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SUMMARY

Piezo proteins have been proposed as the long-
sought-after mechanosensitive cation channels in
mammals that play critical roles in various mechano-
transduction processes. However, the molecular ba-
ses that underlie their ion permeation and mechano-
transduction have remained functionally undefined.
Here we report our finding of the miniature pore-
forming module of Piezo1 that resembles the pore
architecture of other trimeric channels and encodes
the essential pore properties. We further identified
specific residues within the pore module that deter-
mine unitary conductance, pore blockage and ion
selectivity for divalent and monovalent cations and
anions. The non-pore-containing region of Piezo1
confers mechanosensitivity to mechano-insensitive
trimeric acid-sensing ion channels, demonstrating
that Piezo1 channels possess intrinsic mechano-
transduction modules separate from their pore mod-
ules. In conclusion, this is the first report on the bona
fide pore module and mechanotransduction compo-
nents of Piezo channels, which define their ion-con-
ducting properties and gating by mechanical stimuli,
respectively.

INTRODUCTION

Mechanosensitive (MS) channels represent a class of ion chan-

nels that gate upon mechanical force stimulation. They are func-

tionally conserved from prokaryotic to eukaryotic species and

serve as mechanotransducers in various mechanotransduction

processes such as touch and pain sensation, hearing, blood

pressure regulation, and osmoregulation (Anishkin et al., 2014;

Chalfie, 2009; Kung et al., 2010; Nilius and Honoré, 2012; Ra-

nade et al., 2015). While the first MS current was recorded about

30 years ago (Guharay and Sachs, 1984) and prokaryotic MS

channels have been identified and studied for over 25 years

(Martinac et al., 1990; Sukharev et al., 1994), the molecular iden-

tities of MS cation channels in mammals have remained un-

known. Patapoutian and colleagues have recently identified
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the evolutionarily conserved Piezo family of proteins, including

Piezo1 and Piezo2, as essential components of mammalian

MS cation channels (Coste et al., 2010). Following their

identification, it has been increasingly demonstrated that the

Piezo proteins play critical roles in various mechanotransduc-

tion processes (Ranade et al., 2015), including mechanical

nociception (Kim et al., 2012), gentle touch sensation (Faucherre

et al., 2013; Ikeda et al., 2014; Maksimovic et al., 2014; Ranade

et al., 2014b; Schneider et al., 2014; Woo et al., 2014),

proprioception (Woo et al., 2015), vascular development and

function (Li et al., 2014; Ranade et al., 2014a; Retailleau et al.,

2015), and red blood cell volume regulation (Cahalan et al.,

2015; Faucherre et al., 2014). In human, mutations of Piezo1 or

Piezo2 genes resulting in altered channel functions have

been linked to a number of genetic diseases (Albuisson et al.,

2013; Coste et al., 2013; Fotiou et al., 2015; Lukacs et al.,

2015; McMillin et al., 2014; Zarychanski et al., 2012). These

studies have revealed that the Piezo proteins are a physiologi-

cally and pathophysiologically important class of biological

mechanotransducers.

Piezos are large transmembrane proteins that contain over

2,500 amino acids and are predicted to have numerous trans-

membrane segments (TMs) (Coste et al., 2010, 2015; Kamajaya

et al., 2014; Nilius and Honoré, 2012). Furthermore, they do not

possess notable sequence homology with any known class of

ion channels. These features make it difficult to study their struc-

ture-function relationship using traditional site-directed muta-

genesis approaches. Coste et al. have previously shown that

mouse Piezo1 (mPiezo1) forms homo-oligomers and is sufficient

to mediate spontaneous ruthenium red (RR)-sensitive cationic

currents when reconstituted into lipid bilayers, suggesting that

Piezo proteins form ion channels (Coste et al., 2012). However,

since the pore sequence has not yet been experimentally identi-

fied, whether Piezo proteins are indeed pore-forming subunits of

MS cation channels remains debatable (Nilius and Honoré,

2012). Furthermore, it is not clear how Piezo channels conduct

ions and gate upon force stimulation and what their underlying

molecular bases are.

We have recently resolved the cryo-electron microscopy

(cryo-EM) structure of full-length mPiezo1 (2,547 amino acids

in each protomer) at sub-nanometer resolution that provides

important insights into its structural organization and offers plau-

sible explanation for its function in mechanotransduction pro-

cesses (Ge et al., 2015). Remarkably, mPiezo1 forms a trimeric
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Figure 1. Structural and Topological Models of Piezo1

(A) A cartoon model illustrates the architecture of trimeric mPiezo1 channels (only two out of three subunits are shown) that consists of the putative central pore

(red) and the peripheral regions (blue). The featured structures are labeled (adopted from Ge et al., 2015). The red dashed lines indicate potential ion-conducting

pathways along the central pore comprising the extracellular vestibule (EV), membrane vestibule (MV), and intracellular vestibule (IV).

(B) A topologymodel of the full-lengthmPiezo1 protein based on its cryo-EM structure. Potentially un-resolved TM regions in the structure are represented in gray.

OH, IH, and CTD are tentatively assigned.

(C) Left: surface representation (transparent) of the cryo-electronmicroscopy densitymap of the potential central pore-module ofmPiezo1 superimposedwith the

separately colored alaninemodel comprising the OH, IH, and CTD regions and the CED’s crystal structure (adopted from PDB 4RAX for the CED and 3JAC for the

full-length mPiezo1 and Ge et al. [2015]). It should be noted that the map density lacks at the junction positions of the N and C termini of the CED and the OH and

IH. The red dashed lines indicate potential ion-conducting pathways. Right: the trimeric chick ASIC1 structure for comparison (adopted from PDB 2QTS).
three-bladed, propeller-shaped structure with a putative central

pore module comprising the outer helix (OH), C-terminal extra-

cellular domain (CED), inner helix (IH) and intracellular C-terminal

domain (CTD), and peripheral regions composed of the extracel-

lular ‘‘blade’’ domains, 12 apparently resolved peripheral helices

(PHs) in each subunit and intracellular ‘‘beam’’ and ‘‘anchor’’ do-

mains (Figures 1A–1C) (Ge et al., 2015). The peripheral regions

might function as force sensors and transducers to gate the cen-

tral pore (Ge et al., 2015).

The putative pore module has been tentatively assigned to the

most distal C-terminal region (residues from 2,189 to 2,547) of

mPiezo1 that contains the last two putative TMs, CED and

CTD (Figure 1B) (Ge et al., 2015), which is structurally reminis-

cent of the trimeric acid-sensing ion channel 1 (ASIC1) or ATP-

gated P2X4 receptors that essentially contain two TMs and a

large extracellular domain in each protomer (Figure 1C) (Gon-

zales et al., 2009; Kawate et al., 2009). However, due to the

medium-resolution cryo-EM structure of mPiezo1, the lack of

side-chain information and reliable density connections between

CEDs, which are the only structures resolved at the atomistic

scale, and the flanking OH-IH TM pairs introduces important un-

certainties about the assignment of primary sequence into the

pore region (Figure 1C) (Ge et al., 2015). In line with this ambigu-

ity, the assignment of the structurally indicated pore region of

mPiezo1 appears to contradict to a previous study showing

that human Piezo1 lacking the entire C terminus starting from
residue 2,218 (the corresponding residue 2,234 in mPiezo1) re-

tains stretch-activated channel activities (Bae et al., 2013), indi-

cating that this region is not essential for ion conduction. Further-

more, Coste et al. have recently reported that mutations of a

glutamate residue E2133 affect unitary conductance and ion

selectivity of the channel (Coste et al., 2015). However, neutral-

izing E2133 to alanine did not abolish the blocking effect of ruthe-

nium red (RR), a pore blocker of Piezo1 channels. On the basis of

the mPiezo1 structure, E2133 might be located in the ‘‘anchor’’

domain instead of the structurally indicated pore region (Ge

et al., 2015), potentially impacting the ion-conducting properties

via allosteric effect. Therefore, despite these previous studies,

the molecular basis of the ion-conducting pore of Piezo proteins

is yet to be functionally determined. Furthermore, other func-

tional components deduced from the structure are completely

undefined. For example, do the peripheral non-pore-containing

regions serve as force sensors and transducers?

Given these unresolved but fundamental questions, here we

have systematically investigated the molecular bases of the

ion-conducting pathway and mechanotransduction mecha-

nisms of the Piezo1 channel, which enabled us to identify their

bona fide ion-conducting pore and mechanotransduction com-

ponents. These findings firmly establish Piezo proteins as

genuine MS cation channels with intrinsic mechanotransduction

components and thus provide important insights into their ion-

conducting and mechanostranduction properties.
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RESULTS

Residues 2,189–2,547 of mPiezo1 Determine Species-
Dependent Pore Properties
To explore whether the putative pore module (residues 2,189–

2,547) determines the pore properties of Piezo1 channels, we

took advantage of the distinct pore properties between mPiezo1

and fly Piezo (dPiezo) (Coste et al., 2012). The single-channel

conductance of mPiezo1 is about ten times that of dPiezo

(�30 pS versus 3 pS) (Coste et al., 2012). Furthermore,

mPiezo1-mediated currents can be effectively blocked by the

polycationic blocker ruthenium red (RR) only at negative poten-

tials when applied from the extracellular side, suggesting a

pore-blocking mechanism (Coste et al., 2012). However, RR

does not block dPiezo-mediated currents (Coste et al., 2012).

dPiezo also displays faster inactivation kinetics when mechani-

cally activated (Coste et al., 2012). We generated chimeras be-

tweenmPiezo1 and dPiezo by swapping the putative pore region

(2,189–2,547 of mPiezo1) that has an overall 31% sequence ho-

mology between the two species (Figure S1 and Figure 2A). Live

cell immunostaining revealed that the chimera expressed nor-

mally at the plasma membrane (Figure 2B).

We focused on RR sensitivity of mechanically activated (MA)

whole-cell currents and unitary conductance of stretch-acti-

vated currents recorded in cell-attached configuration in trans-

fected HEK293T cells (Figures 2C–2H and Figure S2). Strikingly,

replacing residues 2,189–2,547 of mPiezo1 with the correspond-

ing region of dPiezo resulted in a chimeric channel (mP1/dP-

Pore) that was insensitive to RR blockage (Figures 2C and 2D)

and had dPiezo-like single-channel properties with frequent

spiky openings (Figure 2E and Figures S2F and S2G) and a

single-channel conductance of 2.5 ± 0.3 pS (Figures 2E–2H).

Thus, the mP1/dP-Pore chimera exhibited pore properties remi-

niscent of dPiezo but distinct from mPiezo1. The mutant also

showed reduced whole-cell MA currents (Figures S2A and

S2B) and faster inactivation kinetics (Figures S2C and S2D).

The reciprocal chimera was not functional, preventing further

characterization (Table S1). However, a recent study has shown

that replacing the larger C-terminal region of dPiezo with resi-

dues 1,715–2,547 of mPiezo1 (containing the putative poremod-

ule [�2,189–2,547], the ‘‘anchor’’ domain [�2,100–2,188], PH1-4

[�1,961–2,100], and unassigned residues [1,715–1,960]) led to a

chimeric channel with pore properties reminiscent of mPiezo1

(Coste et al., 2015). Collectively, these data suggest that resi-

dues 2,189–2,547 of mPiezo1 determine the fundamental pore

properties, including unitary conductance and pore blockage,

as well as other channel properties such as current amplitude

and inactivation kinetics.

Consistent with the importance of this region in dictating pore

properties of the channel, truncating mPiezo1 at residue 2,190,

2,234, or other C-terminal positions all resulted in non-functional

channels despite the fact that they showed similar immunostain-

ing pattern as that of mPiezo1 and retained the ability to form

oligomers (Table S1 and Figures S3A and S3B). Notably, a pre-

vious study showed that cells transfected with human Piezo1

lacking the C-terminal region starting from residue 2,218 (corre-

sponding to residue 2,234 in mPiezo1) displayed stretch-acti-

vated currents with properties drastically different from those
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of the wild-type Piezo1-mediated currents (Bae et al., 2013).

However, neither mPiezo1-2,234 nor hPiezo1-2,218 gave rise

to MA whole-cell currents (Figures S3C–S3F). A portion of either

the mutant- or control-transfected cells (also observed in a pre-

vious study [Bae et al., 2011]) showed stretch-activated currents

only at high negative pressures (Figure S3K), which were sub-

stantially different fromwild-type Piezo1-mediated currents (Fig-

ures S3G–S3J) and were insensitive to RR blocking (Figures S3L

and S3M). These data indicate that this type of potentially

endogenous current is unlikely to be mediated by the bona fide

pore of Piezo1 channels.

We further characterized mouse-fly chimeras with shorter re-

gion swapping including mP1/dP-OH, mP1/dP-CED, mP1/dP-

IH/CTD, mP1/dP-IH, and mP1/dP-CTD (Figure 2A and Table

S1). Despite relatively normal plasma membrane expression of

all the chimeric channels (Figure 2B), their whole-cell MA cur-

rents had smaller amplitude and faster inactivation kinetics (Fig-

ures S2A–S2D and Table S1), indicating potential alteration of

the pore integrity caused by domain swapping. In line with the

pore region in affecting inactivation kinetics, numerous dis-

ease-causing mutations have been identified in the C-terminal

region and their major functional impact is to slow inactivation

of the channel (Albuisson et al., 2013; Bae et al., 2013; Coste

et al., 2013). Currently, it is not clear how alteration of the pore

domain leads to change of the inactivation properties of Piezo1

channels. Interestingly, mP1/dP-CED, but not other shorter chi-

meras, became insensitive to RR blocking (Figures 2C and 2D

and Figure S2E) and also displayed single-channel properties

(3.87 ± 0.3 pS) similar to dPiezo (Figures 2E–2H and Figures

S2F and S2G). These data demonstrate that CED (residues

2,214–2,457) within the proposed pore region plays a key role

in determining the distinct pore properties of mPiezo1 and

dPiezo.

CED Mediates Efficient Ion Conduction and Cation
Selectivity
On the basis of the mPiezo1 pore-module (Figures 1A–1C), CED

trimerizes to form a ‘‘Cap’’ structure that encloses an extracel-

lular vestibule with three fenestration openings (Figure 3A) (Ge

et al., 2015), which may allow cations to enter or exit the trans-

membrane pore. We speculated that the ‘‘Cap’’ structure may

provide a mechanism for enriching cations at the extracellular

vestibule by utilizing a large patch of negatively charged residues

(DEEED at the position from 2,393 to 2,397) at the fenestration

sites (Figure 3A), to ensure efficient ion conduction. Indeed,

either deleting CED (residues 2,219–2,453) (mPiezo1-DCED) or

mutating residues DEEED(2,393–2,397) to AAAAA (DEEED

[2,393–2,397]-AAAAA) resulted in markedly reduced maximal

MA currents despite normal protein expression at the plasma

membrane (Figures 3B, 3C, 3E, and 3F). The inactivation kinetics

of the mutants was comparable to that of mPiezo1 (Figure 3B

and Figure S4A).

mPiezo1 channels are cation selective with a slight prefer-

ence for Ca2+ over monovalent cations (Coste et al., 2010)

but also have a low permeability of anions (permeability ratio

of Cl� over Na+ [PCl/PNa] = 14%) (Coste et al., 2015). We tested

whether these negatively charged residues are involved in

determining cation selectivity of mPiezo1. Under 150 mM
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CsCl (intracellular solution)/100 mM CaCl2 (extracellular solu-

tion) asymmetric recording conditions, we found that the

mPiezo1-DEEED(2,393–2,397)-AAAAA mutant had significantly

reduced reversal potential compared to wild-type mPiezo1

(7.4 ± 0.8 versus 12.7 ± 0.8 mV) (Figures 3G–3I and Figures

S4B and S4C), indicating altered ion selectivity due to either

an increase in chloride permeability or a decrease in Ca2+

permeability over Cs+. Given that these residues are located

at the wide fenestration sites of the extracellular vestibule,

which is about 8 Å above the ion-conducting pore within the

membrane (Figures 1C and 3A) (Ge et al., 2015), we reasoned

that they are more likely to be involved in the preference for

cations over anions via an electrostatic effect, rather than

discriminating between Ca2+ and Cs+. Indeed, compared to

mPiezo1 (PCl/PNa = 8.2% ± 2.1%), mPiezo1-DEEED(2,393–

23,97)-AAAAA had significantly higher permeability to chloride

(PCl/PNa = 26.7% ± 6.0%) (Figure 3J and Figure S4D). By

contrast, the selectivity between Ca2+ and Cs+ was not altered

in the mutant (Figure 3K and Figure S4E). Taken together, these

data suggest that the CED constitutes the extracellular ion-con-

ducting pathway to regulate ion permeation and selectivity

properties of Piezo1 channels.

On the basis of sequence alignment of the CED from various

species (Figure S1) and the highly conserved 3D structures of

CEDs derived from Caenorhabditis elegans and mouse Piezo1

(Ge et al., 2015; Kamajaya et al., 2014), the corresponding resi-

dues at the fenestration sites of dPiezo are positively charged

lysine, histidine, and neutral tyrosine of large side chain (KHYD

[2,489–2,492]), rather than the stretch of negatively charged

residues (DEEED) ofmPiezo1 (FigureS1). This raises thepossibil-

ity that these residues might account for the distinct single-

channel conductance and RR sensitivity of mPiezo1 and

dPiezo (Figure 2). However, both mPiezo1-DCED and mPiezo1-

DEEED(2,393–2,397)-AAAAA remained to be effectively blocked

by RR (Figure 3D), indicating that CED and these acidic residues

are not essential for RR sensitivity of mPiezo1, despite the critical

role of CED in determining the distinct responses of mPiezo1

and dPiezo to RR (see below Figure 6). Furthermore, compared

to mPiezo1, mPiezo1-DEEED(2,393–2,397)-AAAAA had un-

changed single-channel conductance (Figure 3L). Thus, these

residues are not responsible for the distinct pore properties of

mPiezo1 and dPiezo, and the key determinants within CED

remain to be identified.
Figure 2. Residues 2,189–2,547 Encode Pore Properties of Piezo1 Cha

(A) Schematic view of mPiezo1 and dPiezo chimeras of the proposed pore-mo

Table S1.

(B) Immunofluorescent staining images of cells transfected with the indicated con

and permeabilization (bottom). The FLAG-tag epitope was inserted after the resi

(C) Representative MA current traces at �70 mV from cells transfected with the

(D) Average of percentage of MA currents unblocked by 50 mM RR at �70 mV. O

(E) Representative stretch-activated channel openings elicited by �5 mmHg pr

section of the recordings indicated by the red line in the top trace is shown in th

(F) Single-channel amplitude difference in Gaussian fits of full-trace histograms f

(G) Linear regression fit of average single-channel I-V relationships. Single-channe

trace histograms.

(H) Average unitary conductance of stretch-activated channels in cells transfecte

mPiezo1.

All bar panels represent mean ± SEM, and the number of tested cells is labeled.
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The Last Putative TM Forms the Pore-Lining IH
The lack of reliable electron density at the junction points of CED

and the IH-OH pair made the assignment of these two

helices into the pore module ambiguous (Figure 1C). To test

whether the last TM forms the pore-lining IH of the Piezo1 chan-

nel, we employed the substituted-cysteine accessibility method

(SCAM) that has been widely used for probing channel pore

positions (Akabas et al., 1992; Li et al., 2011). We generated

cysteine substitution mutants of eight consecutive residues

(2,461–2,468) that likely span two turns of alpha helix in the extra-

cellular side of the last TM (Figure 4A) and assayed their MA

currents and accessibility by the thiol-reactive reagent 2-sulfo-

natoethyl methanethiosulfonate sodium salt (MTSES). Among

these mutants, G2463C, Y2464C, V2467C, and G2468C had

normal MA currents, while L2461C, A2462C, G2465C, and

I2466C had drastically reduced MA currents (Figure 4C and

Table S1). We next focused on the four mutants with normal

MA currents for testing MTSES accessibility (Figures 4D–4M

and Table S1). MA currents in cells expressing mPiezo1,

G2463C, or G2468C could only be transiently blocked by

MTSES because the effect was reversed upon washing (Figures

4D–4I). These data indicate a non-covalent blocking mechanism

and exclude the involvement of covalent modification of native

cysteine residues of mPiezo1 in blocking the channel. Indeed,

there are no native cysteine residues in the last putative TM (Fig-

ure 4A). By contrast, MTSES induced a blocking effect on

Y2464C- or V2467C-mediated MA currents that could only be

reversed upon application of the reducing agent dithiothreitol

(DTT) (Figures 4J–4M), suggesting a covalent modification of

these two residues. Since no such covalent modification was

observed in the neighboring residue G2463C and G2468C,

Y2464 and V2467 most likely face the ion-conducting pore so

that MTSES can access them to covalently block the pore in a

periodic fashion (Figures 4A and 4B). Notably, mutating residues

located in the opposite side (L2461, A2462, G2465, and I2466) all

resulted in drastically reduced MA currents (Figure 4C and Table

S1), indicating that proper interaction of these residues with

either lipid membrane or residues in OH is required for maintain-

ing the pore integrity, in agreement with the observation that

swapping the IH or OH of mPiezo1 and dPiezo resulted in

chimeric channels with drastically reduced MA currents as well

(Figures S2A and S2B). Furthermore, despite the lack of

charge-selecting residues in the putative pore helix, it appears
nnels

dule region. Amino acid compositions of the constructs are summarized in

structs with the anti-FLAG antibody either in live labeling (top) or after fixation

due S102 of mPiezo1.

indicated constructs before (black) and after (red) application of 50 mM RR.

ne-way ANOVA with Dunn’s comparison to mPiezo1 with vehicle treatment.

essure at �180 mV from cells transfected with the indicated constructs. The

e bottom trace at a 6-fold higher time resolution.

or the indicated constructs recorded at �180 mV.

l amplitude was determined as the amplitude difference in Gaussian fits of full-

d with the indicated constructs. One-way ANOVA with Dunn’s comparison to

***p < 0.001, **p < 0.01.



Figure 3. CED Controls Ion Conduction and Cation Selectivity

(A) Electrostatic surface potential of trimeric CEDs with the DEEED (2,393–2,397) residues highlighted (adopted from PDB 4RAX).

(B) Representative traces of MA inward currents at �70 mV evoked by a series of mechanically probing steps in 1 mm increments in whole-cell configuration.

(C) Average of maximal MA currents. One-way ANOVA with Dunn’s comparison to mPiezo1.

(D) Average of MA currents unblocked by either 30 mM or 50 mM RR of the indicated constructs. One-way ANOVA with Dunn’s comparison to mPiezo1.

(E) Immunofluorescent staining images of cells transfected with mPiezo1-S102FLAG-IRES-GFP, mPiezo1-DCED-S102FLAG-IRES-GFP or mPiezo1-

DEEED(2,393–2,397)/AAAAA-S102FLAG-IRES-GFP with the anti-FLAG antibody either in live labeling (top) or after fixation and permeabilization (bottom).

(F) Average of the fluorescent signals upon live labeling shown in (E) by the Imaris software.

(G) Representative traces of MA currents recorded with 150mMCsCl based intracellular solution and 100mMCaCl2 extracellular solution. Currents were elicited

from �89.4 to +70.6 (after subtraction of liquid junction potential), D20 mV. The red trace represents the current elicited at 10.4 mV.

(H) Linear regression fit of average I-V relationships of the indicated constructs from �29.4 mV to +30.6 mV recorded under the condition described in (G). (Also

see Experimental Procedures and Figures S4B and S4C.)

(I) Average reversal potentials of individual cells transfected with the indicated constructs recorded under the condition described in (G). Unpaired Student’s t test.

(J) Average permeability ratio of Cl� and Na+ (PCl/PNa) of cells transfected with the indicated constructs recorded with internal solution containing 150 mM NaCl

and external solution containing 30 mM NaCl (Figure S4D). Unpaired Student’s t test.

(legend continued on next page)
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that the helical side with residues accessible by MTSES is more

hydrophilic than the other side (Figure 4A). Collectively, these

studies strongly suggest that the last TM forms the pore-lining

IH, consistent with the structural assignment (Figure 4B). Pre-

dictably, when this TM region was deleted together with CED

(mPiezo1-D2219-2481 or mPiezo1-D2219-2515), the resulting

mutants showed no MA currents despite relatively normal pro-

tein expression and oligomerization (Figure S3B).

Acidic Residues Located in the Intracellular CTD
Constitute the Key Pore Determinants
Negatively charged residues along the ion-conducting pathway

of cation channels are generally involved in determining pore

properties including unitary conductance, ion selectivity, and

pore blockage (Owsianik et al., 2006). The last putative TM of

Piezo1 that lines the pore does not contain acidic residues (Fig-

ure 4A) but is followed by several ones in the intracellular CTD,

including E2487, E2495, E2496, D2501, and D2509 (Figure 5A).

We examined whether these residues are involved in deter-

mining Piezo pore properties (Figures 5 and 6). Notably, simulta-

neously mutating E2495, E2496, and D2501 to lysine (K)

(mPiezo1-E2495E2496D2501-KKK mutant) drastically reduced

the single-channel conductance (10.3 ± 1.2 pS versus 27.3 ±

1.8 pS of mPiezo1) (Figures 5B, 5E, and 5H). Further character-

ization of individual mutations revealed that E2487K, E2495K,

and E2496K all had significantly reduced single-channel

conductance, while D2501K and D2509K mutants were not

different from WT (Figure 5H). The effect of E2495K and

E2496K is less prominent than mPiezo1-EED-KKK mutant, indi-

cating an additive effect of E2495 and E2496 (Figure 5H).

We next focused on characterizing E2495 and E2496 because

mutating E2487 to alanine (A) did not alter the conductance (Fig-

ure 5H), and it is not well conserved (Figure 5A and Figure S1).

We mutated E2495 and E2496 to alanine (without side chain

and charge), glutamine (Q) (similar side change but without nega-

tive charge), and aspartic acid (D) (smaller side change but with

negative charge), respectively. Interestingly, these mutations all

resulted in significant or modest reduction in single-channel

conductance (Figures 5C, 5D, and 5F–5H). Among the E2495

and E2496 mutants, the lysine mutants appear to give the stron-

gest phenotype, indicating the importance of the charge at these

sites in determining the channel conductance (Figure 5H).

We further examined whether these two residues are involved

in ion selectivity of Piezo1 channels. Except the E2495D mutant,

all other mutants of E2495 or E2496 had reduced reversal poten-

tial when examined under 150 mM CsCl (intracellular solution)/

100 mM CaCl2 (extracellular solution) asymmetric recording

conditions (Figures 6A–6C), indicating altered ion selectivity.

E2496D had severely reduced reversal potential, suggesting

that the length of the side chain of this residue is also important

for controlling the ion selectivity. In contrast to specifically

altered chloride permeability of the mPiezo1-DEEED(2,393–

2,397)-AAAAA mutant (Figures 3J and 3K), the calcium perme-
(K) Average permeability ratio of Ca2+ and Cs+ (PCa/PCs) of cells transfected with t

methanesulfonate, 1 mM CsCl, and external solution containing 50 mM Ca-gluco

(L) Average unitary conductance of the indicated constructs. Unpaired Student’s

Data are shown as mean ± SEM, and the number of tested cells is labeled. **p <
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ability was significantly reduced in both E2495A and E2496A

mutants, while the chloride permeability was not significantly

affected in E2496A (Figure 6D). These data indicate that the

E2496 residue is more specifically involved in determining ion

selectivity between divalent and monovalent cations, likely by

forming the binding site for permeating cations.

Acidic residues that control Ca2+ permeation in the pore region

of TRPV channels are also binding sites for the pore blocker RR

(Garcı́a-Martı́nez et al., 2000; Voets et al., 2002). Strikingly, both

the E2495A and E2496A mutants became insensitive to RR

blocking (Figure 6E). These results suggest that these two resi-

duesmay serve as the binding site for RR to act as a pore blocker

and readily explain why themPiezo1-DCEDmutant remains sen-

sitive to RR blocking (Figure 3D). Consistent with their functional

importance, these two acidic residues are highly conserved in

Piezo1 among various species (Figure S1) and might be located

in the CTD-constituted intracellular vestibule (IV) (Figures 4B and

5I). The corresponding residues in dPiezo are E2466 and D2467

(Figure S1). Thus, the RR binding site might also exist in dPiezo

but is likely prevented from being accessed by its distinct CED,

consistent with the data that mP1/dP-IH/CTD retained RR sensi-

tivity (Figure 2D and Figure S2E). To further test this idea, we

generated the dPiezo-DCEDmutant and expected a blocking ef-

fect of RR as removing its CED might allow RR to access the

E2466/D2467-binding site. However, the mutant channel was

not functional (Table S1). Interestingly, mutating the correspond-

ing residues, E2769 and E2770, in mouse Piezo2 (Figure 5A) to

alanine also resulted in altered ion selectivity (Figures 6F and

6G) and loss of RR blockade (Figures 6H and 6I), indicating

similar roles of these residues in determining Piezo2 channel

pore properties. Taken together, these two acidic residues act

as critical pore-lining residues that determine unitary conduc-

tance, ion selectivity, and pore blockage of Piezo channels,

further supporting the hypothesis that the last putative TM prior

to these residues forms the pore-lining IH.

Residues 1-2190 of mPiezo1 Serve as a Sufficient
Mechanotransduction Module
We next asked whether the N-terminal non-pore-containing

region is sufficient for mechanotransduction. To test this hypoth-

esis, we engineered a chimeric construct (Piezo1[1–2,190]-

ASIC1) that encodes the non-pore-containing region of mPiezo1

(residues 1–2,190) and the mechano-insensitive mouse ASIC1

channel (528 residues) with C-terminally fused mRuby2. The

chimeric channel proteins were expressed (Figure S5A) but

less abundantly on the plasmamembrane as revealed by total in-

ternal reflection fluorescence (TIRF) microscopy (Figure S5B).

Remarkably, while mASIC1 did not respond to mechanical

stimulation at either neutral (pH = 7.3) or acidic (pH = 5.0)

conditions (Figures 7A and 7B and Figure S5C), a portion of

cells transfected with Piezo1(1–2,190)-ASIC1 responded to

mechanical stimulation in a force-dependent manner (Figures

7A and 7B). Increasing indentation of the cell membrane of
he indicated constructs recorded with internal solution containing 149 mM Cs-

nate, 0.5 mM CaCl2 (Figure S4E). Unpaired Student’s t test.

t test.

0.01, *p < 0.05.
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Piezo1(1–2,190)-ASIC1-transfected cells resulted in enhanced

currents (Figure 7A). The minimum displacement of the

probing pipette to induce MA currents (probing threshold) in

Piezo1(1–2,190)-ASIC1-transfected is increased compared to

mPiezo1-transfected cells (8.81 ± 0.90 mm versus 5.25 ±

0.52 mm, respectively) (Figure 7B, right), indicating compromised

mechanotransduction efficiency in the chimeric channel. Intrigu-

ingly, the currents associated with the mutant displayed rapid

inactivation with a t of 21.0 ± 2.5 ms, slightly slower than that

of the wild-type mPiezo1 (16.0 ± 1.2 ms). Thus, these mechani-

cally activated current properties are largely reminiscent of the

wild-type mPiezo1 channels (Figure 3B). However, compared

to mPiezo1 (Imax = 1,629.0 ± 198.3 pA), the current amplitude

of Piezo1(1–2,190)-ASIC1 (Imax = 132.5 ± 24.3 pA) is drastically

reduced (Figures 7A and 7B), which could be at least partially

due to its much reduced expression on the plasma membrane

(Figure S5B). Intriguingly, a portion of the Piezo1(1–2,190)-

ASIC1-transfected cells also responded to acid (Figures 7C

and 7D). Given that previous studies have shown that Piezo1

channels are inhibited by acid (Bae et al., 2015), these data sug-

gest that the mechanical force- or acid-induced current in

Piezo1(1–2,190)-ASIC1-transfected cells is mediated by the

ASIC channel pore of the hybrid protein. In further support of

this, the mechanically evoked currents mediated by the hybrid

channel were partially blocked by amiloride at 100 mM concen-

tration that effectively blocked ASIC1 but not Piezo1 (Figures

7E–7H). Notably, the blocking effect of amiloride on the chimeric

channel was less efficient than on mASIC1 (49.7% ± 9.0%

versus 14.1% ± 5.2%) (Figures 7E–7H), suggesting that attach-

ment of the bulky N-terminal region of mPiezo1 might alter the

pore properties of ASIC1. Indeed, under the recording condition

of 160 mM external NaCl and 160 mM internal KCl, the reversal

potential of the chimera (2.5 ± 1.6 mV) was significantly different

from that of the sodium-selective ASIC1 (58.4 ± 4.7mV) and non-

selective mPiezo1 (7.5 ± 1.3 mV), indicating that the MA current

of the chimeric channel was non-selective for Na+ over K+

despite the presence of the ASIC1 channel pore (Figures S5D–

S5F). Given that ASIC1 channels are capable of adopting both

Na+-selective and non-selective conformations of their ion-con-

ducting pore (i.e., the PcTX1 [a spider toxin]-bound ASIC1 at

neutral pH forms a non-selective cation channel, while at low

pH being Na+-selective) (Baconguis and Gouaux, 2012), it is

not totally unexpected that the bulky N-terminal region of

mPiezo1 might cause alteration of the pore properties of the

fused ASIC1. Nevertheless, these data suggest that the non-
Figure 4. Locating Pore-Lining Residues within the Last TM

(A) Helical wheel prediction of residues residing in the last putative TM. The hydr

hydrophobic residue is green, and the amount of green is decreasing proportiona

mutations of the residues with red circles were subjected to SCAM analysis. Y246

mutations of the residues with purple circles had drastically reduced MA current

(B) Putative locations of Y2464 and V2467 on the IH on the 3D structure of the p

Figure 3) and E2495/E2496 (characterized in Figures 5 and 6) are also labeled.

(C) Average of maximal MA currents. One-way ANOVA with Dunn’s comparison

(D, F, H, J, and L) Representative traces of MA currents of cells transfected with

washing and application of 0.5 mM DTT.

(E, G, I, K, and M) Average of currents normalized to baseline in cells transfected w

ANOVA with Dunn’s comparison to mPiezo1.

All bar panels represent mean ± SEM, and the number of cells tested is shown a
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pore-containing region of mPiezo1 can function as an intrinsic

mechanosensing and transducing module to sufficiently gate

the trimeric mASIC1 (Figure 7I), which is consistent with the

highly flexible nature of the peripheral region observed in Cryo-

EM studies of mPiezo1 proteins (Ge et al., 2015). Furthermore,

these data also support that the pore-encoding region of

mPiezo1 can function as a separable and switchable pore mod-

ule so that it can be replaced by other trimeric channel pores.

DISCUSSION

In the present study, we have for the first time functionally

unveiled the bona fide pore module (residues 2,189–2,547)

of mPiezo1 that crucially governs the fundamental pore proper-

ties including unitary conductance, ion selectivity and pore

blockage, and the mechanotransduction module (residues

1–2,190) that is sufficient to confermechanosensitivity to trimeric

channel pores such as Piezo1 channels and ASIC1 (Figure 7).

These findings demonstrate that Piezo1 proteins consist of

distinct and separable modules responsible for ion conduction,

mechanical force sensing, and transduction to coordinately fulfill

their function as sophisticated MS channels. These findings are

also consistent with structural organization of these functional

modules into a unique three-bladed, propeller-shaped architec-

ture of mPiezo1 (Figure 7I). Furthermore, we have established

that the last TM is the pore-lining helix and identified specific res-

idues that are located in either the extracellular or intracellular

vestibules along the ion-permeation pathway to control unitary

conductance, ion selectivity, and pore blockage, revealing the

molecular determinants that underlie ion permeation properties

of Piezo1 channels. These findings not only definitively prove

that Piezo proteins are genuine pore-forming subunits of

mammalian MS channels, but also significantly advance our

mechanistic understanding of how this evolutionarily conserved

and physiologically important class of MS channels conducts

ions and gates upon mechanical force stimulation.

Piezo1 Channel Pore
The mPiezo1 structure reveals that the trimeric complex com-

prises at least 42 TMs with each subunit having 14 apparently

resolved TMs (much lower than the predicted 30–40 TMs per

subunit) (Ge et al., 2015), establishing Piezo proteins as ion

channels with the highest number of TMs among all ion channels

known so far. Despite the complexity of the TM topology and

the large size of the protein, it is striking to find that the
ophilic residues as circles, and hydrophobic residues as diamonds. The most

lly to the hydrophobicity, with zero hydrophobicity coded as yellow. Cysteine

4 and V2467 highlighted in red can be covalently modified byMTSES. Cysteine

s.

ore module. Other important residues DEEED (2,393–2,397) (characterized in

to mPiezo1.

the indicated constructs at baseline, during 1 mM MTSES application, upon

ith the indicated constructs recorded under the indicated condition. One-way

bove the bars. ***p < 0.001, **p < 0.01.



Figure 5. Identifying Key Acidic Residues that Determine the Unitary Conductance of mPiezo1 Channels

(A) Primary sequence of the putative intracellular CTD of mPiezo1 (top row) or mPiezo2 (bottom row). The characterized acidic residues are highlighted in red

or blue.

(B) Representative stretch-activated channel openings elicited by the indicated negative pressure at the specified potentials.

(C and D) Representative stretch-activated channel openings elicited by the indicated negative pressure at �120 mV from cells transfected with the indicated

constructs.

(E–G) Linear regression fit of average single-channel I-V relationships. Single-channel amplitude was determined from the amplitude difference in Gaussian fits of

full-trace histograms.

(H) Average unitary conductance of stretch-activated channels in cells transfected with the indicated constructs. One-way ANOVA with Dunn’s comparison to

mPiezo1.

(I) Putative locations of E2495 and E2496 at the intracellular vestibule of the pore module viewed from intracellular side.

Data are shown as mean ± SEM, and the number of cells tested are labeled. ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 6. E2495 and E2496 Are Critical Pore Determinants

(A) Representative traces of MA currents recorded with 150 mM CsCl based intracellular solution and 100 mMCaCl2 extracellular solution from cells transfected

with the indicated constructs. Currents were elicited from�89.6 to +70.4 mV (after subtraction of liquid junction potential), D20 mV. The red trace represents the

current elicited at 10.4 mV.

(B) Linear regression fit of average I-V relationships of whole-cell MA currents of the indicated constructs recorded under the condition described in (A).

(C) Average reversal potentials of the indicated constructs recorded under the condition described in (A). One-way ANOVA with Dunn’s comparison to mPiezo1.

(legend continued on next page)
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ion-conducting pore of mPiezo1 channels is encoded by the last

�360 residues (residues 2,189–2,547), which comprise the last

two putative TMs, CED (a large extracellular loop region contain-

ing �240 residues) and the intracellular CTD of �70 residues

(Figures 1B and 1C). Based on the chimeric studies, we have

demonstrated that this region determines the distinct pore prop-

erties of mPiezo1 and dPiezo (Figure 2). Furthermore, SCAM

studies revealed that the last TM forms the pore-lining helix (Fig-

ure 4). Together with the information derived from the 3D struc-

ture of mPiezo1, these findings not only provide a compelling

evidence that this region encodes the channel pore, but also

indicate that trimeric Piezo1 channels possess a central ion-con-

ducting pore instead of multiple ones formed by individual

subunits as proposed by a previous study (Bae et al., 2013).

Furthermore, we uncover the unexpected structural similarity

of the ion-conducting pore among distinct types of trimeric

channels, including Piezo1 channels (over 2,500 residues),

ASICs (�500 residues), and P2X receptors (�400 residues)

(Gonzales et al., 2009; Kawate et al., 2009). Incredibly, the

portion of the pore module of mPiezo1 can also be functionally

replaced with mASIC1 to generate a hybrid channel that can

respond to both mechanical force and acid (Figure 7). Thus,

these findings provide a valuable structural framework for in-

depth characterization of the ion-conducting and gating mecha-

nisms of Piezo1 channels.

Ion Selectivity and Permeation of Piezo1 Channels
Our studies suggest that the CED, IH, and CTD constitute the ion

permeation pathway and therefore determine the ion conduction

and selectivity properties of the Piezo1 channel (Figures 3, 4, 5,

and 6). A patch of negatively charged residues (DEEED[2,393–

2,397]) located at the fenestration sites of the extracellular

CED-constituted ‘‘Cap’’ structure may be responsible for select-

ing cation over anion entry to the pore and ensuring efficient ion

conduction via electrostatic effect (Figure 3). Currently, it re-

mains unknown whether the size of the fenestration site may

also contribute to the role of CED in controlling ion permeation.

On the other hand, acidic residues, E2495 and E2496, potentially

residing in the CTD-constituted intracellular vestibule (IV), play

critical roles in discriminating divalent Ca2+ from monovalent

Cs+, as well as determining unitary conductance and RR sensi-

tivity (Figures 5 and 6). A ring of negative charges at this position

may analogously act as a selectivity filter to control ion perme-

ation properties and pore blockage, reminiscent of other

Ca2+-selective channels such as voltage-gated Ca2+ channels

(VGCCs) (Yang et al., 1993) or Orai channels (Prakriya et al.,

2006; Yeromin et al., 2006). However, the intracellular localiza-

tion of these residues might explain the relatively low preference
(D) Average PCa/PCs (left) (recorded with internal solution containing 149 mM

Ca-gluconate, 0.5 mM CaCl2) or PCl/PNa (right) (recorded with internal solution c

transfected with the indicated constructs. One-way ANOVA with Dunn’s compar

(E) Average percentage of RR (50 mM) unblocked MA currents at �70 mV of the

(F) Linear regression fit of average I-V relationships of the indicated constructs

extracellular solution.

(G) Average reversal potentials of the indicated constructs recorded under the co

(H) Representative MA current traces at �70 mV from cells transfected with the

(I) Average percentage of RR unblocked MA currents at �70 mV of the indicated

Data are shown as mean ± SEM, and the number of cells tested is labeled. ***p
of Ca2+ over monovalent cations for Piezo1 channels when

compared to VGCC (Yang et al., 1993) or Orai channels (Hou

et al., 2012), which have a ring of acidic residues at the extracel-

lular side of their ion-conducting pores. In contrast to other

cation channels, no acidic residues are located in the pore-lining

helix of Piezo1 channels (Figure 4A).

Intriguingly, RR can only block Piezo1 channels when applied

from the extracellular side (Coste et al., 2012), suggesting that

E2495 and E2496 might not be accessed by RR from the intra-

cellular side. Instead, as a large positively charged molecule,

RR can permeate through the pore along the extracellular vesti-

bule (EV) and transmembrane vestibule (MV) to reach these res-

idues located in the IV. These data suggest that Piezo1 channels

might possess a wide ion-conducting pore. Indeed, organic cat-

ions, such as tetramethyl ammonium (TMA) and tetraethyl

ammonium (TEA), can permeate Piezo1 channels, indicating a

pore diameter larger than 8 Å (Gnanasambandam et al., 2015).

Furthermore, the lack of charge-selecting residues in the puta-

tive pore-lining TM (Figure 4A) may also account for the ability

of Piezo1 to conduct cations and anions (albeit with much less

extent than cations) (Figure 3J) and to allow large ions such as

RR and MTSES to access the pore.

Mechanotransduction Mechanisms of Piezo1 Channels
Our studies also provide important insights into understanding

how Piezo1 channels are principally gated by mechanical force.

Piezo1 can respond to various forms of mechanical stimulation

including poking, suction, and flow-induced shear stress (Coste

et al., 2010; Li et al., 2014; Ranade et al., 2014a) and appear to be

activated by membrane tension with exquisite sensitivity (Cox

et al., 2016; Lewis and Grandl, 2015). Given their sophisticated

mechanosensitivity, Piezo channels are highly likely to possess

delicate force-sensing and mechanotransduction mechanisms.

In line with this speculation, we have found that the non-pore-

containing region (residues 1–2,190) of mPiezo1 is sufficient to

confer mechanosensitivity to the mechano-insensitive trimeric

ASIC1 (Figure 7). These findings, for the first time, demonstrate

that the bulky N-terminal region of Piezo1 can serve as an

intrinsic mechanotransduction module to sufficiently gate its

separate pore module (Figure 7I). Furthermore, this represents

a remarkable example of engineering artificial ion channels

with desired properties in a module-like manner (Figure 7). Inter-

estingly, Zhang et al. have very recently demonstrated that the

N-terminal ankyrin repeats of the fly mechanosensitive NOMPC

channel are required for its mechanosensitivity (Zhang et al.,

2015). Thus, despite lack of sequence or structural similarity

between Piezo1 channels and NOMPC channels, both of these

two types of eukaryotic MS cation channels employ separable
Cs-methanesulfonate, 1 mM CsCl and external solution containing 50 mM

ontaining 150 mM NaCl and external solution containing 30 mM NaCl) of cells

ison to mPiezo1.

indicated constructs. One-way ANOVA with Dunn’s comparison to mPiezo1.

recorded with 150 mM CsCl based intracellular solution and 100 mM CaCl2

ndition described in (F). One-way ANOVA with Dunn’s comparison to mPiezo2.

indicated constructs before (black) and during (red) application of 50 mM RR.

constructs. One-way ANOVA with Dunn’s comparison to mPiezo2.

< 0.001, **p < 0.01, *p < 0.05.
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Figure 7. The Non-pore-Containing Region of mPiezo1 Confers Mechanosensitivity to the Mechano-insensitive Trimeric ASIC1 Channel

(A) Representative traces of MA inward currents of the indicated constructs at �70 mV evoked by a series of mechanically probing steps in 1 mm increments in

whole-cell configuration.

(B) Left: summary of maximal MA currents of individual cells recorded from cells transfected with the indicated constructs. Right: summary of the mechanically

probing threshold (the minimum displacement required to initiate MA currents) of individual cells recorded from cells transfected with the indicated constructs.

Unpaired Student’s t test.

(C) Representative traces of acid-induced currents of the indicated constructs.

(D) Summary of acid-induced currents of individual cells recorded from cells transfected with the indicated constructs.

(E) Representative traces of acid-induced currents of mASIC1-transfected cells recorded under the indicated conditions.

(F and G) Representative traces of MA currents of cells transfected with the indicated constructs recorded under the indicated conditions.

(legend continued on next page)
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mechanotransduction and ion-conducting modules to fulfill their

specialized mission in mechanical force sensing, gating, and ion

conduction. The detailed mechanisms of how the mechano-

transduction module of Piezo channels senses and transduces

mechanical force to gate the central ion-conducting pore clearly

warrant future investigations.

EXPERIMENTAL PROCEDURES

cDNA Clones and Molecular Biology

The mPiezo1 and dPiezo cDNA constructs were kindly provided by Dr. Ardem

Patapoutian at the Scripps Research Institute, and the hPiezo1 clone was a

generous gift from Dr. John Wood at the University of College London. Mouse

acid sensing ion channel 1 (mASIC1) was cloned from the cDNA library

derived from the dorsal root ganglion neurons and then subcloned into the

pcDNA3.1(-) expression vector followed with the mRuby2 coding sequence.

See the Supplemental Experimental Procedures for the detailed molecular

cloning method.

Whole-Cell Electrophysiology and Mechanical Stimulation

Protocols for cell culture and transient transfection are described in the Sup-

plemental Experimental Procedures. Patch-clamp experiments were per-

formed using an Axopatch 200B amplifier (Axon Instruments) or HEKA

EPC10 as previously described (Coste et al., 2010, 2012). For whole-cell

patch-clamp recordings, recording electrodes had a resistance of 2–3 MU

when filled with internal solution composed of 133 mM CsCl, 1 mM CaCl2,

1 mM MgCl2, 5 mM EGTA, 10 mM HEPES (pH 7.3 with CsOH), 4 mM MgATP,

and 0.4 mM Na2GTP. The extracellular solution was composed of 133 mM

NaCl, 3 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES (pH 7.3 with

NaOH), and 10 mM glucose. All experiments were done at room temperature.

Mechanical stimulation was delivered to the cell being recorded at an angle of

80� using a fire-polished glass pipette (tip diameter 3–4 mm) driven by a Clam-

pex controlled piezo-electric crystal micro-stage (E625 LVPZT Controller/

Amplifier; Physik Instrument) as described (Coste et al., 2010, 2012). See the

Supplemental Experimental Procedures for the detailed method and the

substituted-cysteine accessibility protocol.

Reversal Potential Measurements

The experiments were carried out as described (Coste et al., 2010). Internal so-

lution used was 150 mM CsCl, 10 mM HEPES (pH 7.3 with CsOH). Calcium-

only extracellular solution consisted of 100 mM CaCl2 and 10 mM HEPES

(pH 7.3 with CsOH). For Figures S5D–S5F, the currents were measured in in-

ternal solution composed of 160 mM KCl, 10 mM HEPES, 10 mM EGTA and

extracellular solution containing 160 mM NaCl, 10 mM HEPES, 10 mM

EGTA (pH 7.3 with NaOH). See the Supplemental Experimental Procedures

for the detailed protocol and analysis.

Measurement of PCl/PNa and PCa/PCs

The measurements were carried out as described (Coste et al., 2015). Briefly,

PCl/PNa was measured in internal solution composed of 150 mM NaCl,

10 mM HEPES (pH7.3 with NaOH), and extracellular solution containing

30 mM NaCl, 10 mM HEPES, and 225 mM sucrose (pH 7.3 with NaOH).

PCa/PCs was measured in internal solution consisting of 149 mM Cs-metha-

nesulfonate, 1 mM CsCl, and 10 mM HEPES (pH7.3 with CsOH) and extra-

cellular solution containing 50 mM Ca-gluconate, 0.5 mM CaCl2, 10 mM

HEPES, and 170 mM sucrose (pH 7.3 with CsOH). Reversal potential for

each cell under the specific recording solution was determined by linear

regression fit of the whole-cell I-V curve. Permeability ratios were calculated

by using the following Goldman-Hodgkin-Katz (GHK) equations: PCl/PNa:
(H) Average of currents normalized to baseline in cells transfectedwith the indicate

t test.

(I) Illustration of the separable mechanotransduction and pore modules in either

All bar panels represent mean ± SEM, and the number of cells tested is labeled.
Erev = ðRT=FÞlnðPNa½Na�o+PCl½Cl�i=PNa½Na�i +PCl½Cl�oÞ; PCa/PCs: Erev =

ðRT=FÞln ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið4PCa½Ca�o=PCs½Cs�iÞ+ ð1=4Þp � ð1=2Þ.

Measurement of Unitary Conductance

Stretch-activated currents were recorded in the cell-attached patch clamp

configuration as described previously (Coste et al., 2010). See the Supple-

mental Experimental Procedures for the detailed protocol and data analysis.

Statistical Methods

Data in all figures are shown as mean ± SEM. The number of tested cells was

labeled in the figure or figure legend, respectively. Statistical significance was

evaluated using the method indicated in the figure legend.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.neuron.2016.01.046.

AUTHOR CONTRIBUTIONS

Q.Z. generated all the constructs, with help from P.Z., and conducted all the

biochemical experiments. K.W., J.G., and S.C. carried out electrophysiological

experiments and data analysis. Y.W. and M.Z. helped experiments. B.X.

conceived and directed the project, analyzed data, made figures, and wrote

the paper with help from all the authors. All authors discussed and read the

paper.

ACKNOWLEDGMENTS

We thankDr. ArdemPatapoutian for themPiezo1 and dPiezo cDNA clones and

Dr. John Wood for the hPiezo1 clone, and Drs. Jorg Grandl, Bertrand Coste,

and Amanda Lewis for technical assistance. We are grateful to Drs. Yuh

Nung Jan and Lily Jan (UCSF), Boris Martinac and Charles Cox (Victor Chang

Cardiac Research Institute), Cecilia Canessa (Tsinghua University), Wayne

Chen (University of Calgary), Pingbo Huang (University of Hong Kong Science

and Technology), and Yubin Zhou (Texas A&M Health Science Center) for crit-

ically reading the manuscript and insightful discussion, and Ning Gao and

Maojun Yang for discussion. We thank the imaging core facility in our institute

for helping with confocal and TIRF imaging. This work was supported by

the National Natural Science Foundation of China (NSF31422027 and

NSF31371118), the Ministry of Science and Technology (2015CB910102),

and the Ministry of Education (Young Thousand Talent Program) to B.X.

Received: September 28, 2015

Revised: December 14, 2015

Accepted: January 20, 2016

Published: February 25, 2016

REFERENCES

Akabas, M.H., Stauffer, D.A., Xu, M., and Karlin, A. (1992). Acetylcholine re-

ceptor channel structure probed in cysteine-substitution mutants. Science

258, 307–310.

Albuisson, J., Murthy, S.E., Bandell, M., Coste, B., Louis-Dit-Picard, H.,
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Supplementary Figures and Tables 

 

Fig. S1, Related to Fig. 2. Sequence alignment of the putative pore-module of Piezos from 
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various species.  

ClustalW2 program was used to align the sequence. The putative OH, CED, IH and CTD are 

tentatively assigned. The secondary structure of CED is labeled based on the solved crystal structure 

of mPiezo1. The acidic residues of mPiezo1 in red boxes have been characterized in this study.  
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Fig. S2, Related to Fig. 2. The pore-encoding region determines the current amplitude, 

inactivation kinetics and single-channel open dwell time of mPiezo1 and dPiezo channels.  
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A, Representative traces of mechanically activated inward currents of HEK293T cells transfected 

with the indicated constructs at -70 mV subjected to a series of mechanically probing steps in 1 μm 

increments in whole-cell configuration.  

B, Average of maximal MA currents. One-way ANOVA with Dunn’s comparison to mPiezo1. 

C, Normalized representative traces of MA currents of cells at -70 mV transfected with the indicated 

constructs. The red lines represent fits of inactivation with a mono-exponential equation for tau 

calculation.  

D, Average tau of individual cells. The inactivation tau of the maximal amplitude of current elicited 

per cell was calculated from fit of inactivation with a mono-exponential equation. One-way ANOVA 

with Dunn’s comparison to mPiezo1. 

E, Representative MA current traces at -70 mV from cells transfected with the indicated constructs 

before (black) and during (red) application of 50 µM RR.  

F, Average of individual recording traces represented in Fig. 2E, which display inactivation of the 

currents.  

G. Single-channel open dwell time (Tau) of cells transfected with the indicated constructs shown in 

Fig. 2E.  

All bar panels represent mean ± s.e.m. and the number of cells tested is shown above the bars. 

***P<0.001, **P<0.01, *P<0.05. 
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Fig. S3, Related to Fig. 2. Characterizations of the C-terminal truncation mutants of mouse 

and human Piezo1.  

A, Immunostaining of cells transfected with the indicated constructs with an anti-GST antibody after 

fixation and permeabilization. GFP expression under the internal ribosome entry site (IRES) control 

was used as a transfection marker.  

B, Top panel: Western blot of the indicated proteins subjected to native gel electrophoresis using the 

custom-generated Piezo1 antibody (RRID: AB_2532148). The expected molecular weight of each 

protomer protein was included and the trimeric mPiezo1 band was pointed out with an arrow. Lower 

panel shows the specificity of the antibody. 

C-F, Representative traces of MA inward currents at -70 mV in cells transfected with mPiezo1 (C), 

mPiezo1-2234 (D), hPiezo1 (E) and hPiezo1-2218 (F) subjected to a series of mechanically probing 

steps in 1 μm increments in whole-cell configuration. No MA currents were recorded in 10 mPiezo1-

2234- or hPiezo1-2218-transfected cells. In contrast, 5 out of 5 mPiezo1- or hPiezo1-transfected cells 

showed MA currents.  

(G, I) Representative currents elicited by negative pipette pressure at -70 mV in cells transfected 

with mPiezo1 (G) or hPiezo1 (I).  

(H, J) Normalized current-pressure relationships of stretch-activated inward currents at -70 mV in 

cells transfected with mPiezo1 (H) or hPiezo1 (J) and fitted with a Boltzmann equation. The 

calculated P50 is consistent with that previously reported (Coste et al., 2010).  

K, No stretch activated currents with wild type Piezo1-like properties were recorded in mPiezo1-

2234 (10 cells), hPiezo1-2218 (9 cells) and pcDNA3.1 vector (8 cells) transfected cells. However, a 

portion of the cells showed high-pressure evoked endogenous currents independent of the transfected 
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constructs, and the current properties are similar to previously reported (Bae et al., 2013), but 

drastically different from wild type Piezo1-mediated currents as shown in G and I.  

L, hPiezo1-mediated stretch-activated currents were effectively inhibited by RR.  

M, The high pressure-evoked type of currents in hPiezo1-2218-transfected cells was insensitive to 

RR block.  
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Fig. S4, Related to Fig. 3. Effect of DEEED (2393-2397) on cation selectivity of mPiezo1 

channels.  

A, Average inactivation Tau at -70 mV of the indicated constructs.  

B, Average I-V relationships of MA currents in cells transfected with the indicated constructs from -

89.4 mV to 70.6 mV (left panel). The currents were recorded with 150 mM CsCl based intracellular 

solution and 100 mM CaCl2 extracellular solution. It should be noted that the I-V relationship of the 

current could not reliably fitted with a linear regression function within the full voltage range.  

C. The average I-V relationship of mPiezo1-mediated MA currents could be well fitted with a linear 

regression function within a voltage range from -29.4 mV to +30.6 mV, Δ10 mV. This voltage was 

thus chosen for fitting the I-V relationships shown in Fig. 3H, Fig. 6B, F and calculating the resulting 

reversal potentials. The currents were recorded under the conditions described in B.  
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D, Linear regression fit of average I-V relationships of the indicated constructs recorded with internal 

solution containing 150 mM NaCl and external solution containing 30 mM NaCl. 

E, Linear regression fit of average I-V relationships of the indicated constructs recorded with internal 

solution containing 149 mM Cs-methanesulfonate, 1 mM CsCl and external solution containing 50 

mM Ca-gluconate, 0.5 mM CaCl2.  

The calculated Erev of individual cells under the specific recording conditions in either D or E was 

used to calculate the PCl/PNa and PCa/PCs shown in Fig. 3J, K, respectively. 
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Fig. S5, Related to Fig. 7. Expression and functional properties of the Piezo1(1-2190)-ASIC1-

mRuby2 mutant.  

(A, B), Confocal (A) or TIRF (B) images of mRuby2 fluorescence of cells transfected with the 

indicated constructs.  

C, A representative current trace of mASIC1-transfected cells upon mechanical stimulation under the 

indicated pH conditions.  

D, A representative trace of acid-induced current recorded from the mASIC1-transfected cell upon 

ramping the voltage from -80 mV to 80 mV under the condition of 160 mM KCl based intracellular 

solution and 160 mM NaCl extracellular solution. 

E, Linear regression fit of average I-V relationships of the indicated constructs from -80 mV to +80 

mV, Δ20 mV. The currents were recorded under the condition described in D.  

F, Average reversal potentials of individual cells transfected with the indicated constructs recorded 

under the condition described in D and E.  
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All bar panels represent mean ± s.e.m. and the number of cells tested is shown above the bars. One-

way ANOVA with Dunn’s comparison. ***P<0.001, *P<0.01. 

 

 

Table S1, Related to Fig. 2-7, Summary of the properties of the characterized constructs. 
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Supplemental Experiment Procedures 

cDNA clones and molecular biology  

All the chimeras, mutations, and truncations were subcloned by using the one step cloning kit under 

the instruction manual (Vazyme Biotech). Based on homologous sequence alignment, the 

mPiezo1/dPiezo chimeras were generated by substituting the specific residues of mPiezo1 with the 

homologous sequence of dPiezo. Piezo1(1-2190)-ASIC1 chimeras was subcloned by fusing 1-2190 

residues of mPiezo1 to the N-terminus of full-length mASIC1 with a glycine linker (GGGGG) in 

between. Amino acid compositions of all the mutants are listed in Table S1. All constructs were 

sequenced for validation of the mutations. 

 

Immunostaining 

Live-cell labeling was carried out following the procedure reported previously (Coste et al., 2010). 

Cells grown on coverslips were incubated with the anti-FLAG antibody (1:100, Sigma-Aldrich Cat# 

F3165, RRID: AB_259529) diluted in prewarmed culture medium for 1 hr at RT. Followed by three 

times of washing, cells were incubated with the Alexa Fluor 594 donkey-anti-mouse IgG secondary 

antibody (1:200, Life Technologies Cat# A21203, RRID: AB_10563558) or the Alexa Fluor 488 

donkey-anti-mouse IgG secondary antibody (1:200, Life Technologies Cat# A21202, RRID: 

AB_10049285) for 1 hr at RT, and then washed and fixed with 4% paraformaldehyde (PFA). For 

permeabilized staining, cells were first fixed with 4% PFA and permeabilized with 0.2% Triton 100, 

then incubated with the anti-FLAG antibody (1:200, Sigma-Aldrich Cat# F3165, RRID: 

AB_259529) or the anti-GST antibody (1:200, Millipore Cat# ABN116, RRID: AB_10841615) for 1 

hr at RT. Cells were washed and then incubated with the Alexa Fluor 594 donkey-anti-mouse IgG 
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(1:200, Life Technologies Cat# A21203, RRID: AB_10563558) or Alexa Fluor 594 donkey-anti-

rabbit IgG (1:200, Life Technologies Cat# A21207, RRID:AB_10049744) secondary antibody for 1 

hr at RT. After washing, coverslips were mounted and imaged using a Nikon A1 confocal microscope 

with a 60 X oil objective (N.A. = 1.49) at either GFP (488 nm exciting wavelength) or TRITC 

channel (561 nm exciting wave length). The fluorescent intensity of the indicated constructs shown 

in Fig. 3F was analyzed by Imaris software. 

 

NativePAGE Novex Bis-Tris gel and Western blotting  

According to the User Guide, the purified mPiezo1 or truncated proteins were subjected to 3-12% 

NativePAGE Novex Bis-Tris gel for native electrophoresis at 150V for 2h. Then, the native gel was 

transferred to PVDF membrane at 100V for 1.5h. After incubating in 8% acetic acid to fix the 

proteins, air-drying, rewetting with methanol, the membrane was blocked with 5% milk in TBS 

buffer with 0.1% Tween-20 (TBST buffer) at RT for 1h, and then incubated with the custom-

generated anti-mPiezo1 antibody (1:1000, Abgent Cat# mylab_antimP1, RRID: AB_2532149) [the 

peptide used for the antibody generation was described previously (Coste et al., 2010)] at RT for 1h. 

Followed by washing with TBST buffer, incubated the membrane with anti-rabbit IgG antibody 

(1:10,000) at RT for 1h. Proteins were detected with the SuperSignal West Pico Chemiluminescent 

Substrate (Thermo).  

 

Cell culture and transient transfection  

Human Embryonic Kidney 293T (HEK293T) cells were grown in Dulbecco's Modified Eagle 

Medium containing 4.5 mg/ml glucose, 10% fetal bovine serum, 50 units/ml penicillin and 50 µg/ml 
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streptomycin. Cells were plated onto 12-mm round glass poly-D-lysine coated coverslips placed in 

24-well plates and transfected using lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

instruction. Cells were recorded from 12-48 hours post transfection. 

 

Whole-cell electrophysiology and mechanical stimulation 

Patch-clamp experiments were performed using an Axopatch 200B amplifier (Axon Instruments) or 

HEKA EPC10 as previously described (Coste et al., 2010; Coste et al., 2012). For whole-cell patch 

clamp recordings, recording electrodes had a resistance of 2-3 MΩ when filled with internal solution 

composed of (in mM) 133 CsCl, 1 CaCl2, 1 MgCl2, 5 EGTA, 10 HEPES (pH 7.3 with CsOH), 4 

MgATP and 0.4 Na2GTP. The extracellular solution was composed of (in mM) 133 NaCl, 3 KCl, 2.5 

CaCl2, 1 MgCl2, 10 HEPES (pH 7.3 with NaOH) and 10 glucose. All experiments were done at room 

temperature. Currents were sampled at 20 kHz, filtered at 5 kHz using Clampex 10.4 software (Axon 

Instruments) or Patchmaster software. Leak currents before mechanical stimulations were subtracted 

off-line from the current traces. Voltages were not corrected for a liquid junction potential (LJP) 

except for ion selectivity experiments. LJP was calculated using Clampex 10.4 software.  

Mechanical stimulation was delivered to the cell being recorded at an angle of 80° using a fire-

polished glass pipette (tip diameter 3–4 μm) as described (Coste et al., 2010; Coste et al., 2012). 

Downward movement of the probe towards the cell was driven by a Clampex controlled piezo-

electric crystal micro-stage (E625 LVPZT Controller/Amplifier; Physik Instrument). The probe had a 

velocity of 1 μm/ms during the downward and upward motion and the stimulus was maintained for 

150 ms. A series of mechanical steps in 1 μm increments was applied every 20 s and currents were 

recorded at a holding potential of -70 mV. The inactivation tau of the maximal amplitude of current 
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elicited per cell was calculated from fit of inactivation with a mono-exponential equation. 

Ruthenium red (RR) at the indicated concentrations shown in the figures was used for blocking 

experiments. Acid-induced currents in mASIC1 or mechanically activated currents in mPiezo1(1-

2190)-ASIC1 transfected cells were blocked by amiloride at 100 μM concentration that had no effect 

on mPiezo1-mediated mechanically activated currents. The compound solutions were puffed to the 

recording cell using a multichannel perfusion system (MPS-2, World Precision Instruments). 

 

Measurement of unitary conductance 

Stretch-activated currents were recorded in the cell-attached patch clamp configuration as described 

previously (Coste et al., 2010). Currents of mPiezo1, dPiezo, mP1/dP-Pore and mP1/dP-CED 

currents were sampled at 2.9 kHz and filtered at 1 kHz. External solution used to zero the membrane 

potential consisted of (in mM) 140 KCl, 1 MgCl2, 10 glucose and 10 HEPES (pH 7.3 with KOH). 

Recording pipettes were of 2-3 MΩ resistance when filled with standard solution composed of (in 

mM) 130 mM NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 TEA-Cl and 10 HEPES (pH 7.3 with NaOH). 

Membrane patches were stimulated with 500 ms negative pressure pulses through the recording 

electrode using Patchmaster controlled pressure clamp HSPC-1 device (ALA-scientific). Pressure 

eliciting one to four channel openings was generally used. Single-channel amplitude at a given 

potential was measured from trace histograms of 10 to 80 repeated recordings. Histograms were 

fitted with Gaussian equations using Clampfit 10.4 software or multi-peak fitting analysis of 

OriginLab 9.1 software. Single-channel slope conductance for each individual cell was calculated 

from linear regression curve fit to single-channel I-V plots.  
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Reversal potential measurements 

The experiments were carried out according to previously reported protocol (Coste et al., 2010). 

Internal solution used was (in mM) 150 CsCl, 10 HEPES (pH 7.3 with CsOH). Calcium only 

extracellular solution consisted of (in mM) 100 CaCl2 and 10 HEPES (pH 7.3 with CsOH). For I-V 

relationship recordings, voltage steps were applied 700 ms before mechanical stimulation (150 ms) 

from a holding potential of -60 mV. Voltage steps were given from -89.6 mV to +70.4 in 20 mV 

increments (LJP was corrected). Since the average I-V curves of mPiezo1 wild type and mutants 

deviated from a stringent linear I-V relationship at high voltages (Fig. S4B), a linear regression fit 

could result in inaccurate calculation of the reversal potential. Thus in a separate set of experiment, 

voltage steps were given in 10 mV increments in mPiezo1-transfected cells. Within a voltage range 

from -29.4 mV to 30.6 mV, the average I-V curve could be fit with a linear regression (Fig. S4C). 

Then we selected this voltage range for linear regression fit of the I-V curve of each individual cell 

expressing the indicated mutants to obtain the reversal potential (Fig. 3I and Fig. 6B, F).  

Based on the reversal potential measured under the condition of 100 mM extracellular CaCl2 and 150 

mM intracellular CsCl (Fig. 3I) and the measured PCl/PNa (assuming PCl/PNa = PCl/PCs) (Fig. 3J), the 

calculated PCa/PCs by using the GHK equation is 1.69 and 1.34 for mPiezo1 and DEEED(2393-

2397)-AAAAA, respectively, consistent with the measured PCa/PCs shown in Fig. 3K. 

 

Substituted-cysteine accessibility method 

MTSES (CH3-S(O2)-S-CH2-CH2-SO3-), purchased from Toronto Research Chemicals (Ontario, 

Canada), were made as 100 mM stock in the extracellular solution and kept at -20℃. MTSES was 

diluted to 1 mM in the extracellular solution, and were puffed to the recording cell using a 
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multichannel perfusion system (MPS-2, World Precision Instruments). 
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