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PIEZOs are mechanosensitive ion channels that convert force into chemoelectric
signals'? and have essential roles in diverse physiological settings®. In vitro studies have
proposed that PIEZO channels transduce mechanical force through the deformation of
extensive blades of transmembrane domains emanating from a centralion-conducting
pore*8. However, little is known about how these channels interact with their native
environment and which molecular movements underlie activation. Here we directly
observe the conformational dynamics of the blades of individual PIEZO1 moleculesin a
cellusing nanoscopic fluorescence imaging. Compared with previous structural models
of PIEZO1, we show that the blades are significantly expanded at rest by the bending
stress exerted by the plasma membrane. The degree of expansion varies dramatically
alongthelength of the blade, where decreased binding strength between subdomains
can explainincreased flexibility of the distal blade. Using chemical and mechanical
modulators of PIEZO1, we show that blade expansion and channel activation are
correlated. Our findings begin to uncover how PIEZO1 is activated in a native environ-
ment. More generally, as we reliably detect conformational shifts of single nanometres
from populations of channels, we expect that this approach will serve as aframework

for the structural analysis of membrane proteins through nanoscopicimaging.

The capacity to sense and transduce mechanical information from
the environmentis critical to a wide variety of physiological processes
across all domains of life®. Mechanotransduction channels harness
mechanicalworkto directly openanion-conducting poreinresponse
to perturbations in the cell membrane, initiating cellular signalling®.
PIEZOs are a family of mechanotransduction channels found across
Eukarya'? and mediate avastarray of physiological processes in mam-
mals, including touch sensation", blood pressure control®?, vascular
development™*, mechanical itch® and erythrocyte hydration state'®.

PIEZOs are large, homotrimeric membrane proteins structurally
arranged as a triskelion*’ (Fig.1a). Each protomer contacts at the cen-
tral pore and cap domains near the C terminus and projects ablade of
36 transmembrane domains that extends both outward and upward
towards the N terminus. Although only partial cryo-electron micros-
copy (cryo-EM) structures of PIEZO1 lacking approximately one third
ofthedistal blades are available, the structural homologue PIEZO2 has
been solved with the full complement of transmembrane domains”.
In structural models and predictions, the blades form a bowl shape
approximately 24 nmin diameter and 9 nmin depth, with a total pro-
jectedarea of approximately 450 nm? The blades directly connect to the
poreviaanintracellular beam, suggesting that they are both levers that
directly gate the channel and the primary sensors of mechanical force®.

When reconstituted into artificial lipid bilayers, the non-planar
shape of PIEZOL1 is sufficiently rigid to bend the membrane aroundit,

forming a dome®'®, However, this dome is also intrinsically deform-
able, a property probably controlled by the flexibility of the blades.
Observations of the membrane dome in lipid vesicles and accom-
panying mathematical models indicate that in a planar lipid bilayer
with no lateral tension or compressive forces, PIEZO1 should flatten
relative to the detergent-solubilized state*3'®'?, Such deformation
is driven by the energetic cost to bend the membrane, in which the
curved PIEZO protein and the planar lipid bilayer are in a state of
mechanical equilibrium. Externally applied forces appear to further
deformthe PIEZO dome, flattening when tapped with an atomic force
microscope in a supported planar lipid bilayer$, and in a molecular
dynamics simulation of bilayer expansion through lateral tension®.
A partial cryo-EM structure of PIEZO1 solved outside-out ina10-nm
lipid vesicle also shows blade and beam deformation under very high
bending forces?. Together, these data support the model that the
blades are sufficiently flexible to bend upon membrane deforma-
tion and probably transduce force to gate the pore. However, the
complexity and heterogeneity of cellmembranes have required that
these experiments be performed in highly purified systems, and
methods for applying force to the channel lack direct physiological
relevance. The extensive averaging required to assemble cryo-EM
structural models also fails in many cases to resolve the potential
breadth of conformational states, especially from relatively flexible
protein domains.
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Fig.1|Single-molecule imaging and super-particle fusion of labelled
PIEZOL1. a, Structural models of PIEZO1, viewed extracellularly. The most
complete cryo-EM structure of PIEZO1 with the missing distal approximately
onethird of the blade highlighted (left) and the AlphaFold Il structure
prediction of PIEZO1 (right) are shown. The C-terminal extracellular domain
(CED) isremoved from the AlphaFold Il model due to poor prediction. TCO*K
tagsat position103 are shown as magentastars. Each protomer is separately
coloured. b, Segmentation of candidate PIEZO1 particles from iPALM
localizations. Arepresentative x100 differential interference contrastimage
(fromn =5cells) of aHEK293 cell expressing TCO*K 103 PIEZO1 labelled with
tetrazine-AlexaFluor 647 (AF647) (top left; scale bar,10 pm). A3 nm per pixel
rendering of plasmamembrane localizations from the magentainset onthe
top left (scale bar, 3 pm) (top middle). Binary AF647 localizations (magenta
points) with candidate PIEZO1 molecules meeting nearest neighbour
requirements highlighted with cyan boxes (scale bar, 3 pm) (top right).

In this study, we overcome these previous limitations by using nano-
scopic fluorescence imaging to directly observe the conformational
states of the blades of single PIEZO1 channelsina cellmembrane. Two
super-resolution nanoscopicimaging approaches combined with novel
particle identification and segmentation algorithms allowed us to
isolate and measure single PIEZO1 molecules at nanometre resolution.
Using thisapproach, we applied stimuli to cells and examined how blade
expansion correlates with channel activation and inhibition. Through
these experiments, we also begin to uncover the basic mechanism of
channel modulation by the small-molecule activator Yodal and the
inhibitor GsMTx-4. Together, our results show how the cellular envi-
ronment can shape the structure of PIEZO1 and how blade expansion
underlies channel activation.

Single-molecule imaging of PIEZO1

Protein tags and affinity probes introduce error in super-resolution
fluorescence microscopy as the fluorophore (or fluorophores) and
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Representative 3 nm per pixel renderings of candidate triple-labelled PIEZO1
molecules that meet minimum interlocalization separation requirements are
alsoshown (scale bars, 30 nm) (bottom). ¢, Fused super-particle of identified
PIEZO1trimericlocalizations with threefold symmetry promotion, viewed
topdown (n=5imaged cells,n=726 moleculesand n=8,500 localizations).
Localizations were visualized with size and colour proportional to local density
(see Methods).d, Super-particle thresholded for alocal density of more than
0.5x107%, the minimum that encompassed localizations within a 60-nm sphere
(left). Localizations associated with each blade isolated with k-means
clustering with k=3 clusters (right). e, Scatter plot of average per-localization
interblade distances between eachlocalization within ablade cluster fromthe
super-particlein part cand alllocalizationsin a neighbouring blade cluster,
coloured by local density. At position 103, the most probable interblade
distanceis25.4 +5.9 nm (mean+s.d.), compared with19.2 nm calculated from
the AlphaFold Ilmodel.

tagged location are physically offset?. To minimize this type of spatial
error, we labelled each subunit of PIEZO1 with a single extracellular
fluorophore using genetic code expansion and click chemistry. An
orthogonal aminoacyl-tRNA synthetase and tRNA pair recognizing
the amber codon UAG? was used to incorporate a lysine conjugated
to trans-cyclooctene (TCO*K) at amino acid position 103 in mouse
PIEZO1 heterologously expressed in HEK293 cells. Although the last
approximately one third of the PIEZO1 blade has not been resolved
by cryo-EM*%7, the structure of this region has been predicted by
AlphaFold II** and homology modelling using the PIEZO2 structure”
(Fig.1a and Extended Data Fig. 1a). Amino acid 103 resides in the most
distal extracellular loop of PIEZO1 relative to the pore, and these posi-
tions are separated by 19.2 nmin the tertiary structure (Extended Data
Fig.1b). Live cells expressing TCO*K103 PIEZO1were labelled with the
complementary click substrate tetrazine conjugated to Alexa Fluor 647
(Extended Data Fig.2a,b). Thisloop was confirmed to be extracellular
(Extended DataFig.2b), and we determined that tagging or click label-
ling does not compromise channel function (Extended Data Fig. 3a-e).
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Fig.2|The plasma membrane expands the blades of PIEZO1. a, MINFLUX
imaging and PIEZO1 trimer identification. Representative x100 confocal scan
(fromn =5cells) of aHEK293 cellmembrane expressing labelled TCO*K 103
PIEZO1 (scale bar, 2 um) (left). Colour represents scaled intensity in each
detector (650-685 nm (green) and 685-720 nm (red)). Clusters of raw
localizations (traces) rendered as15-nm spheres from the same region (scale
bar,2 pm) (middle). Zoomed-inrendering (3-nm spheres) showing single-
labelled (red), double-labelled (yellow) and triple-labelled (green) PIEZO1
identified by the algorithm (scale bar,20 nm) (right). b, Representative PIEZO1
trimer. Rawlocalizations (3-nmspheres) coloured by DBSCAN cluster. The centre
positions were determined by a 3D GMM fit (white circles). ¢, Ostu-thresholded
super-particle with threefold symmetry enforcement (n=5cellsand n =41
molecules).d, Histograms of GMM (it error for each trimer fluorophore
position (n=41moleculesand n=123fluorophore positions). Binwidth=1nm.

Afterlabelling, cells were fixed in anisosmotic crosslinking solution to
prevent changesin cell morphology and imaged without permeabiliza-
tion to keep the plasma membrane intact. Collectively, our labelling
system introduces a fluorophore into the amino acid chain of PIEZO1
with less than1-nm physical offset error® and captures the channel in
anative cellular environment.

To compare the resting conformation of PIEZOlin a cellmembrane to
structural models, we firstimaged labelled cells with 3D interferometric
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Theblackdashedlineindicates medianfiterror.e, Interblade distances of
PIEZOlinamembrane (grey circles; n =41 moleculesand n=5cells), the PIEZO2
structure (PDBID: 6KG7) at the nearest aligned position and the AlphaFold Il
prediction (E2JF22) (top). A schematic of labelled PIEZOlin amembraneisalso
shown (bottom). f, Interblade distances per detergent-solubilized PIEZO1
(17.1+ 4.0 nm; orange circles; n=7 molecules), AlphaFold Il prediction (black
circle) and PIEZOlina membrane (grey circles) (top). Kolmogorov-Smirnov
test:*P=0.0106 and D = 0.662. Aschematic of the proteinimmobilization
method and blade compactionisalsoshown (bottom). g, Interblade distances
inacellexposedto20 pM GsMTx-4 (20.7 + 6.6 nm; yellow circles; n =20
molecules and n=3cells), AlphaFold Il prediction (black circle) and PIEZO1in
amembrane (grey circles) (top). Kolmogorov-Smirnov test: *P=0.0126 and

D =0.4341.Aschematic of blade compaction from GsMTx-4 is also shown
(bottom). All statistical tests are two-tailed. Valuesine-gare mean +s.d.

photoactivation localization microscopy (iPALM)%, a technique pre-
viously used to measure bulk conformational changes in membrane
proteins?. Individual triple-labelled PIEZOL1 particles localized to the
plasma membrane were identified and segmented using a custom
algorithm (Fig. 1b and Extended Data Fig. 4). Here clusters of three
localization densities were identified from probability density ren-
derings and segmented as individual particles (see Methods). As the
effective localization errors for each molecule position are near the
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Fig. 3| Flexibility determines the extent of blade expansion. a, PIEZO repeat
domains of PIEZOL1 (left; AlphaFold I E2JF22) and PIEZO2 (right; PDBID: 6KG7),
with tagged positionslabelled. b, Inter-PIEZO repeat binding energy for
PIEZO1 (blue; AlphaFold I1 E2JF22) and PIEZO2 (orange; PDB ID: 6KG7) with the
contribution of transmembrane domains only (TMDs) or with additional
contributionof ordered loops. Tagged repeats are denoted by black arrows.
c,Scatter plotof average interblade distances at proximal blade position 670
(17.8 + 4.2 nm; purple circles; n=35molecules and n =5 cells) compared with
distal position103 (25.1+ 7.4 nm; grey circles; n =41 molecules and n=5 cells)
measured with MINFLUX in a cellmembrane. Kolmogorov-Smirnov test:
****p=0.000087 and D = 0.5157. Distances are shownasmean +s.d.d, Variance
and 95% confidenceinterval of average interblade distances at positions 103
and 670 from the scatter plot datain part c. F-test of equality of variances:

interblade distance predicted by structures and obfuscated by addi-
tional sample driftand vibration error, we were unable to resolve mean-
ingfulinterblade distances fromindividual particles. To increase signal
to noise and resolution, we instead used a template-free 3D particle
fusion algorithm? to fuse localizations from all identified channels
and generate a super-particle of triple-labelled PIEZO1 (Fig. 1c). With
previous knowledge of subunit stoichiometry, we enforced threefold
symmetry during the creation of the super-particle as the registration
algorithm tends to match regions of dense localizations?®* (Extended
DataFig. 5a,b).

Theindividuallocalization cloudsin the super-particle correspond-
ingtoeach fluorophore position are not spherical. Localizations froma
relatively rigid point source emitter imaged with near-isotropic resolu-
tion and fused with amethod that accounts for anisotropic localization
uncertainty should resolve asasphere, as demonstrated with labelled
subunits of the nuclear pore complex®. However, the PIEZO1 blade
localization clouds were elongated approximately threefold (Fig.1c,d).
We hypothesized that this elongation was due to the superposition of
conformational states, possibly driven by considerable flexibility of the
distal blade. Relative to the averaged snapshot provided in structural
models, this raises the interesting possibility that the blades of indi-
vidual channels are not conformationally uniform. We nextisolated the
localization clouds associated with each of the three blades and calcu-
lated the average pairwise distance to all localizations in neighbouring
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P=0.000535and F-statistic = 3.10. e, Histograms of GMM fit error for all
identified triple-labelled PIEZO1 molecules at position103 (grey; n=123
fluorophore positions) and position 670 (purple; n=105 fluorophore positions).
Binwidth =1nm. Difference in median GMMfiterror Ao x=0.66 nm, A
¥=0.59 nmand Ao z=0.69 nm. f, Histograms of interblade angles for identified
triple-labelled PIEZO1 molecules binned by 10 nm and fit with a Gaussian at
position103(56.4 +27.8 nm; R?=0.84) (top) and position 670 (58.2 +18.5 nm;
R*=0.94) (middle). Values are shown as mean +s.d. Ascatter plot of the change
ininterblade angles from symmetric (60°) for positions103 and 670 is also
shown (bottom). Mann-Whitney test: **P=0.0059, U=5090. Error bars are
shown as medianand 95% confidenceinterval. All statistical testsare
two-tailed.

blades (Fig. 1d,e). Compared with the interblade distance calculated
from the AlphaFold Il structure prediction, the most probable dis-
tance measured from PIEZOl in a cell is 6.2 £ 5.9 nm more expanded
(mean ts.d.) (Fig.1e). As the structural model is membrane-free, these
dataalso suggest that the plasma membrane exerts sufficient bending
stress to expand the blades of PIEZO1 at rest.

Testing these two hypotheses more precisely required direct observa-
tion of the blade positions of single PIEZO1 molecules. To accomplish
this, we used MINFLUX, a3D super-resolution fluorescence microscopy
method capable of trueisotropic resolution with only 5- to 6-nmlocali-
zation error®*~2, Qur system was equipped with a 3D sample stabiliza-
tionsystem thatactively locks the sample position with less than 2-nm
error®?, minimizing uncertainty from drift and vibration. We prepared
cells exactly as for iPALM, imaged the labelled cells with MINFLUX
and identified triple-labelled particles with a separate automated 3D
identification and clustering algorithm (Fig. 2a; see Methods). Raw
localizations were first separated into clusters and then each cluster
was individually fit with a3D Gaussian mixture model (GMM) to deter-
mine each fluorophore centre position and positional uncertainty®
(Fig. 2b). We designated PIEZO trimers by selecting clusters of three
fluorophore positions spatially separated from any other detected
fluorophore position by more than 100 nm. For all localization clus-
ters, the median fluorophorelocalizationerrorinx, yand zwas 6.0, 5.6
and 5.4 nm, respectively (n =5cellsand n =123 fluorophore positions;
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Fig.4|Activation of PIEZO1 by blade expansion. a, Representative whole-cell
electrophysiology at+80 mVinresponse to hypotonic extracellular solution of
Swelll-knockout HEK293F cells transfected with PIEZO1and an untransfected
control. b, Blade expansion at position 103 from osmotic swelling (34.7 + 8.8 nm;
red circles; n=14 molecules and n =4 cells) compared with an unstimulated

cell (25.7 £ 8.6 nm; grey circles; n =44 molecules and n =5 cells). Kolmogorov-
Smirnov test: *P=0.0169 and D = 0.474. ¢, Change in projected area calculated
from circumradius using the distancesin part b from osmotic swelling
1,651+ 770 nm?; red circles), an unstimulated cell (999 + 726 nm?; grey circles)
and AlphaFold Il prediction (411 nm? black circle). Kolmogorov-Smirnov test:
*P=0.0264and D = 0.4513.d, Representative whole-cell electrophysiology
at+80 mVinresponse to 50 pM Yodal of SwellI-knockout HEK293F cells
transfected with PIEZO1and an untransfected control. The chemical structure

Fig. 2d), far less than the calculated interblade distances (Extended
DataFig.1b).

We created a fused super-particle from PIEZO1 TCO*K 103 centre
positions obtained with MINFLUX and, like the iPALM super-particle,
we again observed non-spherical elongation of the localization clouds
(Fig. 2¢). The minimal fluorophore position uncertainty also allowed
us to directly measure distances from individual PIEZO channels. The
average interblade distance between each blade at position 103 is
25.1+ 7.4 nm (mean ts.d.) (Fig. 2e), consistent with the most prob-
able distance measured with iPALM (Fig. 1e). Although we expected
thebladesto expand tosome degree given the observed PIEZO1-mem-
brane dome flattening in large lipid vesicles’®'?, we were intrigued to
find that, compared with the membrane-free AlphaFold Il structural
model, the distal regions of the blades of PIEZO1 are expanded on aver-
age by approximately 29% when embedded in a cell membrane. We also

Resting state
Blades bent and flexible

Activated state
Blades expanded
of Yodalis also shown (top left). e, Maximal whole-cell currents from osmotic
swelling and Yodal (n =5 cellseach (120 mOsm) and n =3 cells each (Yodal)).
Values are shown as mean = s.e.m. f, Interblade distances at position 103 with
50 uM Yodal(27.07 + 6.60 nm; dark grey circles; n=69 moleculesandn=3
cells) and the unstimulated condition (25.13 + 7.39 nm; light grey circles; n =41
molecules and n =5 cells) (Kolmogorov-Smirnovtest: P=0.4712and D= 0.1668),
and at position 670 with 50 pM Yodal (19.71+ 3.01 nm; dark purple circles; n =22
molecules and n =5 cells) and the unstimulated condition (17.77 + 4.19 nm; light
purplecircles; n=35moleculesand n=>5 cells) (Kolmogorov-Smirnov test:
*P=0.0481and D=0.3714). Twossignificant figures are used to highlight
precision. NS, not significant. g, Summary of results. Valuesinb,c,fare shown
asmean £s.d. All statistical tests are two-tailed.

notethat the standard deviation of interblade distancesis greater than
the experimental localization error, supporting the hypothesis that
the spread of distancesis driven by intrinsic blade flexibility. Together,
these datasuggest that the blades of PIEZO1 are significantly expanded
atrest, presumably by the plasmamembrane, and that the distal regions
of the blades are highly flexible.

Extent of PIEZO1 blade expansion

We next tested whether the observed blade expansion in a cell is
directly mediated by the plasma membrane. As the only existing
solved structures of PIEZO1 lack the last approximately one third of
the distal blade, we thus far have relied on structural models to calcu-
late the relative extent of blade expansion. Thus, we directly measured
the membrane-free channel conformation and compared it with the
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AlphaFold Il structural model. To do this, we expressed, solubilized and
purified the PIEZO1 protein essentially as described for cryo-EM stud-
ies*>772 The distal blades of purified PIEZO1were labelled at position
103 and immobilized onto a polyethylene glycol (PEG) brush surface
for MINFLUX imaging in the presence of detergent (Fig. 2f, bottom).
The channels were separated on average by more than 100 nm through
sparse grafting of biotin-functionalized PEG, the minimum separation
distance between channels required by the segmentation algorithm.
We observed a significant decrease in interblade distance relative to
the resting cellular state (P=0.0106, Kolmogorov-Smirnov test) to
17.1+4.0 nm (mean = s.d.), very near the interblade distance meas-
ured from the structure prediction (Fig. 2f, top). These data confirm
that the AlphaFold Il structural model is areasonable membrane-free
comparisontoour data. Asremoval of cellular components, including
the membrane, compacts the blades, these dataagain suggest that the
plasma membrane significantly expands the blades in a cell. These
experiments also act as a critical control for our analysis pipeline in
two key ways: our interblade measurements in detergent agree with
existing structural models, and we observed a large conformational
shift between each condition when the imaging and segmentation
parameters are held constant.

The observed compaction of the blades upon removal of the plasma
membrane and cellular components raises the possibility that inhibi-
tors of channel activity can also act through the same mechanism. Some
PIEZOlinhibitors suchas gadolinium, streptomycinand rutheniumred
evidently block the flow of ions through the pore'**, but others, such
as the gating modifier GsMTx-4, have no proven mechanism of action.
GsMTx-4isapeptidetoxinisolated fromthe Chileanrose tarantulathat
broadly inhibits mechanosensitive ion channels*?¢. The equilibrium
binding constant K;of GsMTx-4 to alipid bilayer and the half-maximal
inhibitory concentration (IC,) for PIEZO1 are both approximately
2 UM (refs.36-38), consistent with the lipid bilayer being the primary
target of action. Inaddition, molecular dynamics simulations suggest
that GsMTx-4 acts as a mobile reserve of membrane material by shift-
ing between shallow and deep penetration depending on bilayer ten-
sion, in effect acting as a buffer that reduces local membrane stress™.
The net effect on PIEZO1 channel activity is a rightward shift of the
current-displacement curve®, requiringa muchlarger stimulus to open
the channel. Given these models and the small size of the 35-amino acid
toxin (approximately 2 nm in diameter; PDB ID: 1LUS8), we reasoned
thatitmaybe able to directly embed into the membrane dome formed
by PIEZO1 and release the local bending stress that keeps the blades
extended (Fig 2g, bottom).

GsMTx-4 has arelatively low membrane affinity and a fast off-rate
(ko= 0.2s™) (ref.37). Thus, to best preserve the transiently inhibited
conformational state, we applied GsMTx-4 for 5 minata concentration
(20 uM) tentimes greater than the equilibrium binding concentration
and quickly post-fixed the cells (see Methods). Using the same MIN-
FLUX imaging method and segmentation algorithm as for previous
experiments, we measured the interblade distance from single PIEZO1
channels. Inthe presence of GsMTx-4, the average interblade distance
was 20.7 £ 6.6 nm (mean +s.d.), which is significantly decreased rela-
tive to thecellular resting condition (P= 0.0126, Kolmogorov-Smirnov
test),and very near the detergent-solubilized state and membrane-free
structure prediction (Fig. 2g, top). These data indicate that release of
membrane-bending stress causes blade compaction and provide a
basic mechanism of inhibition for GsMTx-4. As GsMTx-4 appears to
act specifically on the lipid bilayer, these data also suggest that blade
expansionis mediated primarily through the plasma membrane rather
thanthrough tethering to the cytoskeleton or extracellular matrix>**°,

Analysis of PIEZO1 blade flexibility

Next, we focused on to what extent the apparent spread of confor-
mational states is driven by blade flexibility. Although the observed
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heterogeneity in blade expansion might be due in part to local dif-
ferences in membrane properties, such as topography and bending
modulus, the long blade of transmembrane domains should roughly
behave like a flexible elastic rod within the confines of the plasma
membrane. Deflections from random thermal energy at the distal ends
should be larger than near the centre of the channel. Indeed, physical
models predict that at least part of PIEZO1 might be similarly flexible
asalipidbilayer, implying that thermal fluctuations alone canresultin
substantial deformations of the shape of PIEZO1 (refs.18,19). However,
given the large distribution of conformational states, we wondered
whether certain structural features might be responsible for these
mechanical properties.

The stiffness of the tertiary structure of a protein is predominantly
determined by the strength of amino acid interactions at binding
interfaces**2. Each blade of PIEZO1 can be divided into nine PIEZO
repeat domains, with each repeat forming a cluster of four packed trans-
membrane helices containing inter-repeat binding interfaces (Fig. 3a).
Using the AlphaFold Il structure of the PIEZO1 blade, we calculated
the inter-PIEZO repeat binding energy (-AG) for domain interfaces®,
with and without the contribution of intracellular and extracellular
loops, including domains expected to increase interdomain binding
strength, such as the beam (Fig. 3b). We observed a dramatic, graded
decreasein—AGalongthe proximal to distal axis of the blade, consist-
ent with PIEZO2 repeat domain binding energies calculated directly
from the cryo-EM structure. Low binding energy is especially appar-
ent for distal repeat I, which binds to only one other PIEZO repeat and
is exposed more extensively to the plasma membrane. The average
free energy difference between repeat F—at the edge of the resolved
PIEZO1 cryo-EM structures—and repeat I-the most distal repeat—is
28.6 kcal mol™(16.9 k; 7). Inacomplex membrane-water environment,
actualinterface binding energies are probably different, but the general
trend indicates that proximal repeats close to the pore domain are
more rigid than distal repeats and less susceptible to bending by the
plasmamembrane.

To measure flexibility at more proximal blade domains within
resolved cryo-EM structures, we tagged PIEZO1 with TCO*K at amino
acid 670, whichliesinanextracellular loop of repeat F (Extended Data
Figs.1band2b). When measured and analysed with our MINFLUX pipe-
line, we observed a statistically significant decrease in interblade dis-
tances relative to repeat [ (P=0.000087, Kolmogorov-Smirnov test)
(Fig. 3¢c). Of note, the variance of average interblade distances was
significantly decreased between positions103 and 670 (Fig. 3d), indicat-
ingthatasmaller range of conformational states are being occupied at
repeat F and that thereisalarge difference in flexibility. GMMfit errors
for each condition are nearly the same (change in median GMM fit
error (Ac) x=0.66 nm, Ac y=0.59 nm and Ac z= 0.69 nm; Fig. 3e), so
arenotresponsible for the apparent difference in mechanical proper-
ties. Consistent with decreased flexibility, the angle between the three
fluorophore positions on each identified PIEZO1 molecule at repeat F
was significantly more symmetrical than at repeat I (Fig. 3f). We suspect
that such differences in flexibility are why the distal blade has not yet
beenresolved by cryo-EM.

We next examined the relative extent to which each section of the
blade is expanded by the plasma membrane. Compared with the
membrane-free structures and predictions, the blade at proximal
repeat F is expanded by only 2.4 + 4.2 nm, compared with 5.9 + 7.4 nm
at distal repeat I (mean +s.d.) (Fig. 3¢). This more than twofold aver-
age increase is consistent with the vast difference in energetic stabil-
ity of these domains and the consequent difference in flexibility. The
average interblade distance of position 670 in a cell lies in between
that of the presumably stress-free detergent-solubilized structure
and the highly strained, flattened cryo-EM structure of PIEZO1solved
outside-out in 10-nm lipid vesicles?, providing additional evidence
that we have captured aresting state of blade expansion by the plasma
membrane.
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We next asked whether we could measure induced changesinblade
flexibility at a single tagged position. To do this, we altered membrane
stiffness by changing the lipid composition of the plasma membrane.
Saturated fatty acids, such as margaricacid, increase membrane stiff-
nessand viscosity** and should consequently decrease the magnitude
of blade displacement by random thermal motion. We enriched the
plasma membrane of cells expressing PIEZO1 with 300 uM marga-
ric acid, imaged with MINFLUX, and found that the distal blades had
significantly decreased variation of interblade distances, consistent
with an apparent decrease in the magnitude of blade fluctuations
(Extended Data Fig. 6b). These data further support the observation
that the spread of conformational states at the distal blade is driven by
intrinsic blade flexibility. We observed no significant change in inter-
blade distance with margaric acid enrichment (Extended Data Fig. 6a).
Mathematical modelling of PIEZO1in the plasma membrane predicts
thatincreased membrane stiffness should also expand the blades and
decrease the apparent channel gating threshold*; however, electro-
physiological data conversely indicate that margaric acid increases the
gating threshold®. These data suggest that the influence of membrane
composition on the conformation of PIEZO1is probably more nuanced
than predicted from modelling alone and may involve direct protein
binding and modulation.

Activation of PIEZO1by blade expansion

GsMTx-4 inhibits PIEZO channel activity, and our data suggest that it
compactstheblades of PIEZO1by releasing membrane-bending stress.
Conversely, application of force to a cell membrane activates PIEZO1
(refs.1,2), presumably through lateral membrane tension and deforma-
tion of the membrane dome*. Thus, we focused on to what extent the
blades expand when the plasma membrane is stretched. We sought a
stimulus compatible with MINFLUX imaging that uniformly expands
the membrane and directly activates PIEZOL.

A hypotonic extracellular environment increases cell volume via
osmotic swelling. Given a finite surface area, swelling applies tension
to the plasma membrane*. Osmotic swelling also induces Ca" influx
through PIEZO1 (ref. 47), but we found no electrophysiological evidence
thatitdirectly activates the channel under normal conditions. Mechani-
cally evoked PIEZO1 currents inactivate quickly (Ti,ctivation = 10-30 ms)
atnegative membrane potentials', whereas the rate of osmotic swelling
inHEK293 cellsis slow, reaching peak volume in approximately 2.5 min
(ref.48). We therefore suspected that fast inactivation obscures channel
activationinresponse to osmotic swelling. Osmotic swelling also elicits
anoutward chloride current through the ubiquitous volume-regulated
anion channel SWELLI (refs. 49,50), further masking the PIEZO1-evoked
currents. We circumvented both of these issues by measuring osmoti-
callyinduced PIEZO1 activation in SwellI-knockout HEK293 cells with
whole-cell voltage clamp at +80 mV at which 7, civation 1S approximately
ten times slower than the negative-holding potentials at which PIEZO
currentsare typically recorded to simulate physiological conditions®".
We observed large PIEZO1-dependent currents that tracked the time
course of cell swelling (Fig. 4a), suggesting that membrane stretch
from osmotic swelling can directly activate PIEZO1.

We next exposed cells expressing fluorescently labelled TCO*K 103
PIEZO1 to hypotonic solution for 2.5 min and immediately fixed the
cellsinahypotonic fixative at the peak of cell swelling to preserve the
activated state. When measured with MINFLUX, average interblade
distances were significantly increased from25.7 + 8.6 nmintheresting
stateto34.7 + 8.8 nmin the swelled state (mean * s.d.; P= 0.0169, Kol-
mogorov-Smirnov test), nearly twice as far on average as the extent of
resting blade expansion from membrane-bending stress alone (Fig.4b).
This expansion corresponded with asignificantincrease inthe total pro-
jectedareaof'the channelrelative toboth the membrane-free structural
models and the state of resting expansion (Fig. 4¢), indicating that the
PIEZO1domeis flattening in response to this type of membrane stretch.

These results demonstrate that membrane stretch from osmotic swell-
ing sufficient toactivate the channel also stretches the blades of PIEZO1.

We also tested the small-molecule agonist Yodal, which, like osmoti-
callyinduced cell swelling, causes robust PIEZO1-dependent Ca* entry
into cells®’. Yodal slows the rate of channel inactivation (Extended
DataFig.3d,e) and significantly increases channel open probability in
the absence of applied force®. The exact mechanism by which Yodal
agonizes PIEZO1 is unknown, but molecular dynamics simulations
and mutagenesis suggest that it binds in a pocket between PIEZO1
repeats A and B®. To compare the relative extent of channel activa-
tion with osmotic swelling, we measured whole-cell currents evoked
by bath-applied 50 pM Yodal to Swell1-knockout HEK293 cells held at
apositive membrane potential (Fig. 4d). We also observed large (more
than1nA) currents from bath-perfused Yodal without mechanical
stimulation, suggesting that these two distinct stimuli both robustly
activate PIEZO1 (Fig. 4e).

We next measured Yodal-induced changes in PIEZO1 interblade
distances at position 103 with MINFLUX. When cells were incubated
with and fixed in the presence of 50 pM Yodal, the average interblade
distance increased on average by 1.95 nm (P = 0.4712, Kolmogorov-
Smirnov test; Fig. 4f). Given the wide spread of conformational states
from domain flexibility, we did not observe a statistically significant
change in distance at this position. Therefore, we also measured
Yodal-induced blade movement at position 670, a more rigid loca-
tion within the blade that occupies a smaller range of conformational
states (Fig. 3). Here we observed a statistically significant change in
average interblade distance 0f1.94 nm on average (P = 0.0481, Kolmog-
orov-Smirnov test), which is remarkably close on average compared
with the Yodal-induced change in distance at position 103 (Fig. 4f).
These data indicate that Yodal directly expands the blades, inducing
asmall, stereotyped conformational movement upon binding. These
data also highlight the power of our technique to accurately observe
nanometre-scale molecular movements.

Discussion

In this study, we have shown how the cellular environment can shape
the conformation of PIEZO1 using direct nanoscopic fluorescence
imaging. Relative to published structures, the blades of PIEZO1 are
significantly expanded by the plasmamembrane, consistent with quan-
titative predictions of the elastic properties of the PIEZO-membrane
dome*#'81° We have shown that the blades of PIEZO1 are highly flexible,
which probably hasimportantimplications for the properties of force
transmission from the membrane to the pore domain and may explain
why the distal domains of PIEZO1 have not been resolved by cryo-EM.
We have also shown how blade expansion by chemical and mechanical
modulators corresponds with channel activation. Together, these data
provide a foundation for understanding how PIEZOLl is activated in a
cellular environment (Fig. 4g).

Inexperiments designed to measure PIEZO1 activity in the nominal
absence oftension, PIEZO1is spontaneously active ina cellmembrane
(resting open probability P,., = 0.5%)***, and application of GsMTx-4
appears to inhibit this spontaneous activity*®. We have shown that both
application of GsMTx-4 and removal of the membrane with detergent
contracttheblades of PIEZO1relative to the cellular resting state. These
datasuggest that membrane-free structural models represent a state
inwhich P, is presumably zero and the overall conformationisin its
lowest energy shape. We have also shown that the plasma membrane
directly actsto expand the blades of PIEZO1 at rest, in agreement with
previous physical models*’®", The extent of this membrane-mediated
expansion is exceptionally large, a property conferred by high blade
flexibility. Animportant consequence of low rigidity is that less external
forceisrequiredtoflattenand gate the channel. This not only confersa
high sensitivity to membrane tension*'®? but might also allow PIEZO1
to more frequently sample an open state without external force. Like
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the resting tension from tip links exerted on the inner-ear hair cell
transduction channel complex**~’, a large resting blade expansion
enabled by flexible blade domains may be a basic mechanism to main-
tain the channel in a responsive state and confer a specific range of
tension sensitivity.

We suggest that the blades may not be uniformly flexible, a prop-
erty which could be imparted by variable binding strength between
domains (Fig. 3b). These calculations have important implications
for the overall structure and function of the membrane dome, the col-
lective structure of the plasma membrane and the PIEZO protein®.
Graded changes in compliance towards the distal ends of the blades
may enable a smooth mechanical transition between the rigid centre
ofthe channel and the relatively flexible plasma membrane. The more
compliant distal edge of the PIEZO1 dome may also allow the channel to
dampen low-magnitude mechanical noisein acell. The distal portions
of the blades appear to move relatively independently of each other
within a single channel complex, even in the presence of membrane
tension (Extended DataFig.7). These datasuggest that the distal blades
do not move cooperatively during gating. Future studies might test
whether and how graded blade flexibility impacts protein function by
alteringinter-PIEZO domain binding strength with point mutagenesis
or double-cysteine crosslinking, the latter possibly allowing for acute
and reversible manipulation of mechanical properties.

The apparent correlation between the extent of blade expansion
and channel activity demonstrates the importance of the local mem-
brane environment in determining channel properties. For example,
alteration of membrane lipid composition canmodulate the gating and
inactivation properties of PIEZO1 (ref. 45), and we have demonstrated
thatincreasing membrane stiffness with the saturated fatty acid mar-
garic acid can alter the mechanical properties of blades (Extended
Data Fig. 6). The lipid composition of membrane microdomains or
local membrane topography might directly modulate resting channel
open probability via blade conformational changes and, consequently,
alter the amount of force required to open the pore. Such features
could tune the mechanical response properties of the channel and
may be present in specialized sites of mechanotransduction, such
as Merkel cell-neurite complexes'™°. For example, ultrastructural
features, such as the filamentous connections between hair follicle
epithelial cells and low-threshold mechanoreceptor lanceolate
endings®, may serve to modulate the amount of bending stress applied
to the blades of PIEZO2 proteins, perhaps altering channel activity to
link the particular anatomical properties of mechanoreceptors totheir
distinctive functional outputs.

The data described here show that conformational dynamics of indi-
vidualmembrane proteins have been observed with direct fluorescence
nanoscopy at the level of single molecules. Although methods such
as single-molecule FRET can resolve relative fluorophore positions
in membrane proteins with nanometre accuracy within the spatial
distance required for resonance energy transfer®%*, our approach
reports absolute positions without a constrained radius of action. We
expect that these methods will provide afoundation for the use of fluo-
rescence nanoscopy for single-molecule structural biology, especially
for proteins with highly flexible domains or for those refractory to
study with current electron microscopy methods. Increased effective
labelling efficiency with methods such as DNA-PAINT®, increased signal
to noise with microscopy methods such as MINSTED®® and increased
ability to process compleximaging datasets with moreadvanced com-
putational methods will probably advance our ability to resolve the
structure of proteins embedded within the complex milieu of a cell.
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