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ABSTRACT 12 

  13 

PIEZO1 ion channels are activated by mechanical stimuli, triggering intracellular chemical 14 

signals. Recent structural studies suggest that plasma membrane tension or local curvature 15 

changes modulate PIEZO1 channel gating and activation. However, whether PIEZO1 localization 16 

is governed by tension gradients or long-range mechanical perturbations across the cells is still 17 

unclear. Here, we probe the nanoscale localization of PIEZO1 on red blood cells (RBCs) at high-18 

resolution (∼30 nm) and we report for the first time the existence for submicrometric PIEZO1 19 

clusters in native conditions. Upon interaction with Yoda1, an allosteric modulator, PIEZO1 20 

clusters increase in abundance in regions of higher membrane tension and lower curvature. 21 

We further show that PIEZO1 ion channels interact with the spectrin cytoskeleton in both 22 

resting and activated states. Our results point towards a strong interplay between plasma 23 

membrane tension gradients, local curvature and cytoskeleton association of PIEZO1. 24 

 25 

  26 
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INTRODUCTION 27 

PIEZO1 is a mechanosensitive ion channel associated with numerous physiological functions 28 

such as erythrocyte volume regulation, epithelial cell adhesion, blood vessel formation and 29 

development of vascular architecture1-3. Impaired PIEZO1 function has been linked to 30 

erythrocyte osmotic fragility and impairment of vascular development4, 5. Conversely, gain-of-31 

function PIEZO1 mutations lead to decreased intracellular red blood cell (RBC) volume and 32 

hemolysis6, 7. Recently published cryo-electron microscopy structures of purified PIEZO1 33 

provide detailed information of its homotrimeric structure consisting of three propeller blades 34 

extending away from a central cap region8-11 (Figure 1A). Recent studies suggest that the blades 35 

and the helical beams attaching them to the cap region may efficiently transfer mechanical 36 

forces from lipids to the pore via a lever mechanism (Figure 1A)12, 13. So far, experiments on 37 

lipid bilayers14, proteoliposomes15, membrane patches16  and bleb membranes17 provided 38 

proof that PIEZO1 is sensitive to lateral membrane tension and can sense forces directly 39 

transmitted through the membrane. In this force-from-lipids model, the ion channel is gated by 40 

mechanical perturbations in the surrounding lipid bilayer18, 19. While the force-from-lipid 41 

paradigm has been firmly established for bacterial mechanosensitive channels (MscL and MscS) 42 

and eukaryotic TREK, TRAAK or two-pore domain K+ (K2P) channels 20, 21, it contrasts with the 43 

force-from-filament tether model in which mechanogating occurs via connections to the 44 

cytoskeleton or extracellular tethers22-24. Multiple studies used heterologous systems and 45 

showed that the cytoskeleton is not essential for PIEZO1 gating17, 25, 26, but there is conflicting 46 

evidence that PIEZO1 can sense and respond to localized or long-range mechanical 47 

perturbations either exogenously applied or endogenously originated exists27-29. Furthermore, 48 

it also remains unclear why PIEZO1 is recruited to cell-junction or focal adhesion sites30, 31 and 49 

whether it forms domains that could facilitate recruitment at appropriate plasma membrane 50 

location.  51 

Here we use confocal imaging and force-distance based atomic force microscopy (FD-AFM) to 52 

determine the distribution of PIEZO1 prior and after activation by Yoda1, a high potency 53 

allosteric modulator12, 15. We first identify the presence of submicrometric PIEZO1 clusters in 54 

native conditions at the surface of RBCs, an ideal cell model to study PIEZO1 localization and 55 

activation as the RBC surface is featureless, with different curvature and tension areas, and 56 

RBCs constitutively expresses PIEZO1 allowing for Ca2+ entry. We further observe that PIEZO1 57 



Dumitru et al.  4 

localization, accessibility and local density are regulated by membrane tension and local 58 

curvature. PIEZO1 cluster abundance is increased in areas of high membrane tension in 59 

response to Yoda1. FD-AFM and confocal imaging show that the lateral organization of PIEZO1 60 

follows a spectrin mesh-like distribution. Taken together, PIEZO1 cluster regulation by 61 

membrane tension and cytoskeleton anchoring support the coexistence of force-from-lipid and 62 

force-from-filament gating models upon PIEZO1 ion channel activation.  63 

  64 

RESULTS AND DISCUSSION 65 

Probing PIEZO1 ion channels by FD-AFM 66 

In order to evaluate the distribution of PIEZO1 on RBCs, we used a polyclonal PIEZO1-antibody, 67 

which demonstrated a high specificity towards PIEZO1 on RBC ghosts, as shown in Western blot 68 

experiments (Figure S1A). We then validated the use of this antibody to specifically bind the 69 

extracellular domain of PIEZO1 ion channels on model surfaces and RBCs using force-volume 70 

(FV) and FD-AFM (Figure 1B,C and Figure S2). Thus, we covalently grafted single PIEZO1-71 

antibodies to the free end of a heterobifunctional polyethylene glycol (PEG) linker attached to 72 

the AFM tip. In a first approach, to mimic cell-surface PIEZO1 ion channels in vitro, a fragment 73 

of PIEZO1 was covalently immobilized on gold surfaces using carbodiimide crosslinker 74 

chemistry (Figure 1B). PIEZO1-antibody AFM tips were used to probe the binding properties of 75 

the complex formed with PIEZO1 ion channels fragments grafted on model surfaces by FV-AFM 76 

(see Methods and Figure S2A-C). Specific adhesion events were observed in ~6% of the 77 

retraction FD curves at rupture distances > 10 nm, corresponding to the extension of the PEG 78 

linker-antibody complex (Figure 1D curves 1, 2). FD curves displaying no adhesion events or 79 

unspecific adhesion events were discarded from further analysis (Figure 1D curves 3, 4). For 80 

specific binding interactions, rupture forces of 71 ± 21 pN (mean ± standard deviation (S.D.); 81 

N=588 data points) at 1 µm s-1 retraction speed were detected (Figure 1E). To further validate 82 

the specificity, two independent control experiments were performed: (i) a competition assay 83 

by injecting 1 µM free PIEZO1-antibody in the solution and (ii) a negative control using AFM tips 84 

functionalized with a non-specific IgG isotype similar in size to PIEZO1-antibody (Figure S1B,C). 85 

We observed a significantly lower binding frequency, below 2% versus 6% compared to our 86 

standard condition (PIEZO1-antibody tips probing recombinant PIEZO1 fragments-87 

functionalized surfaces). In agreement with above data, the average rupture force is 69 ± 20 88 
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pN in our standard conditions and similar values of 66 ± 24 pN are obtained following an 89 

injection of PIEZO1-antibodies (Welch’s T-test: p=0.101, ns). Rupture forces quantified for anti-90 

gH/gL tips probed on the same surface coated with recombinant PIEZO1 fragments are of 42 ± 91 

13pN, which is 30% lower than in normal conditions and statistically relevant (Welch’s T-test: 92 

p=2.88E-15), confirming the specificity of the set-up to detect PIEZO1 fragments (Figure S1C).   93 

Similarly, we probed RBCs that naturally express PIEZO1 ion channels and have the great 94 

advantage of displaying featureless surfaces, making them a good model for membrane 95 

studies. To preserve the cellular biconcavity, RBCs were instantaneously fixed in suspension, 96 

and then immobilized on poly-L-lysine (PLL) coated glass petri dishes and imaged with the 97 

PIEZO1-antibody functionalized tips (Figure 1C) using FD-based AFM32 (Figure S2D). Height and 98 

adhesion maps were simultaneously (see Methods and Figure S2E,F) and force vs time (FT) 99 

curves were analyzed in order to extract the rupture forces of specific adhesion events for each 100 

pixel in the images (Figure S2A). Around 2% of the FD curves showed specific adhesion events 101 

between PIEZO1-antibody and PIEZO1 ion channels (Figure 1F curves 1, 2), with rupture forces 102 

of 115 ± 26 pN (mean ± S.D, N=268 data points) at ~125 µm s-1 retraction speed (Figure 1G). 103 

Other FD curves showing either no adhesion or unspecific adhesion events were discarded for 104 

further quantification (Figure 1F curves 3, 4). 105 

PIEZO1-antibody binding free-energy landscape 106 

The rupture forces probed on model surfaces and on RBCs strongly differ due to the different 107 

tip velocities applied during the experiments. To unambiguously demonstrate that these 108 

rupture forces originated from the same binding partners, we characterized the kinetic 109 

parameters underlying the interaction between PIEZO1 and PIEZO1-antibody. In AFM-based 110 

single-molecule force spectroscopy studies, the application of an external force to a ligand-111 

receptor bond adds a mechanical potential that tilts the free-energy landscape and lowers the 112 

free-energy barrier towards dissociation, thereby increasing the likelihood of unbinding by 113 

reducing the lifetime of the bond (Figure 1H)33. The Bell-Evans (BE) model predicts that the 114 

most probable rupture force in the thermally activated regime scales linearly with the logarithm 115 

of the loading rate (LR)34.  116 

We extracted the rupture forces and LRs from FT curves recorded on both model surfaces and 117 

RBCs (Figure S3) and we overlaid them in a dynamic force spectroscopy plot (Figure 1I, see 118 
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Methods). The extracted rupture forces show a linear dependency with the LR, spanning a 119 

broad range between 102 pN s-1 to 107 pN s-1. We observed a very good alignment between the 120 

data obtained on purified ion channel fragments and RBCs, confirming the physiological 121 

relevance of our results obtained on model surfaces. The BE model was used to fit the data 122 

(Figure 1I, black lineI), assuming a simple two-state model where the bound and the unbound 123 

state are separated by a single energy barrier. From the slope of the fit, we estimated the length 124 

scale of the energy barrier xu= 0.46 ± 0.04 nm and the kinetic off-rate (koff) or dissociation rate 125 

is obtained from the intercept of the fit (at LR=0) yielding koff values of 0.62 ± 0.41 s-1. In 126 

addition, we also observed bivalent interactions that appear as uncorrelated bonds loaded in 127 

parallel, where the load is equally distributed among the existing bonds in an attachment, as 128 

predicted by the Williams-Evans (WE) model (Figure 1I, dashed line II)35. While grafted at low 129 

density, these double interactions could result from the fact that PIEZO1-antibodies have two 130 

antigen-binding sites. 131 

PIEZO1 increased accessibility upon activation by Yoda1 132 

The small molecule Yoda1 has been shown to activate PIEZO1 ion channels, acting as a gating 133 

modifier that potentiates its mechanosensitivity12, 36. The exact mechanism underlying this 134 

interaction is unknown, but PIEZO1 is thought to harbour a specific binding site for Yoda1 in 135 

the region between the anchor domain and the piezo repeat A983, 36 (Figure 2A). Recent studies 136 

evidenced that Yoda1 causes the ion channel to open up, which enables exchange of cations 137 

including calcium (Ca2+)37 (Figure 2A).  We therefore treated RBCs with Yoda1 at different 138 

concentrations to modulate PIEZO1 channel activity and followed Ca2+ accumulation using 139 

spectrofluorimetry and flow cytometry. In the 30-150 nM range, we observed a linear increase 140 

of intracellular Ca2+ content as a function of Yoda1 concentration (Figure 2B,C) and excluded 141 

any effect related to RBC hemolysis (Figure 2D). Higher Yoda1 concentrations induce a stronger 142 

Ca2+ intracellular accumulation (Figure S4K), but in RBCs this is accompanied by a loss of 143 

transversal membrane asymmetry (Figure S4L), required for PIEZO1 activation38. Moreover, a 144 

careful examination of RBC morphology showed that even at 100 nM, loss of RBC biconcavity 145 

is clearly visible in fixed RBCs (Figure S4A-J). We therefore decided to work at 50 nM Yoda1 for 146 

subsequent experiments. 147 

We first studied the nanoscale distribution of PIEZO1 on RBCs in both resting and activated 148 

state using confocal laser scanning microscopy (CLSM, Figure 2E, F) and FD-AFM (Figure 2I-L). 149 
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Using CLSM, we started by checking the specificity of the PIEZO1-antibody (Figure S5A) and 150 

optimized the immunostaining procedure by instantaneous fixation in suspension using a mix 151 

of glutaraldehyde/paraformaldehyde to preserve the RBC biconcavity (see Methods) and by 152 

permeabilization with a Triton X-100 concentration that does not affect PIEZO1 organization at 153 

the RBC surface (Figure S5B). We observed that PIEZO1 is distributed into clusters of ∼275 nm 154 

in diameter (Figure 2E,F). Yoda1 treatment leads to a significant 1.7-fold increase of the mean 155 

fluorescence intensity per RBC (Figure 2G) and a significantly higher number of PIEZO1 clusters 156 

compared to the control condition (Figure 2H). Previous electrophysiology experiments 157 

suggested that PIEZO1 could exist in discrete physical domains whose global properties can 158 

modify channel gating39 and a very recent STORM superresolution imaging study using a 159 

PIEZO1-GFP fusion protein indicates that plasma membrane cholesterol domains coordinate 160 

the activity of clustered PIEZO1 channels40. However, to the best of our knowledge, this is the 161 

first report of PIEZO1 clustering in submicrometric domains observed in a native system. 162 

AFM high-resolution height images and corresponding adhesion maps recorded with PIEZO1-163 

antibody derivatized tips provide further insights into the localization of PIEZO1 at the RBC 164 

surface (Figure 2I-L). Notably, Yoda1 treatment of RBCs results in a significant 2-fold increase 165 

of the binding frequency from 1.8 ± 0.3 % to 3.5 ± 0.4 % (Figure 2M). However, the rise in 166 

binding frequency is not accompanied by a change of the mean rupture binding force, which 167 

remains constant in both control and Yoda1 conditions (Fcontrol ∼ 157 ± 36 pN, FYoda1 ∼ 159 ± 168 

21 pN, Figure 2N). Together, these results support the fact that Yoda1 treatment induces an 169 

increase of the PIEZO1 accessibility. 170 

 171 

Plasma membrane distribution of PIEZO1 clusters upon activation by Yoda1 172 

While some previous studies have shown that PIEZO1 channels diffuse easily within the plasma 173 

membrane and are widely distributed throughout the cell28, PIEZO1 activation is stress and 174 

stimuli dependent40-42. To further investigate this process, RBCs appear as a tool of choice 175 

thanks to their well-defined shape with various curvature and tension areas. It has been 176 

demonstrated that membrane forces are non-uniform along RBC membrane and that the force 177 

density and membrane tension are larger in the center/dimple than in the edge/rim43. 178 

Moreover, the presence of nanometer-scale heterogeneities32 could indeed serve as reservoir 179 

for the generation of positive or negative curvature at the local level, which could induce 180 

channel gating. Therefore, we anticipated that PIEZO1 conformation and cluster localization 181 
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could be controlled by local membrane curvature and tension. To evaluate this hypothesis, we 182 

analyzed by CLSM and FD-AFM the PIEZO1 localization at the RBC edges versus the center 183 

before and after activation by Yoda1 (Figure 3). For CLSM experiments, RBCs were 184 

immunolabeled with PIEZO1-antibody enabling to quantify the PIEZO1 distribution in top and 185 

side view. The rim were associated to high curvature (HC) areas, while the dimple corresponded 186 

to low curvature (LC) regions (Figure 3A). Representative CLSM images of single RBCs before 187 

and after Yoda1 treatment are shown in Figure 3B,C.  188 

We observed that Yoda1 modulation of PIEZO1 ion channels induces a significant increase of 189 

fluorescence intensity (Figure 3D) and abundance of PIEZO1 clusters in LC, but not in HC areas 190 

(Figure 3E,F). PIEZO1 is distributed into clusters of ~315 nm diameter in HC, compared with 260 191 

nm in LC regions. Yoda1 treatment does not affect cluster size, which remains stable at ~275 192 

nm diameter in HC versus 265 nm in LC regions (Figure S6A,B).  193 

We used an analogous approach to quantify FD-AFM results. Specifically, based on the RBC 194 

round shape, we analyzed the distribution of PIEZO1 ion channels and classified their location 195 

into three concentric regions (inner, median and outer; Figure 3A and Methods). Adhesion 196 

maps of control and Yoda1-treated RBCs were analyzed and we extracted profile plots of 197 

normalized integrated intensities around inner, median and outer regions (Figure 3G-L). Before 198 

Yoda1 treatment, PIEZO1 are predominantly localized at the RBC outer rim, which is in line with 199 

the higher number of PIEZO1 clusters observed in the HC areas by CLSM (see Figure 3F versus 200 

E). After treatment by Yoda1, the presence of PIEZO1 in the inner and median regions is 201 

markedly increased, compared to a very slight increase in the outer region (Figure 3M).  202 

The increased abundance of PIEZO1 in the dimple (LC or inner region) confirmed by AFM and 203 

CLSM suggests that, as an allosteric modulator, Yoda1 could induce conformational changes of 204 

the ion channel that increase the affinity towards the PIEZO1-antibody and the intrinsic 205 

curvature of PIEZO1 upon activation favors a stronger interaction with LC areas. Moreover, we 206 

hypothesize that the open pore conformation of PIEZO1 stabilized by Yoda1 treatment leads to 207 

more clusters of sufficient size to be resolved by confocal microscopy due to higher PIEZO1 208 

membrane lateral diffusion. According to this hypothesis, PIEZO1-GFP shows a restricted lateral 209 

diffusion in the HEK293T plasma membrane while depletion of cholesterol, which is known to 210 

control membrane tension, causes a faster channel membrane diffusion40.  211 
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The increased number of PIEZO1 clusters upon Yoda1 treatment correlates with previous 212 

findings pointing towards a higher force density and membrane tension in the dimple region of 213 

RBCs 43. Our data are in good agreement with recent computational studies showing that 214 

myosin-mediated forces are not homogenously distributed along the RBC plasma membrane 215 

and that the force density is higher in the central region compared to the rim. These in sillico 216 

studies also speculated that PIEZO1 channels could localize preferentially in the dimple regions 217 

of RBCs as a result of surface tractions and the control exerted by membrane curvature 42. This 218 

in agreement with the force-from-lipids model, which assumes that the channels respond to 219 

changes in membrane tension directly.  220 

Deciphering PIEZO1-spectrin skeleton interplay 221 

Cryo-electron tomography studies revealed that the RBC cytoskeleton is a densely packed 222 

heterogeneous network of filaments44. This two-dimensional cytoskeletal network has a quasi-223 

hexagonal symmetry and consists of (α1β2)2 spectrin tetramers interconnected at short 224 

junctional complexes (JC) made of actin filaments, protein 4.1, tropomodulin and other 225 

associated proteins44, 45 (Figure 4A). The RBC cytoskeleton is tethered to cell membrane by 226 

integral proteins such as Band3 or Glycophorin C (GPC) (Figure 4A). Band3 is actually the most 227 

abundant protein in the RBCs plasma membrane and half of Band3 proteins in RBCs associate 228 

either with ankyrin or protein 4.1, forming either ankyrin or JC46. Spectrin tetramers are found 229 

in a compressed state in the cytoskeletal network, and it is still a challenge to experimentally 230 

determine the actual ultrastructure of the erythrocyte cytoskeleton. Average lengths of 231 

spectrin tetramers estimated by different techniques range between 35-200 nm, while JC are 232 

just a fraction of around 30-50 nm44, 47-50.  233 

Besides the force-from-lipid model, the force-from-filament gating model suggests that 234 

mechanosensitive ion channels couple to extracellular structures or intracellular tethers (the 235 

cytoskeleton), which transmit macroscopic forces that induce mechanogating24. To evaluate if 236 

PIEZO1 channels might indeed use a complementary force-from-filament gating model to 237 

enable long-distance sensing of mechanical perturbation across an intact cell via the 238 

cytoskeleton, we tried to determine whether the location of PIEZO1 on RBCs could be governed 239 

by the underlying cytoskeleton.  240 

We used CLSM to analyze the extent of PIEZO1 colocalization with spectrin and Band3, as main 241 

components involved in RBC mechanical homeostasis (Figure 4B-I). In control RBCs, the extent 242 
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of colocalization of PIEZO1 with spectrin is of ~0.45 and with Band3 of ~0.40 (Figure 4J, Figure 243 

S7A). Importantly, spectrin or PIEZO1 each decorated by one primary antibody recognized by 244 

two different secondary antibodies did not reach a coefficient higher than ~0.6 (Figure S7B). 245 

Moreover, and quite excitingly, Band3-spectrin colocalization coefficients are similar as for 246 

PIEZO1-spectrin and PIEZO1-Band3 (Figure S7B). The extent of PIEZO1 colocalization with 247 

spectrin or Band3 is not significantly different in Yoda1 treated RBCs (Figure 4J; S7A). Our 248 

hypothesis is that PIEZO1 ion channels interact with spectrin, which would enable them to be 249 

anchored in the RBC LC areas, where force density and tension are larger43. This would allow 250 

PIEZO1 to sense and respond to mechanical stimuli  transduced as forces through the 251 

cytoskeleton51.  To gain further insights about the PIEZO1-spectrin interaction hypothesis, we 252 

further analyzed multiparametric FD-AFM maps of control and Yoda1 treated RBCs (Figure 4K,L 253 

shows an example of control RBCs maps), focusing on the spatial distribution of PIEZO1 254 

channels probed in AFM experiments. Figure 4M depicts a hexagonal lattice model, where each 255 

unit cell is made of 6 spectrin-like rods of 200 nm, overlaid with a representative region of an 256 

adhesion map (boxed region in Figure 4L). An overlay of the hexagonal lattice model with the 257 

localization of PIEZO1 (white dots correspond to adhesion events) evidences a very good 258 

correlation between lattice connection regions and PIEZO1 localization. Adhesive pixels 259 

localized at a distance <20 nm, representing the size of the PEG-PIEZO1-antibody complex 260 

tethered to the AFM tip apex, were marked with a red dot (Figure 4M). Our analysis shows that 261 

among the total number of PIEZO1 ion channels detected in our FD-AFM experiments, around 262 

50% overlap with connection regions within the hexagonal lattice representing the cytoskeletal 263 

network. 264 

We further examined unbinding events in adhesion maps of control and Yoda1 treated RBCs in 265 

terms of nearest neighbor distributions (see Methods). Histograms of nearest neighbor 266 

distances (Figure 4N,O) depict a multimodal distribution with peaks centered at 69 ± 7 nm, 119 267 

± 17 nm, 178 ± 47 nm and 254 ± 38 nm for control RBCs. Similar distances between probed 268 

PIEZO1 are found on Yoda1 treated RBCs, at 70 ± 16 nm, 123 ± 18 nm, 175 ± 46 nm and 255 ± 269 

34 nm. Remarkably, our measured distances match well recent 3D-STORM experiments, where 270 

the calculated edge lengths for the cytoskeletal meshwork in RBCs is of ∼80 nm50. Given the 271 

distances between the probed ion channels, we confirm that PIEZO1 follow a meshwork 272 

distribution similar to the spectrin skeleton. Altogether, our data could suggest that PIEZO1 is 273 

tethered to spectrin-Band3 complexes. 274 
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For the first time, we spatially solved the distribution of PIEZO1 with high lateral resolution in 275 

native RBCs plasma membrane.  We observe an increased abundance of PIEZO1 clusters in 276 

areas of higher membrane tension upon Yoda1 activation. High-resolution FD-AFM, supported 277 

by colocalization experiments using CLSM, evidences a cytoskeleton-like organization of 278 

PIEZO1, adopting a pattern similar to the spectrin mesh, and colocalizing with Band3 integral 279 

proteins. These results indicate that local membrane curvature and tension are key actors 280 

regulating PIEZO1 cluster localization, dynamics and accessibility, while cytoskeleton anchoring 281 

could have a role in reducing diffusion and stabilizing cluster formation. Together, the interplay 282 

between PIEZO1 localization, membrane tension and cytoskeleton organization support the 283 

coexistence of the force-from-lipid and the force-from-filament gating models, even if the 284 

mechanism behind the role of the cytoskeleton remains to be demonstrated. Our study opens 285 

new avenues for the understanding of PIEZO1-mediated mechanotransduction processes in 286 

living cells.  287 
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FIGURES  455 

 456 

Figure 1. Probing PIEZO1 binding using a PIEZO1-antibody functionalized AFM tip. (A) Cartoon representation of 457 
PIEZO1 side and top views, where each subunit is colored differently (PDB: 6B3R). PIEZO1 is a homotrimer protein 458 
with three propeller blades extending away from the central cap region. (B) Interactions between recombinant 459 
PIEZO1 protein fragment and the PIEZO1-antibody are monitored by AFM on model surfaces, where a PIEZO1 460 
fragment is covalently coupled to a gold surface with NHS/EDC chemistry. (C) AFM tips functionalized with PIEZO1-461 
antibody were used to probe PIEZO1 ion channels on RBCs naturally expressing the protein. (D) Examples of FD 462 
curves recorded on model surfaces coated with recombinant PIEZO1 protein fragments and (E) the corresponding 463 
unbinding forces histogram at 1 µm s-1. (F) FD curves obtained while probing PIEZO1 receptors on the surface of 464 
RBCs and (G) the corresponding unbinding forces histogram at 125 µm s-1. (H) Free energy landscape of PIEZO1-465 
PIEZO1-antibody complexes unbinding. A single potential barrier separates the bound and the unbound states of 466 
a two-state unbinding process (blue line). The activation free energy of unbinding is ∆G* and xβ represents the 467 
transition between the bound and the unbound states along the reaction coordinate. In equilibrium conditions 468 
(F=0), the energy barrier is spontaneously crossed at a transition rate koff(0). The application of an external force 469 
to the bond (F >0) tilts the energy landscape (dotted grey line), lowering the energy barrier. Probing the interaction 470 
forces of a (bio)molecular bond over a wide range of loading rates allows determination of the parameters 471 
describing the free-energy barrier stabilizing the bond, such as xβ and the off-rate koff. (I) Dynamic force 472 
spectroscopy plot showing the dependence of the rupture force on the loading rate when probing the interaction 473 
between PIEZO1-antibody and either model surfaces coated with recombinant PIEZO1 protein fragments (empty 474 
black dots, N=3006) or PIEZO1 ion channels on the surface of RBCs (empty red dots N=816). The most probable 475 
rupture forces calculated from the Gaussian fits in Figure S3 are represented as filled black and red dots, mean ± 476 
S.D. The solid line represents the fit of the data using the Bell-Evans model and the dotted line is the Williams-477 
Evans prediction for two parallel bonds. In panels E,G, BP represents the binding probability and bin width is 25 478 
pN. The data is representative of at least 5 independent experiments. Panels A-C created with BioRender.com.  479 

 480 
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 481 

Figure 2. Probing resting state and chemically activated PIEZO1 on the surface of RBCs. (A) In resting state, the 482 
PIEZO1 pore has a closed conformation. Yoda1 stabilizes the open conformation of the PIEZO1 channel, allowing 483 
for ion exchange. The three propeller blades are thought to induce a local curvature around the central pore of 484 
PIEZO1 and could be used as levers to sense tension-induce flattening of the plasma membrane and open the 485 
pore.  (B,C) Intracellular calcium content of Yoda1 treated RBCs was assessed by fluorimetry (B) or by flow 486 
cytometry (C). Fluorimetry data were normalized to hemoglobin (Hb) content and median fluorescence intensity 487 
(MFI) was determined from flow cytometry data. (D) Extent of RBC hemolysis upon treatment with Yoda1. (E,F) 488 
PIEZO1 distribution observed on fixed and permeabilized RBCs  by confocal microscopy in control (E) and Yoda1 489 
treated conditions. (G) Quantification of mean fluorescence intensity per immunolabeled RBC. (H) Quantification 490 
of PIEZO1 clusters abundance per immunolabeled RBC. (I,K) FD-based AFM topography images and (J,L) 491 
corresponding adhesion of control and RBCs treated with Yoda1. (M) Binding frequencies measured when probing 492 
a PIEZO1-antibody functionalized AFM tip against control (grey) or Yoda1 treated cells (yellow). (N) Adhesion 493 
forces measured on control (grey) and Yoda1 treated cells (yellow). Results in (B,C,D,G) are expressed as 494 
percentage of the control condition. Results are presented as means ± SEM of 3-12 experiments in B, means ± SD 495 
of 2 experiments in C, and means of 3 experiments in D. Each dot represents one independent experiment in G. 496 
Each dot represents a single RBC from at least 3 independent experiments in H,M,N. %CTL is defined as percent 497 
control. ns: not significant **: p< 0.01 and ***: p< 0.001. Panel A was created with BioRender.com. 498 
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 499 

Figure 3. Quantification of PIEZO1 receptors clustering on the surface of RBCs. (A) Schematic representation of a 500 
RBC displaying a low curvature (LC) area in the central region and a high curvature (HC) area on the rim. The 2D 501 
horizontal projection of the RBC surface was divided by three concentric circles, representing the inner, median 502 
and outer areas. (B,C) Representative CSLM images of single RBCs showing PIEZO1 distribution in LC areas for 503 
control and Yoda1-treated RBCs. 1, RBC in upper view; 2, RBC in side view. (D) Quantification of fluorescence 504 
intensity in HC (filled circles) and LC (empty circles) areas of CTL (grey) and Yoda1-treated (orange) RBCs. (E,F) 505 
Abundance of PIEZO1 clusters in (E) LC and in (F) HC areas for control and Yoda1-treated RBCs. (G-J) FD-based 506 
AFM height images and corresponding adhesion maps of (G,H) control and (I,J) Yoda1-treated RBCs. (K,L) Spatial 507 
distribution of specific PIEZO1 unbinding events in the adhesion maps (H) and (L), as a function of the distance 508 
from the center of the cell. (M) Adhesion maps were used to calculate normalized integrated intensity of PIEZO1-509 
antibody adhesion events in the inner, median or outer regions of control (grey) and Yoda1-treated (orange) RBCs. 510 
Bar range represents data mean ± SEM of 3-10 representative experiments. Ns: not significant; **: p<0.01; ****: 511 
p<0.0001 and *****: p<0.00001. Yoda1-treated RBCs represent cells treated with 50 nM Yoda1. Panel A created 512 
with BioRender.com. 513 
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 514 

Figure 4. PIEZO1 association with the spectrin skeleton. (A) Schematic representation of the RBC cytoskeleton. The 515 
two-dimensional cytoskeletal meshwork has a quasi-hexagonal symmetry and has as main components (α1β2)2 516 
spectrin tetramers connected by junctional/ankyrin complexes. The RBC cytoskeleton is tethered to the plasma 517 
membrane through peripheral and integral proteins. (B-I) Representative confocal images of PIEZO1-spectrin 518 
colocalization in control and Yoda1-treated RBCs after fixation with 4% PAF and 0.05% Glut and permeabilization 519 
with 1% Triton X-100 for 15 min. Green and red arrowheads correspond to PIEZO1 or spectrin only; yellow 520 
arrowheads, colabeling. Lefts panels are provided to highlight the preservation of the RBC morphology. (J) 521 
Quantification of the extent of colocalization between PIEZO1 and spectrin from the confocal images shown in B-522 
I. (K,L) Representative FD-AFM height and adhesion maps of a single RBC probed with a PIEZO1-antibody AFM tip. 523 
(M) Overlay of a hexagonal lattice model and the boxed region in the adhesion map in (L). Each unit cell in the 524 
hexagonal network consists of 6 spectrin-like rods 200 nm in length. Red dots evidence overlap of PIEZO1 adhesion 525 
events and lattice connection points. (N,O) Histograms of nearest neighbor distribution for adhesion events 526 
extracted from representative control and Yoda1 treated adhesion maps. A multimodal distribution of the 527 
distances is observed for both conditions. Bin width is 20 nm, blue lines represent individual Gaussian fits and dark 528 
grey lines global Gaussian fits. Results are from at least 4 independent experiments. Ns: not significant. Panel A 529 
was created with BioRender.com.  530 
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