovered through a genetic screen of touch-insensitive C.
elegans mutants'”. MEC-4, a founding member of the DEG family, isa
pore-forming subunit of the ion channel responsible for mechanosensi-
tive currents in the gentle touch receptors of worms?. It assembles as a
channelthat canalsoinclude the protein MEC-10>'%., Several additional
C.elegansproteins are alsoimportant for mechanosensation, although
they are not channel proteins. MEC-2 (homologous to stomatin-like
protein3 (STOML3) in mammals) and MEC-6 enhance mechanosensi-
tive channel activity, probably by modifying the cholesterol content
of the membrane?'?. An additional set of ECM-associated proteins,
MEC-1and MEC-9, are proposed to contribute to an extracellular tether
that connects MEC-4-MEC-10 channels to the ECM?. Inmammals, two



channel families, epithelial sodium channels (ENaCs) and ASICs, share
homology with the C. elegans MEC-4-MEC-10 channels® Roles for these
channelsin mechanosensory processes such asblood pressure sensing
and nociception have been described, but there is a lack of evidence
that these channels are directly activated by mechanical stimuli’?*'>,
Arecent study revealed that two glycosylated asparagines in ENaC
probably serve as a tether to the ECM, building on the idea that this

channel family might sense tension via a filament tether'**.

Mechanistic insights

Withthediscovery of disparate families of mechanosensitive ion chan-
nels and the subsequent structural and biophysical insights, our mecha-
nistic understanding of mechanotransduction is developing rapidly.
Two classic models for transmitting force to anion channel remainin
the spotlight: the force-from-lipids model and the force-from-tether
model. We also discuss a third, hybrid model whereby modulation by
bothlipids and cytoskeleton can have arole.

The force-from-lipids model

The force-from-lipids model involves the direct conversion of tension
inthe membrane to area expansion in mechanosensitive proteins, with-
outtheneed for additional elements such as cytoskeleton or accessory
proteins'®. Anion channelis considered ‘inherently mechanosensitive’
ifitcanbe mechanically activated after purification and reconstitution
inalipid bilayer'?. MscL**'%, MscS'¥, TRAAK™, TREK-1'°, PIEZO1® and
several OSCA family members" all meet this standard. This mecha-
nistic conservationis unsurprising, as membrane-embedded protein
domains existin the context of the chemical and biophysical properties
of the bilayer, enabling sensitivity to tension in the bilayer.

At rest, all membrane-embedded proteins experience a mix of
hydrophobic and steric forces exerted by the bilayer lipids, termed
the ‘transbilayer pressure profile*'® (Fig. 2f). When the bilayer
stretches, the membrane thins and the local transbilayer pressure
profile changes?*'?°, Mechanically activated ion channels change
conformation in response to hydrophobic mismatch between their
membrane-facing domains and the bilayer, producing gating move-
ments to open the pore!26129130,

Another way to conceptualize the effect of membrane tension
is as an increase in the planar area of the bilayer lipids, shifting the
equilibrium such that hydrophobic forces that tend to cluster lipids
overcome the forces that mediate protein-lipid interactions®**32,In
this ‘entropy-driven’model, lipids that stabilize the closed state of the
proteindissociate, resulting in aconformational change to compensate
the unoccupied hydrophobic pockets™"**? (Fig. 2b). For example, in
structures of the two-pore potassium channels, TRAAK and TREK-1,
membrane lipids bound to afenestration below the channel pore sta-
bilize the closed conformation of the channel; in structures of open
channels, those lipids are absent®. Lipids are predicted to occupy simi-
lar pore-adjacent fenestrations of several different channelsincluding
MscL?, MscS™, MSL1and OSCA1.222%, as well as near the pore region
instructures of PIEZO1"%,

An alternative model suggests that bound lipids maintain their
interactions with the protein rather than dissociating under tension.
This ‘dragging’ model, based on observations of MscL, proposes that
lipids do work on an amphipathic helix connected to a pore lining
helix, straightening it as the membrane equilibrates under tension**
(Fig. 2a). Amphipathic helices are present in MscL?***, MscS", TRAAK
and TREK?¢*%3 PIEZOs" *and OSCA1.2%"%, although a direct connec-
tion to a pore-lining segment is only present in the case of MscL***’
(Fig.2a). For PIEZOs and OSCAs, a link between the amphipathic heli-
ces and the pore is possible via a more complex network of allosteric
interactions2°?22 (Fig. 2¢, d). Alternatively, the membrane-anchored
loop of the beam-like domain of OSCA might substitute an amphipathic
helix to serve a similar dragging function (Fig. 2d).

A different type of membrane distortion is a change in curvature®
(Fig.2c). Channel activity of MscL, MscS, TREK-1, PIEZO1and OSCA1.1
can all be modulated by the addition of conical lipids or amphipathic
molecules that tend to bend membranes*'?. As membrane curva-
ture can gate mechanically activated channels, the intrinsic curva-
ture of PIEZOs is notable. A ‘dome mechanism’ has been proposed
for PIEZO activation, in whichits large size and curved shape enable a
large increase of in-plane area as PIEZO flattens under tension'®33134
(Fig.2c). Bolstering this model, PIEZO1 protein reconstituted in planar
membranes undergoes substantial area expansion when tension is
applied to the membrane by an atomic force microscopy cantilever*,
Moreover, the bending force that the curvature of PIEZO would exert
on the membrane is predicted to extend past the edge of the protein
into the bilayer to create a‘membrane footprint”*. A similar membrane
dome mechanism has recently been proposed for MSL1%,

Tethering to ECM or cytoskeleton

The alternative mechanismis one in which mechanosensitive proteins
are tethered to the ECM, the cytoskeleton, or both ECM and cytoskel-
eton, enabling forces experienced by these cellular compartments to
be transmitted to these ion channels via a connecting structure. The
Drosophila channel NOMPC, with its spring-like ankyrin repeats'*?311°,
and the MET channel complex, withits tip links, are clear examples of
tethered channels™ (Fig. 2e). The involvement of tether molecules has
also been proposed for somatosensory touch function'®. Within the
DEG-ENAC-ASIC superfamily, ENaC and probably MEC-4-MEC-10
channelsalso functionviaa tether to the ECM>**, and TRPV4 and other
TRP channels may also use such a tether™™,

Mechanisms of modulation

Thereis evidence that these two models are not mutually exclusive®.
For example, the conspicuously tethered channel NOMPC also
responds to force-from-lipids activation**. ANOMPC residue that
interacts with lipid head groups is, in fact, essential for mechanical
activation of the channel**. Conversely, effects of the cytoskeleton,
regulatory proteins and signalling lipids have also been observed for
inherently mechanosensitive channels.

PIEZO1 and TREK-1activity can be modulated in complex ways by the
presence of cytoskeletal elements®?. For instance, the application of
cytochalasin D, which disrupts the actin cytoskeleton, positively modu-
lates PIEZO1 under some circumstances and negatively modulates it in
others’. Another important modulatory factor for mechanosensitive
proteinsisthe composition of the membraneinwhichthey areembedded.
TREK1and TRAAK are activated by the signalling lipid PtdIns(4,5)P,”®, and
depletion of PtdIns(4,5)P, and PtdIns(4)P inhibit PIEZO1 and PIEZO2™,

Lipid rafts and other membrane lipid subdomains may also be
important for mechanotransduction. An interesting theory suggests
that mechanotransduction occurs at ‘force foci’, specific cholesterol-
and sphingolipid-rich membrane subdomains localized to adherens
junctions and focal adhesions'°. A study that followed raft-localized
phospholipase D signalling after mechanical stimulation demon-
strates that mechanical force is capable of disrupting cholesterol-rich
rafts'*!. A membrane-subdomain model is compatible with tethered
multi-protein assemblies such as the MET channel complex, but
recent studies suggest that it may also be relevant to PIEZOs; PIEZO1
appearstolocalize to focal adhesions in glioma cells'*?. Additionally, in
asubset of mechanoreceptive neurons, co-expression of PIEZO1 with
cytoskeleton-associated STOML3 lowers the activation threshold of the
channel by an order of magnitude>***. STOML3 functions by binding
cholesterol and forming amembrane-associated scaffold inamanner
that resembles putative force foci**'*,

As our ability to study membrane proteins in their native context
improves, we may discover that the regulation of mechanosensitive
proteins by membrane lipids is far more complex and intricate than
individual channel structures have so far revealed.
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The explosion of new structural models of mechanosensitive ion
channels provides an excellent starting point for structure-function
studies and molecular dynamics simulations to develop increasingly
refined models of mechanotransduction. However, for many channel
families, particularly those in vertebrates, these efforts are hindered
by the absence of structures of open channels. Producing a mechani-
cal stimulus suitable for structural studies is a substantial challenge, as
high-resolutionstructure determination currently requires purification
andisolation away from the membrane. Chemical agonists that could trap
anopenstate have been difficult toidentify for channels such as PIEZO1
and PIEZO2%. For channel complexes such as the MET channel, purifi-
cation and reconstitution of a complete set of proteins necessary for
channelfunctionisaformidable technical challenge'. As cryo-electron
tomography and correlated light and electron microscopy improve, the
ability toacquire high-resolution structuresin situ might provide anew
view of mechanically activated channels in native membranes.

Despite the substantial recent progressinidentification and charac-
terization of mechanically activated ion channels, a variety of biological
processes that depend on mechanotransduction remain poorly under-
stood at the molecular level, and the identities of many mechanosen-
sorsremain elusive, including that of the sensor(s) formammalianacute
pain. Further characterization of the physiological roles of PIEZOs and
the OSCA/TMEM®63 family in animals and plants may provide some of
these answers, but the search for unknown mechanosensors remains
imperative. Indeed, two new families of mechanically activated ion
channels, TACAN'™ and Elkin'*¢, have recently been proposed. It may
also prove valuable to broaden the search for mechanosensing mol-
ecules beyondion channels, as mechanical stimulialso affect develop-
ment and growth processes that do not depend on neuronal action
potentials. For example, the G-protein-coupled receptor GPR68 was
recently shown to be activated by shear stress to release intracellular
calciumstores, regulating blood vessel dilation”’. It will be important
for these initial findings on proposed mechanosensitive ion channels
and G-protein-coupled receptors to be replicated by other groups in
thefield, and we hope that future structural and physiological studies
will extend these initial observations.

Finally, theidentification of new families of mechanically activated
channels will expand our knowledge on the role of mechanotransduc-
tion in previously unrecognized areas of physiology and disease. By
using expression patterns of newly identified mechanosensors as a
starting point, loss-of-function and gain-of-function mutations canbe
powerful genetic tools to gain in-depth insights into the in vivo con-
sequences of sensing mechanical force. Furthermore, probing human
genetic data for mutations in mechanosensors will be instrumental
in defining their roles in human disease. Indeed, recent discoveries
on therole of PIEZO1 in bone formation, RBC hydration and immune
function in humans and in mice are examples of how genetic studies
onmechanosensors canlead to mechanistic understanding of therole
of pressure sensingin unexpected areas of biology and disease””73582,
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