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Abstract  

 

Mechanosensitive Piezo channels are anticipated to open their pore by flattening of large transmembrane 

domains called blades. Yet, direct experimental evidence for the coupling between blade motions and 

pore opening remains sparse. Here, we report unambiguous correlations between flow-induced Piezo1 

opening and fluorimetric signals from conformation-sensitive probes genetically-inserted at two blade 

locations, one extracellular distal and the other intracellular proximal. Inhibition of gating motions near 

the pore with disulfide crosslinks reduced the amplitude of fluorescence signals from the most distal 

probe, consistent with long-range pore-blade conformational coupling. Interestingly, both probes 

remained fluorimetrically silent when Piezo1 opening was evoked with hypotonic shocks, cellular 

indentations, or application of the chemical activator Yoda1. This work provides direct experimental 

evidence that the Piezo1 blades act as mechanosensory domains and suggests that different mechanical 

stimuli activate Piezo1 through distinct mechanotransduction pathways. 
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Introduction 

Rapid cellular adaptation to mechanical stress is vital for all organisms. This task is commonly 

achieved by mechanosensitive ion channels, membrane proteins that open transmembrane ion-permeant 

pores in response to mechanical stimuli. In eukaryotes, Piezo proteins act as general 

mechanotransducers capable of sensing forces produced by fluid displacement (1-5), tactile stimuli (6-

10), tissue distension (11-17) and musculoskeletal movements (18-22). Piezo channels participate to an 

astonishing diversity of biological processes, including neurosensory functions (23), development (24-

30), cell volume homeostasis (31-33), inflammation (34-40), and wound healing (41).  

 Cryo-electron microscopy (cryo-EM) structures of mammalian Piezo channels (Piezo1 and 

Piezo2) solved in detergent micelles show a common homotrimeric architecture with a central cation-

selective pore, topped by an extracellular cap domain and surrounded by three large (> 2000 amino 

acids) peripheral domains arranged like the blades of a propeller, or the arms of a triskelion (42-46). The 

blades consist of a linear arrangement of nine conserved transmembrane bundles of α-helices, called 

Piezo repeats A to I (or transmembrane helical units 1-9). In these structures, the three blades extend 

from the pore in a helical manner, giving the trimeric channel a bowl shape. This non-planar structure is 

thought to correspond to a non-conducting conformation populated in absence of mechanical stimulus.  

 Piezo1 sense an astonishing variety of mechanical stimuli, including mechanical deformations of 

the lipid bilayer (47-49), hydrostatic pressure (50), fluid shear stress (1, 2, 5, 25, 26, 51-53), myosin-

mediated traction forces (54), hypotonic shocks (49, 55, 56), substrate displacement (57) and cellular 

indentations (58). Structural studies have established that the Piezo1 blades flatten in response to 

mechanical deformations of the surrounding membrane. For instance, electron micrographs (59) and 

cryo-EM structures (60) of Piezo1 reconstituted into small proteoliposomes show that the curvature 

mismatch between channel and liposome is sufficient to deform the blades. In addition, high-speed 

atomic force microscopy kymographs indicate that Piezo1 elastically flattens when a compressive force 

is applied perpendicular to the lipid bilayer (59). Piezo1 blade flattening was computationally induced 

by membrane stretching (61) or by the curvature mismatch imposed by virtually clustering adjacent 

channels (62). In both computational studies, blade flattening led to an open state, supporting the 

prevailing view that mechanical forces open Piezo channels by flattening their blades. 

 In spite of these efforts, a direct experimental correlation between blade motions and pore 

opening has not yet been firmly established. Indeed, although a flattened Piezo1 conformation has been 

captured by cryo-EM, the moderate resolution in the pore region did not enable to unambiguously link 

this conformation to a functional state (60). In addition, although a correlation between applied force 

and blade flattening has been established (59), the functional consequences of blade flattening remain 

unclear. Blade mutations alter sensitivity to mechanical stimuli in Piezo1 and Piezo2, but a structure-

function interpretation of these phenotypes remain difficult to parse (63-65). Although crosslinking the 

blade to the cap fully abolishes mechanically-induced currents in Piezo1, it is unclear whether this loss 

of mechanical sensitivity is caused by reduced mobility of the cap, the blade, or both domains (66). Last, 

although magnetic actuation of nanoparticles attached to the blade modulates macroscopic Piezo1 

kinetics, it did not significantly alter open probability in absence of mechanical force (67). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 25, 2022. ; https://doi.org/10.1101/2022.06.23.497409doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.23.497409
http://creativecommons.org/licenses/by-nc-nd/4.0/


3 
 

 Here, we use a fluorimetric approach to track force-induced rearrangements of the Piezo1 blade 

in real-time while the functional state of the pore is assessed using calcium imaging. Using flow-induced 

shear stress as a mechanical stimulus, we establish unambiguous temporal correlations between Piezo1 

opening and robust unquenching of fluorescence probes genetically inserted at two blade positions 

separated by ~1500 residues in the primary amino acid sequence and by ~20 nm in the tridimentional 

Piezo1 structure, consistent with global blade rearrangement. We next explore how pharmacological 

treatments and structural perturbations known to affect Piezo1 function modulate the fluorimetric 

response of each probe. Remarkably, we discovered that disulfide crosslinks known to abolish Piezo1 

opening by mechanical stimuli also reduces the amplitude of flow-dependent signals from the distal 

probe (66), showing long-distance blade-pore coupling. Interestingly, neither probe responds to 

hypotonic shocks or mechanical indentations, despite the effectiveness of these stimuli to open Piezo1 as 

assessed with calcium imaging and electrophysiology. Our data provides conclusive evidence that the 

Piezo1 blade operates as a mechanosensory domain and suggests that flow-induced shear stress elicit 

conformational rearrangements distinct from those produced by other stimuli. 

 

Results 

Generation of Piezo1-cpGFP constructs 

Site-specific fluorimetry constitutes a powerful approach to capture real-time conformational changes 

associated with functional transitions in voltage-gated and ligand-gated ion channels (68, 69). Here, we 

adapt this technique for the first time to a mechanosensitive Piezo channel. Because the chemical 

attachment of dyes to protein of interests often requires inefficient and non-specific labeling steps, we 

used circular permuted green fluorescent proteins (cpGFP) as genetically encodable conformation-

sensitive probes. Near the site of cpGFP insertion, stimulus-induced local conformational changes in the 

host protein often lead to quenching or unquenching of cpGFP fluorescence (70), a phenomenon that has 

inspired the rapid development of numerous genetically-encoded fluorescent indicators (71-75). We 

cloned cpGFP from the voltage-indicator ASAP1 (76) and inserted it at the carboxyl end of mPiezo1 

residues 86, 300 and 1591, three positions previously shown to tolerate proteinogenic modifications with 

no major alterations of channel function (Figure 1A) (47, 55, 67). We also inserted cpGFP at residue 

656, i.e. adjacent to an extracellular loop necessary for mechanical activation (64), and at residue 1299, 

i.e. at the distal end of a long intracellular beam anticipated to transmit force from the blade to the pore 

(64, 77).  

 These constructs, named 86, 300, 656, 1299 and 1591, were transfected into mechano-insensitive 

HEK293ΔPZ1 cells in which endogenous Piezo1 expression is abolished (78). We first determined the 

sensitivity of these constructs to the agonist Yoda1 using the red calcium indicator jRGECO1a and 

epifluorescence imaging (79, 80). Our data show that cells expressing wild-type (WT) mPiezo1, 86 or 

1591 exhibit significantly higher calcium responses (maximal relative fluorescence changes, or mΔF/F0) 

than a negative control (Kruskal-Wallis test with Dunn’s test for multiple comparisons, p-values < 0.05), 

whereas other constructs yielded poor sensitivity to the agonist (Figure 1B). We electrophysiologically 

assessed the mechanical sensitivity of 86 and 1591 with cell-attached patch-clamp stretching and whole-
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cell poking recordings (81). Figure 1C-F shows both stimuli elicit ionic currents with similar 

mechanical sensitivity and kinetics as in WT channels at both negative and positive voltages.  

 

Figure 1. Insertion of cpGFP at two Piezo1 blade positions does not impair sensitivity to mechanical 
stimuli. (A) mPiezo1 sequence and structures identifying cpGFP insertion sites (Piezo1 structures PDB ID: 6B3R 
and AlphaFold). (B) Maximal calcium response (jRGECO1a) to acute incubation with 100 µM Yoda1 from 
HEK293TΔPZ1 cells transfected or not with indicated Piezo1 constructs. Numbers above bars indicate p-values 
from Kruskal-Wallis test with Dunn’s multiple comparisons. (C-D) Representative macroscopic current traces of 
86, 1591 and WT Piezo1 in response to mechanical stretch (C, pipette pressure: +5 to -85 mmHg, duration: 200 
ms, holding potential: -80 mV) and poking stimuli D, (indentation depth: 0 to 10 µm, duration: 100 ms, holding 
potential: -80 mV). (E-F) Relative peak current amplitude plotted as a function of pipette pressure (E) or poking 
displacement (F) in 86, 1591 and WT Piezo1. (G) Structural models of cpGFP inserted at positions 86 and 1591 
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created using the Molecular Operating Environment (MOE) software with the cpGFP structure obtained from PDB 
ID: 3o77 and the mPiezo1 structure from the AlphaFold structural model. 

 

86 and 1591 fluorimetrically respond to shear stress 

Having established that 86 and 1591 (Figure 1G) retain normal mechanosensitivity, we next ask 

whether these constructs produce fluorimetric responses to mechanical stimuli. We first seeded 

transfected cells into commercial closed-loop flow chambers mounted onto an epifluorescence 

microscope and applied calibrated amounts of shear stress by perfusing a saline solution (extracellular 

Hank's Balanced Saline Solution, or HBSS) using a computer-operated peristaltic or syringe pump (71) 

(Figure 2A).  

 
Figure 2. Flow stimuli induce robust fluorescent responses in both 86 and 1591. (A) Picture and schematic 
of our laminar shear stress protocol. (B) Representative fluorescence time-course of 86 and 1591 in response to 
shear stress stimulation applied in a series of 11 escalating pulses (pulse duration: 10 s, pulse magnitude: 0.022 
– 0.691 Pa). (C) Representative epifluorescence images showing the time course of 86 and 1591 activation under 
conditions described in (B) and corresponding relative fluorescence changes (ΔF/F0). (D) Representative 
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fluorescence traces of 86 and 1591 activation in response to a single 10 s pulse of sub-saturating (0.08 Pa) or 
saturating (0.26 Pa) flow stimulus. (E) Bar graphs representing maximum fluorescence increase (mΔF/F0) in 86 
and 1591 exposed to a single 10 s pulse of 0.08, 0.26, or 0.42 Pa stimulus. (F) Representative epifluorescence 
images and mΔF/F0 images of cells expressing 86 and 1591 and exposed to a single 10 s flow pulse of 0.26 Pa. 
(G) Comparison of fluorescence activation of 86 and 1591 in response to pulsed versus gradual application of 
shear stress. 0.26 Pa of shear stimulus was delivered either as a single 10 s pulse or a gradual ramp starting at 0 
Pa and increasing linearly to 0.26 Pa over 120 s. (H) Bar graphs representing mΔF/F0 of 86 and 1591 under 
pulse and ramp conditions described in (G). Each point in box plots represents a single independent cell. 
Numbers above bars indicate p-values from Kruskal-Wallis test with Dunn’s multiple comparisons. All constructs 
were expressed in HEK293TΔPZ1 cells. 

 

Figure 2B-C shows representative fluorescence time courses and epifluorescence images from cells 

expressing 86 and 1591 and exposed to a series of incrementally-increased shear stress pulses. Both 86 

and 1591 produce robust and transient fluorescence increases (unquenching) at shear stress values as 

low as 0.1 Pa. Critically, we recently showed that flow stimuli up to 1 Pa fail to elicit fluorescence 

signals from two control membrane protein constructs in which cpGFP is inserted extracellularly (as in 

86) or intracellularly (as in 1591) and measured using an identical experimental apparatus (71). This 

suggests that the robust unquenching of cpGFP inserted at positions 86 and 1591 occur as a response to 

backbone rearrangements of the Piezo1 blade. 

Using individual pulses of fluid flow, we next show that mΔF/F0 in 86 and 1591 tend to increase 

as the amplitude of the shear stress stimulus increases (Figure 2D-F). We also show that mΔF/F0 

emitted by 86 and 1591 tend to be lower when shear stress is gradually increased to 0.26 Pa over 120 s 

(ramp) as compared to when a 0.26 Pa shear stress pulse is rapidly applied for 10 s (Figure 2G). This 

suggests that the flow-induced membrane mechanical stress sensed by Piezo1 channels depends on the 

shear stress temporal gradient, an interpretation consistent with prior observations showing that flow-

dependent endothelial mechanotransduction signaling depends on shear stress temporal gradient (82). 

The cpGFP signals in 86 and 1591 do not occur in absence of flow stimulation and decay faster with 

longer illumination exposures, a characteristic of photobleaching effects (data not shown). 

 Given the relatively low flow threshold for eliciting cpGFP signals in 86 and 1591, we wondered 

whether these signals correlate with pore opening or with pre-opening gating transitions. Calcium 

imaging experiments show that our standard 0.26 Pa flow pulse produces robust calcium signals but 

only in cells co-transfected with plasmids encoding WT mPiezo1, 86 or 1591, indicating that these flow-

induced calcium responses depend on Piezo1 (Figure 3A-B). Dual-wavelength imaging further indicates 

a temporal correlation between the onset of cpGFP and jRGECO1a signals induced by flow in the same 

cells (Figure 3C).  
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Figure 3. Shear stress-induced 86 and 1591 activation correlate with elevated cytosolic calcium levels. (A) 
Representative epifluorescence images and time traces of jRGECO1a in cells co-transfected or not with 86, 1591, 
or WT Piezo1, and exposed to a single 10 s pulse of 0.26 Pa shear stimulus. (B) Bar graphs representing mΔF/F0 
of jRGECO1a under co-transfection conditions and shear stimulation described in (A). (C) Representative dual 
fluorescence (jRGECO1a/cpGFP) images and time traces showing the concurrence of 86 or 1591 activation with 
cytosolic calcium entry. Each point in box plots represents a single independent cell. Numbers above each bar 
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indicate p-values from Kruskal-Wallis test with Dunn’s multiple comparisons. All constructs were expressed in 
HEK293T-ΔPz1 cells. 

 

Piezo1 channels rapidly inactivate upon sustained stimulation by various mechanical modalities, 

including poking, stretching, fluid shear stress and substrate deflection (10, 26, 83). To determine 

whether cpGFP unquenching correlate with open and/or inactivated states, we introduced pairs of 

mutations which individually slow down or accelerate Piezo1 inactivation. The first set of mutations, 

M2241R-R2482H, are murine homologs of human mutations M2225R and R2456H which individually 

slow down inactivation (33, 84). The second consists of L2475I-V2476I mutations which individually 

accelerate the rate of inactivation (85). We first confirmed that these phenotypes are conserved in 86 and 

1591 using whole-cell poking recordings (Figure 4A-B). For both 86 and 1591, the intensity of flow-

induced cpGFP signals was not significantly affected by the presence of either mutation pair (0.6274< p-

values < 0.99) (Figure 3C-E), suggesting that both open and inactivated states promote cpGFP 

unquenching at both locations.  

Figure 4. Shear stress-induced 86 and 1591 activation is insensitive to mutations that promote or inhibit 
inactivation. (A) Representative macroscopic poking-evoked current traces from cells expressing 86 or 1591 
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harboring point mutations that individually increase (L2475I/V2476I) or decrease (M2241R/R2482H) the rate of 
Piezo1 inactivation. Poking-induced currents from unmodified 86 and 1591 are provided as control. Cells were 
stimulated by 3 µm poking stimulus for 500 ms at a holding potential of -80 mV or +80 mV. (B) Inactivation Tau 
values of 86 and 1591 harboring or not the inactivation-modifying mutations under experimental conditions 
described in (A). (C) Representative epifluorescence responses of 86, 1591, and their inactivation mutations 
following exposure to a single 10 s pulse of 0.26 Pa flow stimulus. (D-E) Fluorescence traces and bar graphs 
representing mΔF/F0 values for the indicated constructs under experimental conditions described in (C). Each 
point in box plots represents a single independent cell. Numbers above each bar indicate p-values from Kruskal-
Wallis test with Dunn’s multiple comparisons. All constructs were expressed in HEK293TΔPZ1 cells. 

 

Pharmacological modulation of flow-induced cpGFP signals 

We next tested the effect of amyloid beta fragment 1-40 (Aβ1-40), GsMTx4 and cytochalasin D on shear-

induced fluorescence response of 86 and 1591, as these pharmacological treatments were previously 

shown to inhibit Piezo1 activity (53, 56, 86).  

As with mechanical stimuli, we also evaluated the effect of each treatment on Piezo1-dependent 

calcium responses. Although acute applications of Aβ1-40 peptides, at picomolar concentrations in 

monomeric forms or was reported to robustly inhibit flow-induced Piezo1-mediated calcium uptake 

(53), we observed no significant differences in flow-induced calcium responses in the presence or 

absence of 1 μM Aβ1-40 peptides in cells expressing WT mPiezo1, 86, or 1591 (Mann-Whitney U-test p-

values > 0.99) (Figure 5A-B). This discrepancy may arise from differences in shear stress stimulation, 

as we use 10 s / ~0.26 Pa flow pulses as opposed to 10 ms / ~1.5 Pa flow pulses in the Maneshi et al. 

study (53). It is indeed possible that our 1000-fold longer flow duration promotes unbinding of amyloid 

peptides from the cell surface, precluding the proposed inhibitory effects. In line with these results, no 

differences were observed in cpGFP responses between control and treated groups (Mann-Whitney U-

test p-values > 0.99) (Figure 5C).  

By contrast, treatment of cells with 20 µM cytochalasin D robustly inhibited both calcium and 

cpGFP responses (Figure 6A-C), consistent with a role of the actin cytoskeleton in propagating fluid 

shear stress to Piezo1 channels. As a control, we treated cells with GsMTx4, an inhibitor of stretch-

activated ion channels, including Piezo1 (86). As expected, GsMTx4 was effective to inhibit Piezo1-

dependent flow-induced calcium entry (Figure 6C). Interestingly, the presence of GsMTx4 did not 

significantly alter the amplitude of flow-induced cpGFP signals at positions 86 and 1591 (Figure 6A-B). 
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Figure 5. The presence of Aβ(1-40) peptide does not abolish flow-induced calcium signals and cpGFP 
activation. (A-B) Representative jRGECO1a fluorescence images, traces, and bar graphs of in cells co-
transfected with 86, 1591, or WT mPiezo1 (B), exposed to a single 10 s pulse of 0.26 Pa stimulus in the presence 
or absence of 1 μM Aβ(1-40) peptide. (C) Representative cpGFP fluorescence images, traces, and bar graphs 
from cells expressing constructs 86 and 1591 and exposed to a single 10 s pulse of 0.26 Pa stimulus in the 
presence or absence of 1 μM Aβ(1-40) peptide. Each point in box plots represents a single independent cell. 
Numbers above each bar indicate p-values from Kruskal-Wallis test with Dunn’s multiple comparisons. All 
constructs were expressed in HEK293TΔPZ1 cells. 
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Figure 6. Flow-induced 86 and 1591 activation is inhibited by cytochalasin D but not GsMTx4. (A) 
Representative epifluorescence images of 86 and 1591, exposed to a single 10 s pulse of 0.26 Pa shear in the 
presence or absence of 5 μM GsMTx4 peptide or 20 μM cytochalasin D. (B) Representative fluorescence traces 
and bar graphs of 86 and 1591 treated as described in (A). (C) Representative fluorescence traces and bar 
graphs of jRGECO1a co-transfected with 86, 1591, or WT Piezo1, and treated as described in (A). Each point in 
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box plots represents a single independent cell. Numbers above each bar indicate p-values from Kruskal-Wallis 
test with Dunn’s multiple comparisons. All constructs were expressed in HEK293TΔPZ1 cells. 
 
 

Proximal disulfide crosslinks reduce distal cpGFP signals  

We next wondered whether inhibiting gating motions near the pore would retrogradely affect cpGFP 

signals from our probes. To test this hypothesis, we inserted proximal disulfide bridges previously 

shown to abolish poking-evoked Piezo1 currents in a DTT-dependent manner in both 86 and 1591 (66). 

We used R1762C/E2257C to crosslink the cap domain to an extracellular loop in Repeat B and 

A2328C/P2382C to crosslink residues within the cap. We measured flow-induced calcium responses in 

cells expressing these new constructs in presence or absence of 25 mM DTT in the extracellular 

solution. In both constructs, calcium responses were significantly larger in the presence of the reducing 

agent, confirming the inhibitory effect of cysteine substitutions (Figure 7A).  

We next tested cpGFP activation in these new constructs in the presence or absence of DTT. The 

mean amplitude of flow-induced cpGFP signals from the distal probe 86 was about 2-fold larger in 

presence vs. absence of DTT for both tested cysteine pairs, an effect that was statistically significant for 

the construct harboring A2328C/P2382C (non-parametric Mann Whitney U-test p-value = 0.041) 

(Figure 7B). In contrast, flow-induced cpGFP signals from the two cysteine-modified 1591 constructs 

were conclusively unaffected by the presence of DTT (p-values > 0.99).  
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Figure 7. Long-distance conformational coupling between pore and blade domains. (A) Representative 

fluorescence images and bar graphs showing flow-induced calcium responses from 86 and 1591 constructs 

harboring a double cysteine mutation (R1762C/E2257C or A2328C/P2382C) in presence or absence of 25 mM 

DTT. (B) Representative fluorescence images, time-courses, and bar graphs showing flow-induced fluorimetric 

cpGFP responses from 86 and 1591 constructs harboring a double cysteine mutation (R1762C/E2257C or 

A2328C/P2382C) in presence or absence of 25 mM DTT. (C) Mutations R1762C/E2257C and A2328C/P2382C 
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are mapped onto the mPiezo1 structure (PDBID:6b3r). Numbers above each bar indicate p-values from Kruskal-

Wallis test with Dunn’s multiple comparisons. All constructs were expressed in HEK293TΔPZ1 cells. 

 

86 and 1591 are fluorimetrically silent to osmotic swelling and mechanical indentation 

We next sought to determine whether 86 and 1591 fluorimetrically respond to other mechanical stimuli. 

To this aim, we seeded transfected cells into standard culture dishes and exchanged extracellular HBSS 

with a hypotonic solution (~58 mOsmol L-1). We first tested the effectiveness of this stimulus to activate 

WT and engineered channels. Our hypotonic stimulation produces robust Piezo1-dependent calcium 

signals (Figure 8-BA). However, this stimulus was unable to elicit cpGFP quenching or unquenching in 

86 or 1591 (Figure 8C-D). Dual 

imaging experiments confirm 

that our hypotonic stimulation 

elicits robust calcium entry but 

no cpGFP fluorescence 

responses in the same cells 

(Figure 8E). 

 

Figure 8. 86 and 1591 are 

fluorimetrically silent to 

hypotonic shocks. (A) 

Representative jRGECO1a 

fluorescence images and time 

traces in cells co-transfected with 

86, 1591, WT Piezo1, or no Piezo1 

(control), and exposed to a 

hypotonic solution (~58 mOsmol L-

1) for 90 s. (B) Bar graphs plotting 

jRGECO1a mΔF/F0 values from 

experiments described in (A) 

(normalized to WT mean value). 

(C) Representative cpGFP 

fluorescence images and time 

traces of 86 and 1591 following 

exposed to a hypotonic solution 

(~58 mOsmol L-1) for 90 s. (D) Bar 

graphs plotting mΔF/F0 values of 

86 and 1591 treated as described 

as (C). (E) Dual imaging showing 

activation of cpGFP 86 without 

concomitant activation of calcium 

signal. Numbers above each bar 

indicate p-values from Kruskal-

Wallis test with Dunn’s multiple 

comparisons. All constructs were 

expressed in HEK293T-ΔPz1 cells. 
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We next acutely indented cells using 5 μm poking / 1500 ms stimuli. Although these mechanical 

indentations evoke Piezo1-dependent calcium signals, no change in cpGFP fluorescence was observed 

in either 86 or 1591 (Figure 9A-D). By contrast, cells showing visible physical damage upon poking 

produced sustained calcium signals but no cpGFP signals (data not shown).  

 

Figure 9. 86 and 1591 are fluorimetrically silent to poking stimulation. (A) Representative epifluorescence 

images and fluorescence traces of jRGECO1a co-transfected with 86, 1591, WT Piezo1, or no Piezo1 (control), 

and indented to a distance of 5 µm. (B) Bar graphs representing jRGECO1a mΔF/F0 values from experiments 

described in (A) and normalized to mean WT value. (C) Representative epifluorescence images and fluorescence 

traces of cpGFP in cells expressing 86 and 1591 and indented to 5 µm. (D) Bar graphs representing mΔF/F0 

values of 86 and 1591 from experiments described in (C). Numbers above each bar indicate p-values from 

Kruskal-Wallis test with Dunn’s multiple comparisons. All constructs were expressed in HEK293TΔPZ1 cells. 

 

Discussion 

Most ion channels possess regulatory domains that control opening and closure of gates in the pore 

domain. Here, we test whether the Piezo1 blades act as regulatory domains sensitive to mechanical 

forces. To work as such, the Piezo1 blades must undergo conformational changes in response to 

mechanical stimuli and these rearrangements must correlate with modulation of open probability. Our 

data establishes unambiguous correlations between fluid flow stimulation, Piezo1-dependent calcium 

uptake, and local rearrangements of two distant blade locations, tracked using genetically-encoded 
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fluorimetric probes. Restricting protein flexibility near the pore region using inhibitory disulfide 

crosslinks further diminish cpGFP signal from the most distal probe near the N-terminus. These results 

constitute compelling experimental evidence supporting the notion that the Piezo blade domain acts as a 

mechanotransduction domain.  

 

 We further discovered that the integrity of the actin cytoskeleton is essential for flow-mediated 

activation of Piezo1. An actin-based mechanotransduction pathway has been recently proposed as a 

lipid-independent route for mechanical Piezo1 activation (87). It would be thus interesting to test 

whether other elements of this pathway, including Cadherin, β-catenin, and Vinculin are also necessary 

for flow-mediated Piezo1 activation.  

 

Interestingly, our results show that GsMTx4 does not inhibit flow-induced cpGFP signals from 

neither one of our probes, despite the ability of this toxin to robustly inhibit Piezo1-dependent calcium 

uptakes. This suggests a pharmacological model in which GsMTx4 exert its inhibitory effects by means 

other than preventing the Piezo1 blades to rearrange upon mechanical stimulation. This view is 

consistent with a recent study showing that GsMTx4 inhibits a mechano-insensitive Piezo1 deletion 

mutant lacking the entire blade domain (88). On the other hand, GsMTx4 has been proposed to inhibit 

stretch-activated ion channels by interacting with the lipid bilayer (89), a mechanism which seems 

difficult to reconcile with these two independent experimental results. Future studies will be needed to 

discover the still elusive mechanism by which this toxin inhibits Piezos and other mechanosensitive 

channels. 

 

The fact that our cpGFP probes 86 and 1591 do not respond to osmotic or poking stimuli that are 

otherwise effective at opening the channel pore does not necessarily mean that the local structure of 

these two blade locations remains unchanged during mechanical stimulation by swelling or poking. It is 

indeed possible that these local structures remain more or less static or that they undergo conformational 

rearrangements that are ineffective at modulating the fluorescence of the cpGFP inserts. Additionally, 

we cannot exclude the possibility that this differential fluorimetric sensitivity arises from the presence of 

cpGFP and would not occur in WT channels. However, we find this possibility unlikely, as this 

phenotype is observed independently at two blade locations that are separated by >1500 residues in the 

primary amino acid sequences and > 20 nm in the full-length Piezo1 subunit structure (predicted by 

AlphaFold) (90). The notion that different mechanical stimuli impart distinct local rearrangements of the 

blade is further consistent with previous experimental studies showing that certain blade mutations 

differentially affect the sensitivity of Piezo1 channel to mechanical stimuli such as poking and 

membrane stretch (64, 77). 
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Methods 

Molecular cloning 

The pCDNA3.1-mPiezo1 plasmid was generously donated by Dr. Ardèm Patapoutian (Scripps 

Research). cpGFP fragments were PCR-amplified from a pCDNA3.1-ASAP1 plasmid gifted by Dr. 

Francois Saint-Pierre (Baylor College of Medicine and Rice University) and inserted to desired positions 

into the pCDNA.3.1-mPiezo1 plasmid using High-Fidelity DNA Assembly (New England Biolabs). The 

presence of cpGFP inserts was confirmed by Sanger sequencing (GENEWIZ). The pCDNA3.1-

jRGECO1a plasmid was obtained from a previous study (71). The double mutants M2241R-R2482H 

and L2475I-V2476I were inserted into pCDNA3.1-mPiezo1-cpGFP86 and pCDNA3.1-mPiezo1-

cpGFP1591 using High-Fidelity DNA Assembly. Plasmids pCDNA3.1-mPiezo1-A2328C/P2382C and 

pCDNA3.1-mPiezo1-R1762C/E2257C carrying cysteine mutations were generously gifted by Dr. Jorg 

Grandl (Duke University). To insert these mutations into pCDNA3.1-mPiezo1-cpGFP86, we gel-

purified a cpGFP86-containing DNA insert after digesting pCDNA3.1-mPiezo1-cpGFP86 with EcoR1 

and XbaI. DNA vectors containing the cysteine mutations were gel-purified after digesting pCDNA3.1-

mPiezo1-A2328C/P2382C and pCDNA3.1-mPiezo1-R1762C/E2257C plasmids with EcoRI and XbaI. 

The cpGFP86-containing insert was then ligated into each cysteine mutations-containing vector. A 

similar approach was used to insert cysteine mutations into cpGFP1591 except that all plasmids were 

digested with Acc65I.  

 

Cell culture and transfection 

HEK293T cells were obtained from the American Tissue Culture Collection and HEK293ΔPZ1 cells were 

a gift from Dr. Patapoutian, Scripps Research. Cells were cultured in standard conditions (37 °C, 5 % 

CO2) in a Dulbecco's Modified Eagle's Medium supplemented with Penicillin (100 U mL-1), 

streptomycin (0.1 mg mL-1), 10 % sterile Fetal Bovine Serum, 1X Minimum Essential Medium non-

essential amino-acids and without L-glutamine. All cell culture products were purchased from Sigma-

Aldrich. Plasmids were transfected in cells (passage number < 35) seeded in 96-well plates at ~50 % 

confluence 2-4 days before the experiment with FuGene6 (Promega) or Lipofectamine 2000/3000 

following the manufacturer's instructions. 1-2 days before experiments, cells were gently detached by 5 

min incubation with Phosphate Buffer Saline and re-seeded onto 18 mm round glass coverslips (Warner 

Instruments) coated with Matrigel (Corning) or onto single or six-channels microfluidic devices (Ibidi µ-

slides VI 0.4 or µ-slides I 0.4). 

 

Fluorescence imaging 

Excitation light of specific colors were produced by a Light Emitting Diode light engine (Spectra X, 

Lumencor), cleaned through individual single-band excitation filters (Semrock) and sent to the 

illumination port of an inverted fluorescence microscope (IX73, Olympus) by a liquid guide light. 

Excitation light was reflected onto the backfocal plane of a plan super apochromatic 100X oil-

immersion objective with 1.4 numerical aperture (Olympus) using a triple-band dichroic mirror 

(FF403/497/574, Semrock). Emission light was filtered through a triple-band emission filter (FF01-

433/517/613, Semrock) and sent through beam-splitting optics (W-View Gemini, Hamamatsu). Split and 
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unsplit fluorescence images were collected by a sCMOS camera (Zyla 4.2, ANDOR, Oxford 

Instruments). Spectral separation by the Gemini was done using flat imaging dichroic mirrors and 

appropriate emission filters (Semrock). Images were collected by the Solis software (ANDOR, Oxford 

Instruments) at a rate of 1 or 10 frames/second (poking experiments) through a 10-tap camera link 

computer interface. Image acquisition and sample illumination were synchronized using TTL triggers 

digitally generated by the Clampex software (Molecular Devices). To reduce light-induced bleaching, 

samples were pulse-illuminated 200 ms per frame during acquisition. To reduce auto-fluorescence, the 

cell culture medium was replaced with HBSS approximately 20 min prior experiments. 

 

Image analysis 

The first frame of each video was initially pre-processed in ImageJ by manually drawing individual cell 

boundaries and cropping out all background pixels. This processed image was then used as a guideline 

to define each cell as a region of interest in ΔF/F0 analysis. An inhouse MATLAB script was used to 

determine the average intensity of all pixels associated with each cell.   

 

Cell indentation 

Premium standard wall borosilicate capillaries 1.5mm x 4 in (Warner Instruments) were heat-pulled on a 

horizontal puller (Sutter P-97) and fire-polished on a microforge (Narishige MF-900) to produce smooth 

and round poking probes with tip diameter 2-5 µm. Poking probes were directly mounted onto a closed-

loop piezoelectric actuator (LVPZT, Physik Instrumente) attached to a micromanipulator (MP-225, 

Sutter Instruments). Probes were moved near the surface of cells of interest at an angle of approximately 

60° using. Probes were not allowed to contact cells prior experiments. Probes were linearly displaced in 

their longitudinal axis at a speed of 1 µm ms-1 using a LVPZT amplifier (E-625.SR, Physik Instrumente) 

and external voltage triggers commanded by Clampex.  

 

Hypotonic shocks 

During image acquisition, the extracellular recording solution (HBSS) from cultured dishes was 

replaced with a hypotonic solution containing 5 mM NaCl, 5 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 10 

mM HEPES (pH 7.4 with HCl or NaOH) and 10 mM Glucose. The osmolarity of the hypotonic solution 

(~58 mOsmol L-1) was measured by a micro-sample osmometer (Advanced Instruments Fiske 210).  

 

Fluid shear stress stimulation and calculations 

Fluid shear-stress stimulation was done by circulating recording extracellular solutions at various speeds 

into a µ-slide channel using a Clampex-controlled peristaltic pump (Golander). The average amplitude 

of wall shear stress τ applied at the cell surface was estimated using the manufacturer's empirical 

equation relating τ with flow rate Φ for µ-slide channel with 0.4 mm height: 

𝜏 = 𝜂 × 131.6 × Φ 
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Drug treatment 

The design of Ibidi µ-slide chambers constrains the diffusion of drugs, which can only be administered 

through peripheral ports. To ensure sufficient diffusion, cells were treated with each drug 20 min prior to 

measurement. GsMTx4, Aβ(1–40) and cytochalasin D were administered at a final concentration of 5 

μM, 1 μM, and 20 μM, respectively. As GsMTx4 and cytochalasin D are only soluble in DMSO at stock 

concentrations, pre-treatment introduces a small amount of DMSO to the chambers. Consequently, drug-

free controls for GsMTx4 and cytochalasin D were performed by treating cells with 1% DMSO 20 min 

before measurement. No such treatment was performed for Aβ(1–40), as this peptide is soluble in HBSS 

at stock concentration. In order to eliminate the possibility of peptide washout following the application 

of shear stress, HBSS in the pump tubing was also pre-treated with a final concentration of 1 μM Aβ(1–

40).  

 

Statistical analyses 

All statistical analyses were performed on GraphPad Prism 9.0. Non-parametric Mann-Whitney U-tests 

(single pairwise comparison) and Kruskal-Wallis test with Dunn’s post-correction for multiple 

comparisons were used to evaluate statistical significance. Exact p-values are provided are provided in 

all cases, p < 0.05 is considered statistically significant for discussion purposes.  
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