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Abstract

Activation of mechanosensitive ion channels underlies a variety of fun-
damental physiological processes that require sensation of mechanical
force. Different mechanosensitive channels adapt distinctive structures
and mechanotransduction mechanisms to fit their biological roles. How
mechanosensitive channels work, especially in animals, has been extensively
studied in the past decade. Here we review key findings in the functional and
structural characterizations of these channels and highlight the structural
features relevant to the mechanotransduction mechanism of each specific
channel.
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INTRODUCTION

Physiological Roles of Mechanosensitive Channels

Living organisms depend on their ability to receive and respond to chemical and physical signals
from the environment. Mechanosensation is required to feel skin contact, gravity, proprioception,
sound waves, food texture, muscle stretch, and air flow. At the cellular level, volume regulation,
migration, and differentiation all require mechanosensation. A variety of proteins, including cy-
toskeletons, focal adhesion-associated molecules, G protein—coupled receptors, and ion channels,
mediate the sensation of and response to mechanical forces (Chalfie 2009, Martino et al. 2018,
Scholz et al. 2016, Xu et al. 2018). Among those proteins, mechanosensitive (MS) ion channels
are directly activated by stresses applied to the lipid bilayer or its associated nonmembrane
components. MS channels convert physical stimuli to electrical signals, allowing sensory cells to
respond within a millisecond. Studying MS channels is important for understanding this type of
signal transduction.

Criteria to Define a Mechanosensitive Channel

What is a MS channel? Arnadéttir & Chalfie (2010) proposed several criteria: First, MS channels
must be expressed in a mechanosensory organ. Second, removal of MS channels from the sensory
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cell eliminates mechanical response as a direct rather than indirect consequence (such as from de-
velopmental defects). Third, alteration of the physical properties of these channels through muta-
genesis should be reflected by alteration of mechanical response. And fourth, the heterologously
expressed channel could be activated by force. As new evidence has been collected to support the
designation of MS channels, and as new MS channels have been identified, we go through the
criteria for each MS channel discussed in this review.

The Force Transduction and Gating Mechanisms

One central question concerns how mechanical stimuli are transduced from the environment to
switch the MS channel from a closed to an open conformation. Two force transduction and gat-
ing models have been proposed: For the membrane tension model, force applied to the lipid bi-
layer generates membrane tension to gate the channel (Supplemental Figure 14). For the tether
model, force applied to the cell or extracellular matrix is transmitted through a tether connect-
ing the channel with ectomembrane components to gate the channel (Supplemental Figure 15).
The major difference between the two mechanisms is not whether the membrane is involved but
whether additional components are required for force transduction.

To understand the force transduction and gating mechanisms of MS channels, it is important
to know the physical property of the channel and the channel conformations at different states.
The ion channel property is usually characterized by measuring channel activity using patch-
clamp electrophysiology. Various configurations are used to deliver mechanical stimuli while
recording MS channels (Supplemental Figure 1¢). Structural information on MS channels,
on the other hand, historically relied on X-ray crystallography. Recent developments in single-
particle cryogenic electron microscopy (cryo-EM) technology have enabled structural studies of
many more membrane proteins for which crystallization is often challenging and sometimes even
unachievable (Cheng 2015). This technique allows the visualization of a 3-D protein structure
at near-atomic resolution from thousands of 2-D images of randomly oriented protein particles
frozen in vitrified ice (Cheng et al. 2015). By this means, the structures of membrane proteins
could even be solved in a membrane-mimetic environment (Autzen et al. 2019). Ever since
publication of the first near-atomic-resolution cryo-EM structure of a membrane protein (Cao
etal. 2013, Liao et al. 2013), the convenience of obtaining high-resolution channel structures has
substantially accelerated the pace of structure-based analysis of ion channels.

The bacterial mechanosensitive channel of large conductance (MscL) and mechanosensitive
channel of small conductance (MscS), which meet all the criteria for MS channels (Arnadéttir &
Chalfie 2010), are the best-characterized MS channels. Structures, electrophysiological data, and
indirect measurements of conformational changes demonstrate that both MscL and MscS follow
the tension-driven gating mechanism, which has been recently reviewed in detail (Cox etal. 2018).
The MscS-like channels from other cell wall-bearing species like plants and algae probably utilize
a similar gating machinery (Hamilton et al. 2014, Wilson et al. 2013). Here we focus on structure-
function studies of metazoan MS channels.

DEGENERINS/ACID-SENSITIVE CHANNELS

Evidence for Epithelial Sodium Channel-Family Proteins
as Mechanosensitive Channels

The epithelial sodium channel/degenerin (ENaC/DEG)-superfamily proteins are voltage-
insensitive, sodium-selective channels, including vertebrate ENaC and acid-sensitive channels
(ASICs), nematode DEGs, Drosophila pickpocket (PPK) and ripped pocket (RPK), and peptide-
gated Hydra sodium channels (HyNaCs). The concept that ENaC superfamily members could be
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MS channels originated from the finding that two Caenorhabditis elegans DEG proteins, MEC-10
and MEC-4, are required for touch sensation (Chalfie & Au 1989, Geffeney et al. 2011, Huang &
Chalfie 1994, O’Hagan et al. 2005). Point mutations found in mzec-4 and mzec-10 missense alleles
alter channel properties such as ion selectivity and kinetics based on electrophysiological record-
ings from touch neurons in vivo (Arnadottir et al. 2011, O’Hagan et al. 2005). MEC-4 could
function as a homotrimer, or as a heterotrimer with MEC-10 (Chen et al. 2015, Goodman et al.
2002). Likewise, ENaC proteins from other species also function as either homo- or heterotrimers
(Hanukoglu & Hanukoglu 2016). Mechanoactivated (MA) current in response to laminar shear
stress was detected in Xenopus oocytes with heterologous coexpression of MEC-4 and MEC-10
(Shi et al. 2016). However, the response occurs with a latency of several seconds, much slower
than the in vivo MA current, probably reflecting the absence of other components essential for
the proper function of this channel. Nevertheless, accumulated evidence supports the notion that
the C. elegans DEG channel composed of MEC-4 and MEC-10 subunits is a MS channel.

A number of other ENaC proteins, especially ASICs, have been implicated in mechanosen-
sation. Mouse ASIC orthologs are expressed in different subtypes of mechanoreceptors in both
the central and peripheral nervous systems; but in the absence of substantiated mechanosensory
phenotypes of ASIC-knockout mice (Cheng et al. 2018), it is still uncertain whether ASICs could
be direct mechanotransducers.

Structures of Acid-Sensitive and Epithelial Sodium Channels

Crystal and cryo-EM structures of truncated but functional chicken ASIC1 (cASIC1) encompass
different ASIC1 conformations at low-pH desensitized, low- and neutral-pH open, and high-pH
resting states (Baconguis & Gouaux 2012, Baconguis et al. 2014, Jasti et al. 2007, Yoder & Gouaux
2018, Yoder et al. 2018). The architecture of each cASIC1 subunit resembles a side view of a
hand holding a ball (features annotated in Figure 1a,b), and the trimer has a chalice-like shape,
also from a side view (Jasti et al. 2007). The ion-permeable pathway of cASIC1 spans the entire
central axis. Ions could enter a vestibule from the very top of the extracellular region or from
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Structure of ASICI and gating model of DEG. () Domain structure of ASIC1 (rectangle, helix; rectangle arrow, B-sheet; solid line, loop
region that is well resolved; dashed line, loop region that may not be well structured). () An atomic model of chicken ASIC1 (PDB ID:
4NYK; https://doi.org/10.2210/pdb4nyk/pdb). One subunit is shown in pipes and planks and colored with the same color codes used
in panel 4. The other two subunits are shown in ribbon diagrams. (¢) A hypothetical model of DEG mechanogating by extracellular

tether.
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portals at the wrist region, as indicated from Cs*-binding sites (Gonzales et al. 2009). A highly
negatively charged cavity for proton binding (the acidic pocket) is formed by acidic residues on the
thumb, fingers, and B-ball from one subunit and the palm from an adjacent subunit. Upon proton
activation, the acidic pocket collapses and the thumb comes closer to the p-ball. These motions in
turn cause a slight rotation of the palm region, pulling the lower palm away from the central axis,
and eventually lead to a counterclockwise rotation of each transmembrane (TM) segment from the
top view and an iris-like opening (Baconguis et al. 2014, Yoder et al. 2018). Continuous exposure
to low pH results in rapid desensitization through substantial reorganization of the palm, which
brings the TM region back to a resting-like conformation (Jasti et al. 2007, Yoder et al. 2018). All
these structural components are important because mutations throughout the whole hand affect
channel function (Eastwood & Goodman 2012).

The cryo-EM structure of truncated heterotrimeric human ENaC (AENaC) is similar to that
of cASICI in its overall architecture (Noreng et al. 2018). Although AENaC is not trafficked
to the plasma membrane, amiloride-sensitive current from chimeric channels composed of full-
length and truncated subunits and proteolysis results indicate that AENaC represents a biolog-
ically relevant channel (Noreng et al. 2018). The three different subunits, a:f:y, assemble in a
counterclockwise manner from the top view. Unlike ASIC, all three subunits of ENaC possess a
unique gating relief of inhibition by proteolysis (GRIP) domain that connects the finger and the
thumb. The channel enters a state of higher open probability once the GRIP domain of the o
and y subunits is cleaved (Kleyman et al. 2018), and processed ENaC shows constitutive channel
activity in vivo (Canessa et al. 1994). Moreover, an aromatic pocket in ENaC substitutes the acidic
pocket in ASIC1 (Noreng et al. 2018), consistent with their distinct activation mechanisms.

Because of the homology of ENaC proteins (Hanukoglu & Hanukoglu 2016), these structures
provide an entry to understanding the gating machinery of ENaC/DEG proteins.

Model of Degenerin Mechanogating

As C. elegans DEG lacks the acidic residues forming the acidic pocket of ASIC1 (Eastwood &
Goodman 2012), the collapse of the equivalent pocket area in DEG is hypothetically triggered by
mechanical force if it undergoes a conformational change similar to that of ASIC1 (Figure 1¢).
Force transduction might require additional extracellular proteins such as collagen MEC-5 and
the Kunitz and EGF domain—containing proteins MEC-1 and MEC-9 (Du et al. 1996, Emtage
etal. 2004). These extracellular components may directly associate with the DEG hand and push
or pull the channel open through a tether mechanism (Chalfie 2009). However, there was no
MEC-4 and MEC-5 colocalization in vivo when examined with immuno-EM (Cueva et al. 2007).
Notably, the microtubule composed of special tubulins, MEC-7 and MEC-12, also affects C.
elegans touch sensitivity (Fukushige et al. 1999, Savage et al. 1989), conceivably through indi-
rect processes as a consequence of ubiquitous gene expression regulation in sensory neurons
(Bounoutas et al. 2011).

PIEZO
The Role of Piezo as Mechanosensitive Channels

The discovery of the Piezo channel family was a major breakthrough during the past decade. Most
vertebrates have two Piezo paralogs. Piezol was first identified as a MS channel responsible for
MA current in mouse N2A neuroblastoma cells, and mouse Piezo2 generates force-evoked current
with distinct kinetics of inactivation (Coste et al. 2010). The requirement of Piezo for Drosophila
nociception and zebrafish light-touch response provided the earliest evidence for its involvement
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in mechanosensory-related behaviors (Faucherre et al. 2013, Kim et al. 2012). In HEK293 cells
overexpressing Piezol1/2, MA current could be induced by external forces applied through mul-
tiple ways: pipet pressure, laminar shear stress, blunt-probe poking, optic tweezers, and magnetic
nanoparticles (Coste et al. 2010, 2012; Falleroni et al. 2018; Wu et al. 2016). Piezol also responds
to Myosin-II-mediated internal force (Ellefsen et al. 2019). Multiple point mutations influence the
conductance or kinetics of Piezo channels (Bae et al. 2013a,b; Coste et al. 2015). Purified Piezo
reconstituted into lipid bilayers generates spontaneous current (Coste et al. 2012, Jaggers et al.
2019) and osmolality-sensitive MS current (Syeda et al. 2016). Piezo2 is primarily expressed in
mechanosensory cells such as Merkel cells of hair follicles and hair cells of the auditory system
(Woo et al. 2014, Wu et al. 2017). In contrast, Piezol is predominantly found in nonneuronal cell
types. Hence, Piezol plays a role in a wide range of physiological processes such as cardiovascular
homeostasis (Li et al. 2014), cell-fate determination (He et al. 2018, Pathak et al. 2014, Sugimoto
et al. 2017), axon growth and regeneration (Koser et al. 2016, Song et al. 2019), stem cell aging
(Segel et al. 2019), and innate immunity (Solis et al. 2019). Regulation of Piezol expression also
correlates with the metastasis of certain cancers (Chen et al. 2018, Li et al. 2015). Therefore, Piezo
proteins not only play important roles in mechanosensory transduction but also provide functions
of general relevance to diseases and health (Murthy et al. 2017). These studies underscore the
possibility that MS channels are functionally important in nonsensory organs.

The Architecture of Piezo Proteins

Piezo is the largest ion channel subunit identified to date, composed of over 2,500 amino acid
residues, and it bears no resemblance to other proteins. Piezol adopts a unique architecture (Ge
etal. 2015); higher-resolution structures of Piezol and Piezo2 have revealed features that are likely
relevant to the mechanical gating machinery (Guo & MacKinnon 2017, Saotome etal. 2018, Wang
etal. 2019, Zhao et al. 2018).

Although Piezol and Piezo2 only share ~42% sequence homology, their structures are similar
(Wang et al. 2019). Both Piezol and Piezo2 are homotrimeric channels. The trimer looks like a
propeller or triskelion from the top view: The large TM regions resemble three blades surround-
ing the central pore beneath a cap region (Figure 2b). Each blade consists of nine structurally
repeated arrays, with each repeat composed of four TM segments (Figure 2a,b). All nine repeats
are solved in the Piezo2 structure (Wang et al. 2019), but only three or six repeats closer to the
central axis are assigned in the Piezo1 structures, with three more unresolved repeats at the periph-
eral region based on topology predictions (Guo & MacKinnon 2017, Saotome et al. 2018, Zhao
et al. 2018). Removal of extracellular loops in two repeats in the middle of the blade in Piezol re-
duced the poking- but not the stretching-evoked current, suggesting Piezol may recruit separate
structural elements upon responding to different types of mechanical stimuli (Zhao et al. 2018).
The blade could be further divided into two parts: Repeat7 and repeat8 are connected through
a large cytosolic domain characterized by one long o-helix (the beam, ~9 nm long), followed by
a short coiled peptide (the latch) that contacts the C-terminal domain (CTD) and several helices
(the clasp) that are spatially close to the TM region (Figure 2a,b). Notably, each blade of Piezo1/2
is profoundly curved, and three blades together form a nanodome configuration (Figure 25).

The whole blade is connected to the pore through a wedge-like anchor domain composed of
three semitransmembrane helices. The central pore is formed by two TM a-helices (TM37-38)
immediately adjacent to the CTD. Notably, the ion-accessible pathway is covered by the dome-
like C-terminal extracellular domain (CED). The architecture of the pore-lining helices and CED
together resembles that of ASIC1 or ENaC (Zhao etal. 2017) (Figure 14,b and Figure 2a4,b). The
CTD also contains an open cavity at the center, so ions could possibly enter the pore either along
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Figure 2

Structure and gating model of Piezo. (#) Domain structure of Piezo proteins (rectangle, helix; rectangle arrow, B-sheet; solid line, loop
region that is well resolved; dashed line, loop region that may not be well structured). The regions masked by a gray block are not solved
in the Piezol structure but are solved in the Piezo2 structure. (b)) Two views of an atomic model of mouse Piezol (PDB ID: 5Z10;
https://doi.org/10.2210/pdb5z10/pdb). One subunit is shown in pipes and planks and colored with the same color codes used in
panel . The other two subunits are shown in ribbon diagrams. () A schematic of the Piezo channel gating mechanism. The
transmembrane region of Piezo could induce a membrane curvature, which might be flattened under force. Membrane flattening might
associate with Piezo activation, but the detailed mechanism is unclear.

the symmetry axis of the CTD or laterally through the gap between the CTD and the membrane
(Figure 2¢). The smallest constriction of the pore measures less than 1 A in all structures, indi-
cating a closed conformation. Jointly, the blade, the cytosolic regions (the beam, latch, and clasp),
the anchor, and the CTD may move in a coordinated manner to mediate force transduction and
control channel activation, which is supported by a series of structure-guided mutagenesis studies
in both proteins (Saotome et al. 2018, Taberner et al. 2019, Zhao et al. 2018) and the results from
magnetic nanoparticle-based MS domain identifications in Piezol (Wu et al. 2016).

Membrane Curvature and Piezo Activation

The nanodome configuration at the TM region suggests Piezo1/2 are probably capable of induc-
ing local distortion of the lipid bilayer. Indeed, the curvature is evident not only for detergent-
embedded Piezo1/2 but also for Piezol in small unilamellar vesicles (Guo & MacKinnon 2017, Lin
etal. 2019). Interestingly, the dome becomes more flattened with increased vesicle size, indicating
an interaction between protein and membrane (Lin et al. 2019). Force exerted perpendicularly to
the membrane through atomic force microscopy (AFM) could induce a reversible flattening de-
formation of the dome (Lin et al. 2019). This conformational change may associate with channel
activation, as the calculated half-activation tension under this situation is consistent with earlier
reports (Cox et al. 2016, Lewis & Grandl 2015, Lin et al. 2019). Symmetry-free 3-D classification
of Piezol protein particles also showed that the blades from certain subclasses could be slightly
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flattened and twisted (Ge etal. 2015). Analyses using structure-based modeling approaches suggest
that the free energy generated by membrane distortion tends to enhance the channel sensitivity
by canceling the free energy needed for channel activation if the curvature lessens upon opening
(Guo & MacKinnon 2017, Haselwandter & MacKinnon 2018). This concept is consistent with the
finding that the mechanical sensitivity of Piezol is modulated by the resting membrane tension
(Lewis & Grandl 2015). It will be interesting to examine whether Piezol/2-promoted curvature
also exists in native cells and how the shape of the dome changes in response to mechanical stimuli.

Role of the Cytoskeleton in Piezo Gating

The cytoskeleton is an important energy contributor in channel gating in the curvature model
(Haselwandter & MacKinnon 2018). Disassembly of the actin cytoskeleton by cytochalasin D
can dramatically reduce the amplitude of whole-cell current and the steady-state current during
inactivation of Piezol (Gottlieb et al. 2012). However, the reduction in current can be mostly
reverted after prestressing the channel by swelling the cell. A systematic study on the role of the
cytoskeleton on Piezol activation (Cox et al. 2016) as well as a study on a filamin-knockout mouse
(Retailleau et al. 2015) suggested that the cytoskeleton plays a mechanoprotective role. Loss of the
actin cytoskeleton causes the channel to activate more easily. Hence, the cytoskeleton may affect
Piezo activity as a membrane-tension regulator instead of as a direct stimulus transducer.

TREK/TRAAK
Mechanoactivated Two Pore-Domain Potassium Channel Subfamily

The two pore—domain potassium channels (K2P/KCNK) form a family of potassium-selective
channels. Each channel subunit consists of four TM segments and two reentrant pore-
forming (P) loops (Enyedi & Czirjak 2010). The TREK subfamily proteins, including TREK-
1 (K2P2.1/KCNK2), TREK-2 (K2P10.1/KCNK10), and TRAAK (K2P4.1/KCNK4), are
mechanosensitive and thermosensitive (Bang et al. 2000, Maingret et al. 1999, Noél et al. 2009,
Patel et al. 1998, Pereira et al. 2014). The proteins can be mechanoactivated through membrane
stretch in a heterologous expression system or proteoliposome, indicating a membrane tension—
gated mechanism (Brohawn et al. 2012, 2014a,b). TREK/TRAAK proteins are expressed in both
central and peripheral nervous systems, including sensory neurons of the dorsal root ganglia
(DRG) (Enyedi & Czirjak 2010). Whereas no obvious impairment of mechanosensory-relevant
behavior was detected in TREK-1-, TREK-2-, or TRAAK-knockout mice, the knockout mice
exhibited hypersensitivity to gentle touch (Alloui et al. 2006, Noél et al. 2009, Pereira et al. 2014),
raising the possibility that hyperpolarization mediated by TREK channels may compensate for
depolarization caused by an unknown MS channel in DRG neurons (Alloui et al. 2006). More-
over, hyperpolarization via TRAAK activity can suppress action potential firing by counteracting
the activation of Piezol that causes depolarization in cultured N2A cells (Brohawn et al. 2014b).
These findings may represent a mode of fine-tuning the sensitivity of a mechanosensory organ
through counterinteraction between two or more MS channels.

TREK/TRAAK Structures and the Mechanogating Model

The TM domain organization of the dimeric TREK-1/2 or TRAAK recapitulates that of
tetrameric potassium channels (Brohawn et al. 2012, Dong et al. 2015, Lolicato et al. 2017).
The twofold symmetric channel is rhomboid shaped from the top view, with pore helices and
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Figure 3

Structure and gating model of TRAAK. (2) Domain structure of TRAAK (rectangle, helix). (4) An atomic model of TRAAK (PDB ID:
4WFF; https://doi.org/10.2210/pdb4wft/pdb). One subunit is shown in pipes and planks and colored with the same color codes used
in panel 2. The other subunit is shown in a ribbon diagram. (¢) Two models of TREK/TRAAK gating: a lipid-mediated gating model
(top) and a C-type gating model (bottomz).

selectivity filter arranged in a pseudo-fourfold symmetry. The extracellular loop connecting TM1
and P1 forms a helical cap that blocks the ion-permeable path, only allowing ions to enter the
pore through side portals at the TM region—cap junction (Figure 34,b). TREK-2 and TRAAK
were crystalized in two conformations (Brohawn et al. 2014a, Dong et al. 2015, Lolicato et al.
2014). The TM2 and TM4 inner helices could be kinked by ~20° up toward the outer leaflet
near the middle of the bilayer around a glycine hinge, thus termed the up conformation. At the
down conformation, TM4 is straighter and projects toward the inner leaflet.

When TM4 is down, electron density consistent with a lipid acyl chain accesses the central
cavity of TRAAK and TREK-2 from an intramembrane fenestration and impedes the conductance
path (Brohawn et al. 2014a, Dong et al. 2015). A sensitive measure of ion occupancy showed no
ion at the site occupied by lipid. In contrast, the fenestration is sealed in the up conformation, and
additional ion density was observed in the cavity, with the lipid density nonexistent (Brohawn et al.
2014a). Moreover, TRAAK activity is elevated when the protein is reconstituted into lipids with
a bulky branched acyl chain that is less capable of penetrating the fenestration (Brohawn et al.
2014a). Based on the TRAAK studies as well as the similar conformational changes that TRAAK
and TREK-2 undergo at the two states, Brohawn (2015) proposed a mechanogating mechanism
for TRAAK/TREK proteins: Membrane tension induces concerted movement of the TM helices
and expansion of TRAAK/TREK along the membrane surface, which in turn seals the entrance
for ion path—blocking lipid and opens up the channels (Figure 3c¢). Alternatively, it might be the
lipid that obstructs conformational change, while membrane tension causes lipid rearrangement
to withdraw the acyl chain and promote fenestration closure, as suggested by molecular-dynamic
simulation (Aryal et al. 2017).

An alternative gating model has been proposed based on structures of TRAAK carrying a
G1241 or W262S mutation that causes constitutive activation (Lolicato et al. 2014). The TM4
of the two mutant forms is straight, resembling the down conformation of wild-type TRAAK. In
contrast, M4 in TREK-1, with or without activators, stays at the up conformation (Lolicato et al.
2017). Thus, Lolicato et al. (2017) proposed that the up and down conformations do not neces-
sarily correspond to channel opening and closure, respectively. Instead, the finding that activator
binding eliminated flux-dependent outward rectification supports the idea that channel activation
is controlled by a C-type-like gate composing the selectivity filter (Figure 3c¢). As both models
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are corroborated by structures and electrophysiological data, further investigation may help to
elucidate how mechanical force gates K2P channels.

TRANSIENT RECEPTOR POTENTIAL CHANNELS
Transient Receptor Potential-Family Proteins as Mechanosensors

The transient receptor potential (T'RP) superfamily of nonselective cation channels is divided into
seven subfamilies: TRPV, TRPC, TRPA, TRPM, TRPML, TRPP/PKD, and TRPN/NompC
(Montell 2001). TRP channels are involved in sensing a wide range of stimuli, including light, heat,
smell, pain, and mechanical forces (Clapham 2003). Members from almost every TRP subfamily
show MS characteristics (Arnadéttir & Chalfie 2010, Christensen & Corey 2007, Eijkelkamp et al.
2013), probably because these channels can be activated upon architectural modifications of the
cell membrane (Liu & Montell 2015). However, whether they fulfill the criteria for a MS channel
has been under debate (Arnadéttir & Chalfie 2010, Christensen & Corey 2007). For example,
the suggestion that TRPC1 and TRPC6 are force sensors in the mammalian vesicular system
has not been substantiated by phenotypes of TRPC1- or TRPC6-knockout mice (Dietrich et al.
2005,2007). MA current from heterologously expressed TRPC1 or TRPC6 was reported in some
studies (Maroto et al. 2005, Spassova et al. 2006) but not in others (Gottlieb et al. 2008). Given
these complications, we focus on the MS features of NompC/TRPN, which is a bona fide MS
channel (Walker et al. 2000, Yan et al. 2013).

NompC/TRPN Is a Mechanosensitive Channel

NompC emerged as a MS channel candidate in Drosophila through a genetic screen for mutants
with altered or abolished mechanoreceptor current in sensory bristle (Kernan et al. 1994, Walker
etal. 2000). NompC is expressed in Drosophila peripheral sensory organs, including the Johnston’s
organ, dendritic arborization neurons, campaniform sensilla, and the chordotonal organ (Cheng
etal. 2010, Liang et al. 2011). Drosophila NompC is involved in mechanosensory-related behaviors,
including locomotion (Cheng etal. 2010), gentle-touch sensation (Yan et al. 2013), sound detection
(Effertz et al. 2011, 2012; Lehnert et al. 2013), collective behavior (Ramdya et al. 2015), feeding
(Zhou et al. 2019), and defecation (Zhang et al. 2014). Heterologous expression of NompC in
both Drosophila S2 cells and mammalian HEK cells gives rise to mechanogated-channel activity
(Jin etal. 2017, Yan et al. 2013, Zhang et al. 2015). NompC is a pore-lining MS channel subunit,
because physical properties such as adaptation and ion selectivity of the MA current could be
altered by point mutations (Walker et al. 2000, Yan et al. 2013). NompC homologs exist in species
ranging from Hydra to Xenopus (Schiiler et al. 2015). The C. elegans homolog of NompC, TRP-4,
is a pore-forming subunit of MS channels (Kang et al. 2010) involved in proprioception (Li et al.
2006) and ultrasound detection (Ibsen et al. 2015). Zebrafish and Xenopus TRPN is expressed in
hair cells of the auditory system; zebrafish TRPN is required for hair cell mechanotransduction
(Shin et al. 2005, Sidi et al. 2003).

NompC Is Tether-Gated Through the Microtubule Cytoskeleton

Transmission EM of Drosophila campaniform mechanoreceptors revealed a tether connecting
the microtubule cytoskeleton and plasma membrane, thus named the membrane-microtubule
connector (MMC) (Liang et al. 2013, Sun et al. 2019, Zhang et al. 2015). MMC is very likely
the cytosolic part of NompC, as it is absent in nompc-null mutant flies and elongated in flies
expressing NompC with a duplicated cytosolic domain (Sun et al. 2019, Zhang et al. 2015). The
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Figure 4

Structure and gating model of NompC (rectangle, helix; solid line, loop region that is well resolved; dashed line, loop region that may not
be well structured). (#) Domain structure of NompC. (4) An atomic model of Drosophila NompC (PDB ID: 5VKQ; https://doi.org/
10.2210/pdb5vkq/pdb). One subunit is shown in pipes and planks and colored with the same color codes used in panel 2. The other
three subunits are shown in ribbon diagrams. () A schematic of the NompC gating mechanism. Note that it is still unclear whether
compression or expansion of the ankyrin repeats domain (ARD) causes channel activation. Here, compression of ARD is only shown as

an example.

assessment of the length of MMC, 20 nm (Liang et al. 2013, Zhang et al. 2015) or 40 nm (Sun
et al. 2019), likely varies with the fixation method. NompC colocalization with microtubules in
the heterologous expression system was detected by confocal microscopy (Cheng et al. 2010,
Yan et al. 2018, Zhang et al. 2015). Purified NompC can decorate or cosediment with in vitro—
assembled microtubules (Jin et al. 2017, Zhang et al. 2015). NompC mechanosensing activity
is impaired by pharmacologically disassembling the microtubule in cultured cells (Zhang et al.
2015) or destabilization of the microtubule by reducing tubulin acetylation in the Drosophila
sensory organ (Yan et al. 2018). These observations suggest that NompC physically interacts with
microtubules and that the microtubule cytoskeleton is required for NompC activation. Notably,
there are additional, regularly spaced NompC-independent linkers in nompc-null mutant flies
(Sun et al. 2019). Moreover, NompA, a zona pellucida domain containing TM protein from
support cells ensheathing the neuronal sensory process, may act as an extracellular anchor of the
sensory neurons (Chung et al. 2001, Gépfert & Robert 2003). Thus, whether NompC activation
needs additional internal and external structures remains an open question.

The Structure of NompC

NompC shares a common topological structure of the TM domain with most TRP channels:
The four subunits form a pinwheel-like tetrameric structure from the top view through domain-
swapped chain connectivity, with the pore-lining TM5 and TMG6 protruding to the adjacent sub-
unit (Jin et al. 2017) (Figure 44,b). The central pore of NompC has two major constrictions, with
the lower constriction sealed by an isoleucine residue (I1554), indicating a closed conformation.
A semitransmembrane domain (pre-S1 elbow) was found between the core TM domain and the
cytosolic domains. The elbow later turned out to be a common structural feature in several TRP
proteins, including TRPM2/4/7/8 and TRPC3/4/6 (see Supplemental References). This elbow
resembles the wedge-like anchor domain found in Piezol in that both reside at the junction be-
tween the hypothetical force-sensing apparatus and the pore. However, the exact role of the elbow
remains elusive.
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The cytosolic part of NompC is mainly composed of a gigantic ankyrin repeats domain (ARD),
comprising 29 ankyrin repeats (ARs) at the N terminus (most other TRP proteins have ~5 ARs,
except TRPA and TRPP), and a linker region that connects the ARD with the TM domain
(Figure 4a,b). The linker, the TRP domain (a domain shared by TRP channels) following TMG6,
and the TM4-5 linker stack together, with the TRP domain sandwiched in between. This heli-
cal stack may move coordinately during activation (Jin et al. 2017). The entire ARD of NompC
extends around 20 nm, which is consistent with the length of MMC in chemically fixed campan-
iform sensilla (Liang et al. 2013, Zhang et al. 2015), but the unsolved N-terminal unstructured
region may account for the extra length assessed in samples fixed by high-pressure freezing (Sun
etal. 2019). Each single ARD is organized into a structure that mimics the shape of a helical spring
(Figure 4b). This finding, as well as studies on the elasticity of the individual stack of 24 ankyrin-B
repeats using AFM (Lee et al. 2006), lends support to the prediction that the ARD may function
as a gating spring (Howard & Bechstedt 2004). Notably, adjacent ARDs interact at two contact
sites, and together the four ARDs form a quadruple helical structure. Analyses using structure-
based modeling approaches suggest that force exerted on the ARD along the symmetry axis could
promote rotation of the TRP domain (Argudo et al. 2019, Wang et al. 2019). Compression of
the ARD induces a counterclockwise rotation of the TRP domain from the top view for deflec-
tions of <15 A. When further compressed, the direction of the TRP domain rotation depends on
the tightness of the intersubunit interaction at the upper contact site (Argudo et al. 2019). The
TRP torque could in turn promote rotation of the pore-sealing side chain of 11554 away from the
central canal through the helical stack and lead to an iris-like opening, as suggested for TRPV1
and TRPV6 (Cao et al. 2013, Saotome et al. 2016) (Figure 4¢). Interestingly, simulations indicate
that stretching the ARD of NompC causes a clockwise rotation of the TRP domain from the
top view (Argudo et al. 2019), which may lead to channel closure (Wang et al. 2019). However,
how the microtubule interacts with the ARD and transduces force to the protein remains an open
question.

MECHANOSENSITIVE CHANNELS OF THE TMEM16 SUPERFAMILY
The TMEM16 Superfamily

The transmembrane protein 16/Anoctamin (TMEM16/Ano) family comprises members with
different functions (Whitlock & Hartzell 2016). For instance, the mammalian TMEMI16A and
TMEM16B function as calcium-activated Cl~ channels (Caputo et al. 2008, Schroeder et al. 2008,
Yang et al. 2008), while TMEM16F functions as a calcium-activated nonselective cation channel
and lipid scramblase (Yang et al. 2012). Both TMEM16A and TMEMI16F are dimeric channels.
Each subunit includes 10 TM segments, with TM3-8 lining one ion-conductive path as revealed
by cryo-EM (Alvadia et al. 2019; Dang et al. 2017; Feng et al. 2019; Paulino et al. 2017a,b). Bioin-
formatics analyses using strategies for identifying distant phylogenetic relationships suggest sev-
eral families are evolutionarily related to TMEM16, including the Ca**-permeable stress-gated
cation channel (CSC); transmembrane channel (TMC); and ANO-like, TMC-like, and CSC-like
families (Medrano-Soto et al. 2018). Among those, OSCA of the CSC family and TMC are can-
didate MS channels.

TMC1/2 as Candidate Mechanotransducers in Hair Cells

TMC1 and TMC2 are candidates for the long-sought pore-forming subunits of MS channels
in hair cells of the inner ear (Corey & Holt 2016, Qiu & Miiller 2018). Both fluorescent-tagged
TMC1 and TMC2 are at the tips of hair cell stereocilia (Kawashima etal. 2011, Kurima etal. 2015),
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a structure where MS channels reside (Jaramillo & Hudspeth 1991). Genetic studies in mice
showed that both TMCI1 and TMC2 contribute to MA current in cochlear hair cells at post-
natal stages. The current could be restored in Twcl/2 mutants through expression of either
TMCI or TMC2. One point mutation found in a mouse 77cI-dominant mutant allele causes
a reduction of the single-channel conductance, calcium permeability, and sensitivity to the MS
channel antagonist dihydrostreptomycin (Corns et al. 2016, Pan et al. 2013). Approximately 3—
7% of human deafness mutations reside in the TMCI gene (Imtiaz et al. 2016, Sloan-Heggen
et al. 2016), while the loss of TMC2 does not directly cause hearing loss. Targeted genome edit-
ing of the mouse Twmcl mutant allele Beethoven prevents progressive hearing loss (Gao et al.
2018, Gyorgy et al. 2019). Beyond a role in the mammalian auditory system, TMC family
members are also involved in mechanosensory-related behavior such as locomotion, proprio-
ception, and direction selectivity in Drosophila (Guo et al. 2016, He et al. 2019, Zhang et al.
2016).

Whether TMC1/2 is a pore-forming MS channel subunit and the primary signal transducer
in hair cells has been under debate (Corey & Holt 2016, Fettiplace 2016, Qiu & Miiller 2018,
Wu & Miiller 2016). TMC might function as part of a large protein complex that requires other
membrane components, including TMIE and TMHS/LHFPLS5 at the tip link (Xiong et al. 2012,
Zhao et al. 2014). Loss of those components also causes deafness; similar changes in conductance
and selectivity as observed in the Beethoven mutant could be recapitulated by mutations in other
proteins at the tip link (Beurg et al. 2015, Xiong et al. 2012). MA current disappears in Twmie-
deficient mouse cochlear hair cells with tip links remaining intact (Zhao et al. 2014), although
TMIE in zebrafish might be involved in recruiting TMC to the right site in hair cells instead
of direct ion conductance (Pacentine & Nicolson 2019). Moreover, reconstituting the channel
activity of TMC in vitro remains a major challenge. Except for one study with C. elegans TMC
that functions as a chemosensor instead of a force sensor (Chatzigeorgiou et al. 2013, Wang et al.
2016), overexpressed TMC1/2 from different species failed to reach the plasma membrane (Guo
etal. 2016, Labay etal. 2010, Zhang et al. 2016, Zhao et al. 2014). Although coexpression of TMC1
with the KCNQ1 K* channel may promote plasma membrane localization of TMCI, no MA
current was detected from the presumed hybrid complex (Harkcom et al. 2019). To circumvent
the failure of membrane localization as an obstacle for studying the function of TMC, Jia et al.
(2020) purified TMC1 from the green sea turtle and TMC2 from the budgerigar and reconstituted
MA channel activity in proteoliposome, which thus provided direct evidence that TMC1/2 can
be pore-forming subunits of a MS channel.

In the absence of TMC structures, bioinformatics analyses predict 10 TM segments in TMC1.
Molecular mass estimation of TMCs by size exclusion chromatography suggests that TMC is a
dimer (Jia etal. 2020, Pan et al. 2018), which was confirmed by two-dimensional images of TMC1
by cryo-EM (Pan et al. 2018). This topology is similar to that of TMEMI16, prompting the gen-
eration of homology models of TMCI1 (Ballesteros et al. 2018, Pan et al. 2018). TM6-8, the most
conserved region among TMC homologs, are part of the hypothetical pore-lining helices. Un-
like TMEM16, the surface around the cavity of TMC1 is negatively charged overall, consistent
with the cation selectivity of mechanoreceptors in hair cells (Corey & Hudspeth 1979). Interest-
ingly, the model-based molecular dynamics simulation revealed the existence of potassium ions
and water molecules in the TM4-7 groove, indicating an ion-permeation pathway. Substituting
the predicted pore-lining residues with cysteines and covalently linking a methanethiosulfonate
reagent to the cysteine resulted in either decreased transduction current or reduced cation selec-
tivity when these cysteine substitution constructs were expressed in Twzc1/Tmc2 double-knockout
mice (Pan et al. 2018). These findings also support the role of TMC1/2 as pore-forming subunits
of a MS channel. Although TMC1 and TMEM16A could be structurally similar, the attempt to

www.annualreviews.org o Structural Features of Mechanotransduction

TMIE:
transmembrane inner
ear

TMHS: tetraspan
membrane protein of
hair cell stereocilia

219



Supplemental Material >

220

reconstitute channel activity of two chimeric TMEM16A-TMCI proteins in HEK293 cells was
unsuccessful due to persistent intracellular localization (Ballesteros et al. 2018).

OSCA/TMEMG63

OSCA, a channel conserved across eukaryotes, was initially identified as an osmolality sensor
in plants (Hou et al. 2014, Yuan et al. 2014). When expressed in mammalian HEK293 cells,
Arabidopsis thaliana (At) OSCAL.1 and OSCAL1.2 could generate pressure-evoked current (Murthy
et al. 2018, Zhang et al. 2018b) but without obvious osmolality-sensitive current (Maity et al.
2019, Murthy et al. 2018). This current could be enhanced by lysophosphatidylcholine (Zhang
et al. 2018b). Proteoliposome-reconstituted At OSCAL.2 could be directly activated by stretch
(Murthy et al. 2018).

Cryo-EM structures of OSCA proteins reveal that OSCA forms a symmetric homodimer with
each subunit containing 11 TM segments (Jojoa-Cruz et al. 2018, Liu et al. 2018, Maity et al.
2019, Zhang et al. 2018b). OSCA and TMEMI16 share a similar architecture, notwithstanding
slight differences in dimer assembly (Supplemental Figure 2¢), even though their primary se-
quences are only remotely related. Ten of the 11 TM segments of OSCA align closely with the
topology of the 10 TM segments of mMTMEMI6A (Dang et al. 2017; Paulino et al. 2017a,b). One
extra N-terminal TM helix positioned at the periphery of the dimer is assigned TMO for the con-
venience of comparison with TMEM16 (Jojoa-Cruz et al. 2018, Maity et al. 2019, Zhang et al.
2018b) (Supplemental Figure 24). Each OSCA subunit contains one ion-permeable pore lined
with TM3-7, the most conserved region of the protein. The narrowest region of the pore measures
less than 1 A, indicating a closed state. Single-channel conductance is reduced by structure-guided
mutation of a negatively charged glutamate residue (E531A) facing the pore or a glutamate residue
(E462K) protruding to a vestibule at the cytosolic end of the pore in 4t OSCA1.2 (Jojoa-Cruz et al.
2018, Zhang et al. 2018b). Notably, a glycine residue (G530) may establish a hinge in the TM6
of At OSCA1.2 (Liu et al. 2018). Similarly, TM6 is kinked at a glycine residue in the Ca**-bound
conformation of TMEMI16A (Dang et al. 2017, Paulino et al. 2017a) and at a proline residue in
the PIP;-bound conformation of TMEMIGF (Feng et al. 2019). The kinks could be function-
ally relevant: For TMEM16A, the distortion might be related to Ca’*-dependent activation; for
TMEMI16F and its fungal homolog with scramblase activity, the kink induces a remarkable mem-
brane distortion, which could be an intermediate step during lipid scrambling (Falzone et al. 2019,
Feng etal. 2019). It will be interesting to check whether TMG6 plays a similar role during OSCA ac-
tivation. Two of the linkers connecting TMs might be functionally important: A wedge-like semi-
transmembrane anchor links TMO and TM1 of OSCA and the cytosolic part of OSCA, mainly
composed of a series of a-helices and B-sheets that link TM2 and TM3. The cytosolic linkers
of OSCA homologs vary in structures, possibly related to different channel properties (Liu et al.
2018, Murthy et al. 2018). Both the anchor and the cytosolic linker may be part of the mech-
anotransduction machinery during the concerted movement of the mechanotransducing modules
(Jojoa-Cruz et al. 2018, Liu et al. 2018), whereas the presence of a relatively small ectomembrane
domain and the direct channel activation in proteoliposome indicate that OSCA gating may rely
on a tension-based mechanism similar to that of TRAAK or bacterial MscS (Jojoa-Cruz et al.
2018, Liu et al. 2018, Murthy et al. 2018, Zhang et al. 2018b).

A systematic examination of TMEMSG63, the animal homolog of OSCA, demonstrated that het-
erologously expressed TMEMG63 from Drosophila, mouse, and human can be activated by negative
pressure applied to an excision patch (Murthy et al. 2018). These results indicate that the MS
characteristics of OSCA family proteins are conserved, even though TMEMG63 family members
only share less than 20% identity with OSCAs in primary amino acid sequences. Determining the
physiological function of TMEMS63 family members in animals will be of much interest.
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CONCLUSIONS AND PERSPECTIVES

When the criteria for defining a MS channel were developed, DEG was the most convincing case
of metazoan MS channels (Arnadéttir & Chalfie 2010). Over the past decade, more MS channels
have been identified or confirmed, with structures available in most cases for deciphering the
molecular principles of mechanotransduction. In addition, there are more candidates that remain
to be validated as MS channels, including TMEM150, Brvl, and CFTR (Anderson et al. 2018;
Hong etal.2016; Zhang etal. 2010, 2018a). Meanwhile, the search for new MS channels continues.
For example, a culture-based high-throughput assay has been developed to screen for receptors
that could respond to laminar shear stress (Xu et al. 2018).

Besides identifying new MS channels, it will be important to ask whether there is a gen-
eral mechanism underlying channel gating. Could membrane tension underlie both types of
mechanogating, including the tether-mediated gating, as was previously proposed (Kung 2005,
Teng et al. 2014)? It was reported that the channel sensitivity of Piezol/2 could be tuned by
stomatin-like protein-3 (STOML3), a membrane-stiffness regulator, through recruiting choles-
terol to the lipid rafts surrounding the channel (Poole et al. 2014, Qi et al. 2015). Interestingly,
MEC-2, a C. elegans protein evolutionarily related to STOMLS3, was shown to modulate the
activity of the extracellular tether—gated DEG channel. The intracellular tether-gated channel
NompC may also react to temperature-induced architectural rearrangement of the cell mem-
brane, since NompC is needed to mediate an acute cold-evoked behavior in Drosophila larvae
(Turner et al. 2016). Notably, a few lipid molecules reside in a hydrophobic bay within the TM re-
gion of NompC. Mutation of a hypothetical lipid-interacting histidine residue (H1423) abolished
the mechanogated current (Jin et al. 2017). However, whether H1423 and the lipids are directly
involved in tension sensing is unclear. In addition, it appears that a semitransmembrane anchor ex-
ists in multiple MS channels or MS channel candidates, including MscL, Piezol, TRPCs, TRPMs,
NompC, OSCA, and CFTR (named lasso motif; Zhang & Chen 2016), which might function as a
tension sensor. Such questions regarding mechanotransduction may be resolved by characterizing
more MS channels and their important structural features.
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