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eLife Assessment

This study shows that the compound Yoda potentiates the function of the PIEZO2 channel,
challenging the assumption that they selectively activate PIEZO1. This is an important
finding and the evidence supporting this claim is solid. The authors have addressed the
methodological and conceptual issues raised during review. Overall, this work will be of
broad interest to researchers working with PIEZO channels across various biological
scales.
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Abstract

Mammalian PIEZO proteins (PIEZO1 and PIEZ02) act as essential mechanosensitive channels.
PIEZ01 is thought to be selectively activated by Yoda molecules (Yodal and Yoda2). Although a
molecular mechanism for PIEZO1 activation by Yodal exists, the origin of Yodal selective agonism
remains obscure. Here, using electrophysiology and calcium imaging in transfected cells, we show
that Yodal agonizes PIEZO2 but with a distinct efficacy profile compared to PIEZO1. Yodal
increases single channel open probability and macroscopic stretch sensitivity of PIEZO2 currents
as efficaciously as reported for PIEZO1, but it elicits weak PIEZ0O2-dependent calcium influx in
absence of external stimulus, an effect detectable only under non-physiological conditions. Yodal
slows down inactivation of indentation-evoked PIEZO2 currents, but to a lower extent compared
to PIEZO1. The Yodal analog Dookul, which does not modulate PIEZO1, slows down PIEZ0O2
inactivation similarly to Yodal. Two PIEZO1 agonists unrelated to Yodal but thought to populate
the same binding site in PIEZO1 have no effect on PIEZO2 inactivation, suggesting that their
PIEZO1 selectivity is better than Yodal. PIEZO2 inactivation is also modulated by Yodal potent
analog Yoda2. Using mutagenesis and molecular dynamics simulations, we show that Yoda2
benzoic acid group forms a transient salt bridge with a conserved arginine in the Yoda binding site
(R1724/R2029 in mouse PIEZO1/PIEZ02), explaining the higher potency of this analog for both
channels. Together, our study re-evaluates the PIEZO1 selectivity of Yoda molecules and highlights
a complex modulatory landscape toward distinct functional properties of PIEZO channels.

Introduction

PIEZO proteins encompass a small family of mechanically-activated and cation-selective ion
channels exclusively present in eukaryotic organisms, with only two vertebrate members called
PIEZO1 and PIEZO2 (1, 2). PIEZO channels share the same homotrimeric organization, that of a
central ion conducting pore surrounded by three curved blade-like domains, each of these blades
consisting of a juxtaposition of nine transmembrane helical bundles (called repeats A-I, or
transmembrane helical units 9-1) (3-6). The inherent curvature of the PIEZO blades gives these
proteins an overall bowl shape that deforms the surrounding membrane beyond the channel-
membrane boundary (7-9). Mechanical membrane deformations such as lateral stretch or outward
bending promote flattening of the PIEZO blades (10, 11), a conformational change thought to
promote opening of the central pore (12-15).
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PIEZO1 is expressed in many cell types, whereas PIEZO2 is mainly present in peripheral
mechanosensory neurons as well as a discrete number of non-neuronal cells such as muscle and
vascular endothelial cells (2, 16, 17). Genetic studies in which Piezo1 and/or Piezo2 genes have
been invalidated globally or in specific tissues have revealed numerous biological roles mediated
by PIEZO channels, ranging from somatovisceral mechanosensation (18-21) and proprioception

The considerable impact of PIEZO channels on health and diseases has sparked the search for
homolog-selective pharmacological modulators, both as molecular probes to dissect homolog-
specific biological functions and as potential drugs to treat PIEZO-related pathologies. In this
context, Yodal, a synthetic small molecule proposed to act as a PIEZO1-specific agonist, has been
discovered from a high-throughput screening campaign (48). Since its discovery, Yodal and its

system (56-59). In contrast to the common belief that Yodal and Yoda2 molecules act as highly
PIEZO1-selective modulators, we show here that they can also agonize PIEZO2. These results show
the relative promiscuity of these compounds and may prompt reinterpretation of some prior
studies.

Results

Yodal exerts distinct measurable effects when used at micromolar concentrations to PIEZO1-
expressing cells: 1) it evokes spontaneous (i.e., without external mechanical stimulation) calcium
influx; 2) it reduces the minimal force (activation threshold) required to measure ionic currents
evoked by gigaseal pressurization (stretch currents) or by cellular indentations (poking currents);
3) it slows down inactivation and deactivation kinetics of macroscopic currents; and 4) it increases
prevailing notion that Yodal acts as a PIEZO1 selective modulator mainly arose from Yoda1l’s
inability to elicit spontaneous calcium influx and to slow down inactivation kinetics of poking
been tested to our knowledge, perhaps because PIEZO2 was thought to be insensitive to membrane
stretch until recently (15, 62, 63).

Yoda1 robustly modulates PIEZO2 stretch currents

We first tested the ability of Yodal to modulate PIEZO2 stretch currents. Mechano-insensitive
HEK293TAPZ1 cells (38) were transfected with a plasmid encoding mouse PIEZO2 and measured the

PIEZ02’s mean open time from 16.6 + 1.7 ms to 39.7 + 5.4 ms (two-tailed Mann-Whitney U test p-
value < 0.0001) while decreasing PIEZ02’s mean shut time from 383 + 66 ms to 232 + 43 ms (two-
tailed Mann-Whitney U test p-value = 0.0006) (Figure 1b ). Similar reciprocal microscopic effects

open and shut times yielded open probab&ﬁfy values that clearly increased in the presence of
Yodal, from 0.06 + 0.01 to 0.17 + 0.03 (Mann-Whitney U test p-value = 0.0021) (Figure 1c(2). A

similar Yodal-induced change in open probability was previously observed for PIEZO1 stretch
currents (60). Dwell time analysis of single channel currents reveals that PIEZO2 populates at least
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relative amplitude of peak currents (I/Imax) using a Boltzmann function indicates that the
presence of Yodal in the patch pipette correlates with a shift of the mid-point pressure (i.e,
pressure needed to reach half of maximal activation, or P;,) by about +20 mmHg (-55.4 + 5.3 vs.
-36 + 4.5 mmHg, Mann-Whitney U test p-value = 0.0117), similar to the reported +15/20 mmHg shift
for PIEZO1’s Py, value (48, 61). These results show overall that Yodal potentiates PIEZO2 stretch
currents to a similar extent as reported for PIEZO1 (48, 60).

Yoda1 can spontaneously activate PIEZO2, but only under non-
physiological conditions

Given the strong modulation of PIEZO2 stretch currents by Yodal, we sought to re-evaluate the
ability of this molecule to elicit spontaneous calcium influx in PIEZO2-expressing cells, i.e, in
absence of external mechanical stimulation. Two distinct scenarios could explain why this effect
has not been previously observed. First, the ability of Yoda1l to modulate mechanically-evoked
PIEZO2 currents (measured electrophysiologically) and to spontaneously activate PIEZO2
(measured using calcium imaging) could be mediated by distinct pharmacological mechanisms, as
recently suggested for PIEZO1 (64). On the other hand, the activatory effect of Yodal on PIEZO2

might be too weak to be detected in absence of external mechanical stimulus, likely due to
PIEZO2’s inherently higher mechanical activation threshold (15, 62).

To tease out these scenarios, we sought to test if an activatory effect can be detected by increasing
the amplitude of calcium signals. To this aim, we used an isotonic “calcium boosted solution” (CBS)
containing 30 mM calcium, low potassium, and no sodium, to increase the inward electrochemical
driving force for calcium ions and eliminate competitive permeants (see Materials and Methods).
We transfected HEK293T2PZ1 cells with a control plasmid encoding the calcium-sensitive
fluorescent reporter GCaMP6m (GC6) (65), or with bicistronic plasmids encoding mouse PIEZO1
and PIEZO2 together with GC6 (61). One minute after Yodal perfusion, transfected cells were
exposed to the calcium ionophore ionomycin to normalize maximal calcium signals (maxAF/F) as
a function of the maximal GC6 response (to compensate for variability in GC6 plasmid expression).

In the presence of physiological saline (Hank’s Balanced Salt Solution, HBSS), Yoda1 failed to yield
detectable PIEZO2 activation whereas it robustly activated PIEZO1 (Kruskal-Wallis with Dunn’s
multiple comparison correction p-values 0.4253 vs. <0.0001, respectively) (Figure 2a(@). In
contrast, in the presence of CBS, Yodal was able to activate both channels (Kruskal-Wallis tests
with Dunn’s multiple comparisons p-values <0.0001 for both PIEZO1 and PIEZ02). We noticed that,
for unclear reasons, application of DMSO alone tends to evoke small calcium transients in PIEZO2
transfected (Kruskal-Wallis with Dunn’s multiple comparison correction p-values = 0.2484 in HBSS
and 0.0022 in CBS), but not PIEZO1-transfected (p-values > 0.9999) cells. This effect could be due to
a weaker expression of GC6, evidenced by the overall lower absolute magnitude of ionomycin-
dependent fluorescence signals in these cells (this would amplify the ionomycin-normalized
amplitude of a small perfusion artefact) (Figure 2a(2). Nevertheless, because this effect is small
compared to Yodal’s, it does not invalidate the conclusion that Yodal-induced PIEZO2 activation
can be detected in absence of external mechanical stimulus, albeit under extreme, non-

physiological ionic environment.

The PIEZO2 structure was recently shown to adopt the characteristic flattened conformation
associated with an open state (15) in response to hypertonic, but not hypotonic shocks (66). This
seemed counterintuitive since PIEZO1 flattened under hypotonic, but not hypertonic conditions.
This conundrum was elegantly explained by the unique property of PIEZO2 to interact with the
cytoskeletal-associated protein filamin-B, altering PIEZ02’s response to distinct mechanical stimuli
could act synergistically. We compared the amplitude of Yodal-induced calcium signals
(normalized to DMSO vehicle control) in cells transfected with our PIEZO2-IRES-GC6 plasmid
under isotonic (1X HBSS) or hypertonic (2X and 3X HBSS) conditions. The amplitude of calcium
signals were approximately 2- to 3-fold larger in hypertonic vs. isotonic conditions (Kruskal-Wallis
test with Dunn’s multiple comparisons p-values = 0.0119 and <0.0001 for 2X and 3X, respectively),
suggesting a larger Yoda1l activatory effect in hypertonic conditions (Figure 2b (3). Last, we
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Figure 1. Yoda1 increases PIEZO2's sensitivity to membrane stretch.

a) Exemplar PIEZO2 single channel pressure-clamped current trace measured from PIEZO2-transfected HEK293

TAPZT cells in

cell-attached mode with 20 pM Yoda1 or 0.05% DMSO vehicle control in the patch pipette. b) Mean open and shut times from
idealized single channel current traces shown in a) (DMSO: n = 15, Yoda1: n = 7 independent patches) and displayed in a

paired manner for each patch (left) or unpaired to test the effect of Yoda1 (right).

c) Open probability calculated for each

patch by dividing the mean open time by the sum of mean open and shut times. d) Left: dwell time histograms obtained from
single channel recordings (DMSO: 2125 shut/open events; Yodal: 1457 shut/open events). Dwell time distributions were best
fitted with three exponential components (T1-3, red traces) using Maximum likelihood estimation. Right: bar graphs
comparing Yoda1/DMSO for each exponential component. e) Exemplar macroscopic PIEZO2 current traces (left:
concatenated view; right: sweep stack view) evoked by brief suction pulses of varying amplitude in presence of vehicle control
or 20 UM Yoda1 in the bath (Right: same traces shown as sweep stacks). f) Top: Graph showing relative PIEZO2 peak current
(I/Imax) vs. patch pressure as idealized curves corresponding to Boltzmann fits to the data obtained from independent cells.

Bottom: Scatter plots of the mid-point activation pressure (Py,,) determined from Boltzmann fits shown above (DMSO: n =9,

Yoda1: n = 12 independent cells). Error bars = s.e.m.; numbers above plots in b),
Whitney U tests.

c) and (f) are p-values from two-tailed Mann-
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Figure 2. Yoda1-sensitivity of PIEZO2 probed with calcium imaging.
a) Left: time-course of calcium-sensitive fluorescence obtained with confocal imaging from HEK293T2PZ1 cells transfected with

GC6 only (control), with PIEZO1-IRES-GC6 (PIEZO1) or PIEZO2-IRES-GC6 (PIEZO2) plasmids in the presence of HBSS or calcium
boosted (CBS) solution. Cells were first exposed to 0.075% DMSO or 30 uM Yoda1 followed by 3 pM ionomycin. Continuous
lines and individual boxes respectively represent s.e.m. and mean values from n = 6 (control DMSO HBSS), 12 (PIEZO1 DMSO
HBSS), 9 (PIEZO2 DMSO HBSS), 32 (control Yoda1 HBSS), 8 (PIEZO1 Yoda1 HBSS), 30 (PIEZO2 Yoda1 HBSS), 15 (control DMSO
CBS), 7 (PIEZO1 DMSO CBS), 11 (PIEZO2 DMSO CBS), 48 (control Yoda1 CBS), 11 (PIEZO1 Yoda1 CBS) cells, 11 (PIEZO2 Yoda1
CBS) individual cells. Right: scatter plots comparison of ionomycin-normalized maxAF/F for each condition. b)
Epifluorescence calcium imaging from cells transfected with PIEZO2-IRES-GC6 and elicited by acute perfusion with a HBSS
solution at isotonic (1X) or hypertonic (2X and 3X) concentrations containing either 30 uM Yoda1 or 0.075% DMSO vehicle
(Yoda1/DMSO: 1X, n = 29/29; 2X, n = 23/18; 3X, n = 30/30 independent cells). Data were normalized by dividing maxAF/F,
value for each cell treated with Yoda1 by the mean maxAF/F; value of corresponding DMSO control. c) Epifluorescence
calcium imaging from indicated transfected cells pre-treated for 30 min with 10 uM cytochalasin D (Cyto D +: control, n = 49;
PIEZO2, n = 40 independent cells) or with 0.5% DMSO vehicle control (Cyto D -: control, n = 48; PIEZO2, n = 50 independent
cells) and acutely exposed to 30 uM Yoda1 or 0.075% DMSO. Data are normalized as in b). Error bars = s.e.m.; numbers above
plots are p-values from (a-b) non-parametric Kruskal-Wallis test with Dunn’s multiple comparison against the indicated
reference sample and (c) two-tailed Mann Whitney U tests.
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destabilized actin polymerization with cytochalasin D prior addition of Yodal. This treatment
allowed us to detect a faint but significant PIEZO2-dependent activatory effect of Yodal in normal
ionic conditions (cytochalasin D vs. vehicle: Mann-Whitney U test p-values <0.0001 for PIEZO2-
expressing cells, but 0.3877 for control cells) (Figure 2c ).

Yoda1 modulation of PIEZO2 poking currents

Although Yodal was previously found unable to modulate PIEZO2 poking currents Kinetics, this
conclusion was based on a small sample size (48). We recorded PIEZO2 poking currents from
transfected cells, either in the presence of 20 uM Yodal or a vehicle control (unpaired
experiments). As previously observed, PIEZO2 currents display little to no inactivation when

elicited by suction pulses (Figure 1e (%) (62), but robustly inactivate when elicited by indentations

in the presence of Yodal (two tailed Mann-Whitney U test p-value < 10™). For comparison, PIEZO1
poking currents inactivate 5-10-fold slower in the presence of Yodal under similar experimental
conditions (48, 60). We did not detect a change in peak current amplitude (p-value = 0.514), nor in
the channel activation threshold (non-significant differences at all tested poking distances) (Figure
3a-b@).

Yodal is thought to act as an allosteric positive modulator by binding a hydrophobic pocket
sandwiched between PIEZO1 repeats A and B, promoting flattening of the mechanosensory blade
domains (61, 64, 67-69). This pharmacological mechanism was initially proposed through
engineering a PIEZ01/2 chimera in which a specific amino acid sequence overlapping this binding
region (corresponding to mouse PIEZO1 residues 1961-2063) is swapped with its mouse PIEZ0O2
homologous counterpart (61). This chimera was not modulated by Yodal when tested using stretch
current protocols, an observation which now seems odd, given the present observations that
PIEZO2 stretch currents are similarly modulated by Yodal (Figure 1e@). To complete our
electrophysiological characterization, we sought to test an effect of Yodal in this chimera using a
protocol giving the highest detection sensitivity. To this aim, we used a pairwise protocol with brief
poke stimuli to measure deactivation kinetics, the most Yodal-sensitive gating parameter known
for PIEZO1 (60). Deactivation kinetics in this chimera is completely insensitive to 30 uM Yoda1l (p-

value = 0.1567), in contrast to wild-type PIEZO1 in which it robustly slows down (paired t-test p-
value = 0.0171) (Figure 3c@). This chimera is, therefore, definitely insensitive to Yodal.

Modulation of PIEZO2 poking currents by other small molecules

The replacement of Yodal’s pyrazine ring for a benzoic acid group led to the creation of Yoda2, an
improved analog which agonizes PIEZO1 at nanomolar concentrations (49). We thus sought to test
if Yoda2 modulates PIEZO2 currents with similar potency. Although the effect of Yodal on PIEZO2
is larger when probed using stretch currents, we used PIEZO2 poking currents instead because
these currents are quicker to measure, facilitating the construction of dose-response curves along
a range of concentrations. Using this approach, we found that Yoda2 slows down PIEZO2
inactivation kinetics at nanomolar concentrations, with a half maximal effective concentration
(EC50) about one order of magnitude lower compared to Yodal (~0.4 vs. ~10 uM, Figure 4a-b ).
At saturating concentrations, however, Yoda2 exerts a smaller effect than Yodal (lower maximal
efficacy). A similar efficacy difference between Yodal and Yoda2 has been reported for PIEZO1, as
Yoda2 was shown to slow down PIEZO1 poking currents inactivation kinetics by 1.5-2-fold at

saturating concentrations (64), while Yoda1l reportedly slows down inactivation of the same

Next, we tested whether other small molecules could modulate PIEZO2 poking currents, including
Dookul (a Yodal analog that antagonizes the effect of Yodal with no known modulatory effect on
PIEZO1) and two Yodal-unrelated PIEZO1 chemical activators (named Cmpd15 and Cmpd64)
identified from a structure-guided virtual screening campaign (70, 71). Unexpectedly, Dookul
slows down inactivation of PIEZO2 poking currents by about 2-3-fold, i.e, similar to Yodal
(Kruskal-Wallis test with Dunn’s correction p-value <10) (Figure 4c(%). On the other hand, these
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Figure 3. Modulation of PIEZO2 poking currents by Yoda1.

a) Left: Exemplar current traces from HEK293T2PZ! cells transfected with WT PIEZO2 in presence of 30 pM Yoda1 or 0.075%
DMSO and evoked with a 5 pm poke stimulus (vertical bars represent 200 pA). Right: Scatter plot of inactivation Tau and peak
current from traces shown on the left. b) Mean peak current values at various poking distances measured in both conditions
described in a). ¢) Current traces evoked by a 30 ms poke stimulus in HEK293T2PZ1 cells transfected with WT PIEZO1 or the
PIEZO1/2 1961-2063 chimera in the presence of 0.075% DMSO (black traces) and after addition of 30 uM Yoda1 (green traces).
Next to current traces are pairwise comparison of deactivation Tau (mono-exponential fits are shown as red traces on the
left) for WT (n = 5 independent cells) and chimeric (n = 4 independent cells) channels. Numbers above plots are exact p-values
from unpaired t-tests with Welsch's correction (a, b) or paired t-tests (c).
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Figure 4. Modulation of PIEZO2 inactivation kinetics by other small molecules.

a) Exemplar PIEZO2 poking current traces obtained at -80 mV and evoked with a 5 um poke in the presence of Yoda1 (grey) or
Yoda2 (red) in the bath solution at indicated concentrations. Vertical bars represent 200 pA for all traces. b) Left: Dose-
response curves from data shown in (a) depicting mono-exponential Tau inactivation of PIEZO2 poking currents as a function
of the concentration of Yoda1 (grey, n =10, 8, 11, 11, 15, 7, 46 independent cells from low to high dose) or Yoda2 (red, n =2, 4,
8,10, 13, 14 46 independent cells from low to high dose) in the bath solution. Lines are fit to the data using a standard dose-
response equation (see Materials and Methods). Right: Fitted dose-response curves normalized to the maximal response
(DMSO was supplemented at all tested concentrations to match the 0.25% level present at the highest dose). c) Left: Exemplar
PIEZO2 poking current traces measured in the presence of 30 pM Dooku1, Cmpd15, Cmpd64, or vehicle control (0.1 % DMSO)
in the bath solution. Right: Scatter plots of Tau inactivation from traces shown in left (DMSO, n = 28; Dooku1, n = 27; Cmpd15,
n = 8; Cmpd64, n = 8 independent cells). Numbers above plot are p-values from Kruskal-Wallis test with Dunn’s correction for
multiple comparisons.
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currents were not significantly modulated by Cmpds 15 and 64 in our tested conditions (p-values =
0.3223 and 0.0689, respectively), suggesting that these two Yoda-unrelated activators have better
PIEZO1-selectivity than Yoda molecules.

A conserved arginine is required for Yoda2’'s nanomolar potency

The Yoda binding region is well conserved between the two channel homologs, both at the level of
the backbone structure and of amino acid sequence (Figure 5a @) (3-6). It thus seems reasonable to
speculate that Yoda molecules modulate PIEZO2 by binding the same region. The intracellular side
of this binding region possess two conserved arginine residues, R1724 and R2098 in mouse

PIEZO1, which could electrostatically interact with Yoda2’s negatively-charged benzoic acid group,

potentially contributing to its higher potency relative to Yodal (Figure 5b(@). Although Yodal is

We tested a pharmacological role for these basic residues in mouse PIEZO1 by substituting them
for serine (to conserve their polar character while eliminating their positive charge) and evaluated
the impact of these mutations on Yodal and Yoda2 dose-response using calcium imaging (Figure
5¢, left panels @). We fitted these dose-response curves with a standard binding equation and
extracted their EC50 values. To ease comparison between mutants and WT channels, we
normalized the mutants’ EC50 value to that obtained for WT PIEZO1 and plotted normalized EC50
for both Yodal and Yoda2 and for each mutant (Figure 5c¢, right panel @). Clearly, the R2098S
mutation has no effect on the potency of either Yodal or Yoda2, as the normalized EC50 obtained
for both molecules is close to unity, ruling out a functional electrostatic interaction involving
R2098. In contrast, the R1724S mutation reduces Yoda2 potency about 4-fold relative to WT, with
little to no effect on Yodal potency (Yodal vs. Yoda2: two tailed Mann-Whitney U test p-value =
0.034). The large reduction of Yoda2’s potency in the R1724S mutant suggests that R1724 stabilizes
Yoda2 by forming a salt bridge.

Yoda2 forms a transient salt bridge in the Yoda binding site

The side chain of R1724 displays different orientations in different PIEZO1 experimental
structures (Figure 6a @). To quantify this orientation, we calculated the pseudo-dihedral torsion

chain populates two major rotamer orientations, one with torsion angles of 50-100° and the other
with torsion angles around -80°. A similar torsion angle distribution can be detected across nine
PIEZ01 experimental structures (Figure 6 Supplement 1a ). Critically, rotamers with torsion
angles around -80° point the guanidinium group towards the Yoda binding site, while the other
rotamers point this group away from it.

To explore in more detail how the orientation of the guanidinium group of this conserved arginine
affects Yoda2 binding, we performed three replicas of all-atom molecular dynamics (MD)
simulations of a Yoda2 molecule bound to the Yoda binding site in both PIEZO1 and PIEZO2.
Instead of a full-length model, we used a truncated blade (which include Repeats A-C, the anchor
region and the intracellular beam) obtained from open state models for both channels. Overall,
Yoda2 populates stable binding poses near the intracellular side of the Yoda binding site in both
channels, similar to Yoda1l in PIEZO1 (68) (Figure 6c-d &2, Figure 6 Supplements 1b-c(3 and 2(3).
Our analysis reveals a clear correlation between the torsion angle and the formation of a salt-
bridge between Yoda2 and the conserved arginine (R1724/R2029 in mouse PIEZ01/2). This bridge is
stable for torsion angle values around -80° and become destabilized when R1724 or R2029
populate rotamers with positive torsion angles. In its dominant binding pose, Yoda2 also forms
several non-covalent interactions with surrounding side chains in the Yoda binding site (Figure 6c-
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Figure 5. Molecular basis for Yoda2’s increased potency.

a) Zoomed-in structural alignment of PIEZO1 (PDBID: 6b3R) and PIEZO2 (PDBID: 6kg7) showing the Yoda binding region
colored as a function of sequence similarity. b) Left: chemical structures of Yoda1 and Yodaz2. Right: localization and sequence
conservation of PIEZO1 residues R1724 and R2098 (licorice). ) Left: dose-responses curves obtained for Yoda1 and Yoda2
against WT PIEZO1 (dark grey), R1724S (red) and R2098S (blue) using calcium imaging measured from n = 3 independent
experiments (n = 4 for Yoda1/R1724S). Lines are fit to the data using a standard binding equation (see Materials and
Methods). Right: scatter plots showing WT-normalized EC50 for both Yoda molecules against each mutant. The numbers next

to plots indicate exact p-values from two-tailed Mann-Whitney U-tests.
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Figure 6. A conserved arginine electrostatically stabilizes Yoda2 in the Yoda binding site.

a) Structural overlap of indicated PIEZO1 PDBID structures showing rotameric flexibility of R1724. b) Left/middle: Side chain
orientation of R1724, and its PIEZO2 homolog R2029, calculated by measuring the angle between two planes: one formed by
Ca of L1800 (L2103 in PIEZO2), Ca of R1724 (R2029) and CC of R1724 (R2029), the other formed by Ca of Y1323 (F1472), Ca of
R1724 (R2029) and CT of R1724 (R2029). Right: example of R1724 orientations from our simulations with corresponding
torsion angle. c-d) Three all-atom simulation replicas of a truncated PIEZO1 (c) or PIEZO2 (d) blade showing the dynamics of
the Yoda2-R1724 (R2029) salt-bridge, which is predicted to form when the distance between R1724 (R2029)-CZ and the
carboxylic carbon of Yoda2 is below 4.5 A; as well as the time-evolution of the torsion angle of R1724 (R2029). The dominant
Yoda2 binding pose observed across all replicas is shown on the right for both PIEZO1 and PIEZO2 simulations.
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The conserved arginine in the Yoda binding site (R1724/R2029 in mouse PIEZ01/2) also
electrostatically engages with an endogenous glutamate residue (E1688/E1993 in mouse PIEZ01/2)
(Figure 6 Supplement 3). In our previous full-length simulations, this endogenous salt bridge
appears mainly in only one subunit (10 out of 13 replicas), likely because this conserved arginine
is highly mobile, preventing the formation of a long-lasting bridge (Figure 6 Supplement 4a-b (2).
In our all-atom simulations, the conserved arginine R1724/R2029 is closer to Yoda2’s benzoic group
than E1688/E1993’s carboxy group (Figure 6 Supplement 4c-d (%), suggesting that Yoda2 is able to
displace an loose endogenous salt bridge by substituting a glutamate side chain by its benzoic

group.
Discussion

Since its discovery, Yoda molecules have been used as selective PIEZ0O1 activators to unravel
biological functions of this important mechanotransduction channel. Yet, we show here that these
molecules also agonize PIEZ02, albeit with a drastically different efficacy profile. Indeed, while
Yoda1l positively modulates stretch currents to a similar extent for both homologs, Yodal and
Yoda2 only moderately slow down inactivation of PIEZO2 poking currents. Yodal also fails to
evoke spontaneously PIEZO2-dependent calcium influx, unless the cells were osmotically stressed,
their actin cytoskeleton destabilized, or their external ionic environment manipulated to favor
calcium entry.

modulate PIEZO2 inactivation of poking currents similarly to Yodal, suggesting that this molecule
could be optimized to create a PIEZO2 selective agonist. On the other hand, we show that

PIEZ02 inactivation of poking currents. Future work will be needed to confirm whether these
molecules have no modulatory effects on other functional properties of PIEZ02, in which case
these molecules could represent promising PIEZO1 activators with better selectivity.

Our results further show that Yoda2 binds with a similar pose in both channels computationally
captured in their flat/open conformation. In this binding pose, Yoda2’s benzoic acid group engages
the guanidinium group of a conserved arginine in the Yoda binding site (R1724/R2029 in mouse
PIEZO1/PIEZ02) to form an electrostatic salt bridge. We propose that the formation of this bridge,
even transient, increases Yoda2’s binding affinity relative to Yodal, enabling the detection of
agonist effects at nanomolar concentrations. This work thus opens new avenues for drug design
and optimization.

What molecular mechanisms could explain the different efficacy profile of Yoda molecules against
PIEZO1 and PIEZ0O2? One possible culprit for Yoda1’s inability to evoke robust calcium influx
through PIEZO2 could be its inherently high pressure-threshold for activation (62, 75). In the
presence of Yodal, PIEZO2’s activation threshold would remain higher than the resting membrane
tension of the cell, limiting the frequency of spontaneous opening. Alternatively, since Yodal was
proposed to use two distinct binding poses for spontaneous activation and current modulation of
mechano-currents (64), Yodal may fail to occupy the proper binding pose necessary for channel
activation in PIEZ0O2. The lower efficacy of Yoda molecules on PIEZO2 poking currents inactivation
kinetics could be due to distinct interactions with cytoskeletal and adhesion proteins known to
modulate inactivation Kinetics of poking currents (66, 76, 77). Future studies will be needed to
understand the origin of the differential pharmacological profile Yoda molecules exert on
mammalian PIEZO homologs.
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Our study suggests that certain roles attributed to PIEZO1 using Yodal in vivo or in cellulo could
actually be contributed (at least partly) by PIEZO2 (especially if endogenous mechanical forces
were present). For instance, reducing PIEZO2 expression in cells that co-express PIEZO1 also
reduces the effect of Yoda1 (49, 78, 79). Although it is unclear whether PIEZO1 expression was
reduced in these cells, this observation could be reconciled assuming a PIEZO2 contribution to the
effect of Yodal. Along the same line, since Yodal was shown to increase the expression of the
lymphatic valve gene ITGA9 in a PIEZO1-independent manner (27), this genetic effect could be

Some reported effects of Yodal could also be mediated by proteins unrelated to the PIEZO channel
family. For example, Yodal was recently shown to inhibit Kv1.3 (81), a major potassium channel in
immune cells. Since Yodal was shown to modulate certain inflammatory responses, these
immunological effects could be mediated independently of PIEZO channel activation, for instance
through Kv1.3 inhibition (82-84). Lastly, Yodal was shown to induce phosphorylation of protein
kinase B (Akt) and extracellular-related kinases (ERK) 1 and 2 in vascular endothelial cells (85) in

the presence of GsMTx4, a spider toxin which inhibits mechanosensitive channels including
PIEZO1 and 2 (86-88).

mouse PIEZO1 residues 1961-2063 for their homologous mouse PIEZO2 counterparts) completely
abolishes Yoda1’s ability to modulates channel kinetics, further strengthening the conclusion that
this construct is fully insensitive to this agonist.

How could Yodal modulate ionic currents in both wild-type channels, but not in this chimera? In
this construct, only about half of the residues forming the Yodal binding site (residues contained
within repeat A) are swapped, implying that the chimera’s Yoda binding site is hybrid, contributed
by residues from both PIEZO1 and PIEZO2. Amongst the 102 residues encompassed in this
chimeric region, 21 are not conserved, meaning that this hybrid site has a different amino acid
composition than in either channel. These chemical differences may allosterically modulate ligand
binding affinity and/or efficacy, resulting in a weaker binding, in a binding with different, non-
efficacious poses (64), or in binding poses with similar affinities between flat (open) and curved

(closed) conformations, resulting in silent (non-efficacious) binding (68, 69). Further
computational studies will be needed to explore these possibilities.

Materials and Methods

Molecular cloning

We used plasmids encoding mouse PIEZO1 (pCDNA3.1-mPIEZ01) and (PIEZO2Sport6-mPIEZ02),
gifted earlier by Ardém Patapoutian (Scripps Research). The bicistronic plasmids pCDNA3.1-
mPIEZO1-IRES-GCaMP6m and pCDNA3.1-mPIEZ02-IRES-GCaMP6m were created in-house earlier
(61). mPIEZO1 single point mutations were created and sequence-verified by Epoch Life Science

using a pMO-mPIEZO1 plasmid.

Cell culture, transfection and reagents

HEK293T2PZ1 cells (gifted earlier from Ardém Patapoutian), were cultured at 37°C and 5% CO2 in
Dulbecco’s Modified Eagle Medium (GIBCO) supplemented with Penicillin-Streptomycin and 5%
fetal calf serum (Life technologies). HEK293T2P%1 cells grown in 12 well plates coated with
Matrigel at a 1/50 dilution (Corning), were transfected as previously described with slight
modifications (89): 3 ug of mPIEZO2 plasmid or 1 ug PIEZO1 plasmid were transfected to 90%
confluent HEK293T*PZ! cells in a one well of a 12 well plate. Yoda1 (Millipore-Sigma), Yoda2
(Tocris), Dookul (Tocris), Cmpd15 (Chembridge chemical ID:7410103), Cmpd64 (Chembridge
chemical ID:33734878), and Cytochalasin D (Millipore-Sigma) were dissolved as stock solutions in

pure DMSO (Millipore-Sigma) at 40, 40, 10, 30, 30, and 2 mM, respectively. At the time of
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experiments, compounds were diluted to desired concentrations by dilution in the indicated
solutions followed by 10-15 s vortexing. For calcium imaging experiments, compounds were
extemporaneously added by manual pipetting to the cell wells.

Electrophysiology

For single channel recordings, transfected cells were re-seeded on glass coverslips coated with
Matrigel at a 1/50 dilution (Corning) one day after transfection and immediately used. Patch
pipettes were pulled from G150F borosilicate capillaries (Warner Instruments) a P-97 puller
(Sutter Instrument) and heat-polished using a Microforge-MF2 (Narishige), yielding a resistance of
3-5 MQ. Single channel currents were elicited using gigaseal pressurization (high-speed pressure
clamp, ALA Scientific) in HBSS (Thermofisher), acquired using an Axopatch 200B amplifier and an
analog-digital converter Digidata 1550B (Molecular Devices) as individual 1 min continuous gap-
free recordings using a sampling rate of 500 kHz and a filtering frequency of 5 kHz. Data were
subsequently filtered at 500 Hz for display. Single channel time series were idealized using
Clampfit using a dead time of 10 us. A MATLAB (MathWorks, USA) script posted to Github
(https://github.com/LacroixLaboratory @) was used to ignore events with duration shorter than
0.05 ms and with change of current amplitude < 25% of the preceding event.

For macroscopic recordings, re-seeded cells were used 2-3 days after transfection. Patch pipettes
were pulled to a resistance of 2-3 MQ, and currents were acquired at 50 KHz with no post-filtering.
Blunt glass probes were created by fire-polishing the tip of glass pipettes to 2-4 um. The poking
probe was angled at ~70 ° and mounted onto a piezoelectric actuator (P-841, Physik Instrumente)
controlled by Clampex via an amplifier (E-625, Physik Instrumente). Before each experiment, the
probe was slowly moved until visual deformation of the cell. The probe was then retracted
approximately by 1 um to set the initial probe position as close as possible to the cell surface. For
inactivation/deactivation measurements, a 15 second interval was maintained between stimuli to
allow for complete channel recovery (60). Inactivation time constants (Tau) were calculated by
fitting the decaying phase (peak to 200 ms after peak) of the macroscopic currents with a standard
mono-exponential equation in Clampfit 11.2 (Molecular Devices). Dose response curves were fitted

using a default dose response equation in OriginPro: Tau = A; + %; where A; and A,

respectively represent the bottom and top asymptotic Tau values (4, > A,); p represents the slope
of the sigmoid curve (p > 0), x is the ligand concentration; and LOG, represents the ligand

concentration at which Tau = 2542

Calcium imaging

Cells were washed and incubated for at least 30 min in HBSS prior measurements. The CBS
solution contains 1 mM KCl, 30 mM CaCl2, 1 mM MgS04, 108 mM N-Methyl-D-Glucosamine
chloride, and 10 mM HEPES. The pH was adjusted to 7.4 with HCl and has an osmolarity of 288
mOsmol/L (all chemicals were purchased from Millipore-Sigma). For hypertonic treatments, 1X, 2X
and 3X HBSS were prepared by dilution of a 10X commercial HBSS solution (Gibco). GCaMP6m
fluorescence was recorded at 1 frame per second using a GFP/FITC filter set on an inverted Nikon
Eclipse fluorescence microscope or with 488 nm laser excitation and emission detection between
500 and 550 nm on a Zeiss LSM 880 confocal microscope. Regions of interest (ROIs) were defined
around individual cells, and fluorescence intensities were measured after background subtraction.
Calcium responses were expressed as AF/F, = (F - Fo)/Fo, where F represents the fluorescence
intensity at each time point and F, represents the mean baseline fluorescence intensity before
compound addition. Dose-responses shown in Figure 5¢ @ were fitted using: y = Elé:ggfc ; wherey
represents AF/Fg; C represents the ligand (Yoda1/2) concentration; and Bmax represents the
saturated value of AF/FC at infinite ligand concentrations.

Statistics

Statistical tests are indicated in figure legends and were performed using GraphPad Prism 9.
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Molecular dynamics simulations

Docking and molecular dynamics (MD) simulations used a truncated all-atom open PIEZO1
(residues 1131 to 2190) (69). For PIEZ02, we used the previously published model generated by
applying membrane tension of 9.3mN/m to the structure (PDB ID: 6KG7) using the PACE force field
(15). A single blade of PIEZO2 (residues 1277-2467) was retained, and the PACE model was
converted to all atoms for molecular docking and MD simulations. Molecular docking was
performed using AutoDock Vina 1.2.3 with the docking grid defined between Repeat B (TM29- 30)
and Repeat A (TM35-36) using MGLTools-1.5.6 and a grid size of 30 x 30 x 30 A. The PIEZO1-Yoda2
and PIEZ0O2-Yoda2 complex system were assembled using CHARMM36m parameters for the
protein, CHARMM36 parameters for POPC lipids, ions, and water molecules, and CHARMM
General Force Field (CGenFF) for Yoda2. Both systems were neutralized and maintained at an ionic
concentration of 150 mM KCl and solvated using TIP3P water. The simulation system dimensions
and composition are summarized in Table 1. All-atom MD simulations were performed using
GROMACS 2024.2 smp. We followed the input files generated by CHARMM-GUI, including six
equilibration steps followed by production simulations. Energy minimization was performed
using the steepest descent algorithm for 5,000 steps. Long-range electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) method with a real-space cutoff of 1.2 nm. Van der
Waals interactions were smoothly switched off between 1.0 and 1.2 nm using a force-switch
function. All hydrogen-containing bonds were constrained using the LINCS algorithm, allowing a 2
fs integration timestep. The system was equilibrated at 310.15 K using the V-rescale thermostat
with separate coupling groups for the protein-ligand complex, membrane, and solvent. Semi-
isotropic pressure coupling was applied using the C-rescale barostat at 1 bar with a
compressibility of 4.5 x 1075 bar™ and a relaxation time constant of 5 ps. Positional restraints were
applied during equilibration to the protein backbone, lipids, and dihedral angles. Following
equilibration, three independent production replicas were run from distinct equilibration
conformations. For PIEZO1-Yoda2, Replica 1 was simulated for 20 ps on the Anton3
supercomputer. Whereas Replica 2 and 3 were simulated for 1.4 ys each using GROMACS. For
PIEZ02-Yoda2, all three independent replicas were simulated for 1.2 ps each using by GROMACS.
The 20 ys replica was run on Anton3 supercomputer by converting a 100 ns GRO file to a
Desmond-compatible format using Viparr on Bridges2. The Anton3 simulation was performed
using a multigrator integration scheme with a 2.5 fs timestep. Temperature was maintained using
a Nose-Hoover thermostat at 310.15 K and pressure was controlled using the Martyna—
Tuckerman-Klein (MTK) barostat with semi-isotropic coupling.Ligand—protein interaction
analyses were performed using MDAnalysis and PLIP 2.1.0, and molecular visualization was
carried out using VMD 1.9.3.
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System Membrane system Number of atoms Duration (ps)
(xyz dimension, &)

PIEZO1-Yoda2 POPC (Upper/Lower=220/201) Total Atoms= 211358 Replica 1 =20*

(130.12 x 13.012 x 13.46) Protein= 11873 Replica2 = 1.4

Yoda2= 33 Replica3=1.4

Membrane= 56414
Water = 142755
K/Cl-=130/151

PIEZO2-Yoda2 POPC (Upper/Lower=155/132) Total Atoms = 156427 Replical=1.2
(108.87x 107.87 x 131.17) Protein = 11371 Replica2 =1.2
Yoda2= 33 Replica3=1.2

Membrane= 38458
Water = 106365
K/Cl-=96 /104
* Replica 1 was run on the Anton3. Where the other replicas run using GROMACS software.

Table 1. All atom Molecular Dynamics simulation details.
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Figure supplements
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Figure 4—figure supplement 1. Comparison of Yoda1 efficacy between PIEZO1 and PIEZO2. The Yoda1l dose-

response on PIEZO2 inactivation Tau measured in this study (grey) is compared to a previously measured Yoda1l
dose-response on mouse PIEZO1 inactivation Tau (red) (60). Both axes are displayed in a logarithmic scale.
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Figure 6—figure supplement 1.

a) Torsion-angle dynamics of PIEZO1-R1724 (top) and PIEZO2-R2029 (bottom) from previous multiscale simulations of full-
length PIEZO1 and PIEZO2 under membrane tensions of 9.0 and 9.3 mN/m, respectively, using the PACE (Protein Any-
atom/Coarse-grained Parametrization with Environment) hybrid force field (15). Vertical markers adjacent to the PIEZO1-

Replica1 histogram indicate the torsion angles observed in nine indicated PIEZO1 PDB structures. b-c) Root-mean-square-

deviations (RMSD) calculated along the trajectories for the protein backbone (top) and for the Yoda2 ligand (bottom), and for

both the PIEZO1-Yoda2 (b) and the PIEZO2-Yoda2 system (c).
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Figure 6—figure supplement 2. Time evolution of Yoda2 binding poses in PIEZO1 (top) and PIEZO2 (bottom)

across all simulation replicas
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Figure 6—figure supplement 3. Snapshot taken from our PIEZO2 simulation Replica3 showing an

electrostatic competition between Yoda2 and E1993 to form a salt-bridge with R2029.
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Figure 6—figure supplement 4. Yoda2 modulation of an endogenous salt-bridge between conserved
glutamate-arginine pair in the Yoda binding site.

a-b) Salt-bridge distances measured in all channel subunits between R1724-C{ and E1688-C& for PIEZO1 (top) and between
R2029-CZ and E1993-C5 for PIEZO2 (bottom) from previous PACE simulations (15) c-d) The same distances are plotted in blue
for our three all-atom PIEZO1 and PIEZO2 simulation replicas in the presence of Yoda2. Salt-bridge distances between Yoda2
and R1724 (PIEZO1) and R2029 (PIEZO2) are plotted in red. Solid lines show the running average, and the panel to the right of

each trace shows the distance distribution over the full trajectory.
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Data availability

All experimental data have been deposited into open-access repository Open Science Framework
(DOI: 10.17605/0OSF.IO/HQG7D).
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Reviewer #1 (Public review):

[Editor's note: this version has been assessed by the Reviewing Editor without further input
from the original reviewers. The authors have addressed the comments raised in the
previous round of review.]

Summary:

In this work, T. Wijerathne et al. investigated and reported the agonistic effect of Yodal and
Yoda2 over PIEZO2 function using patch clamp electrophysiology, Ca2+ imaging, and
molecular dynamics. They find that Yodal sensitizes PIEZO2 to membrane tension, can
induce Ca2+ influx, and decreases its inactivation to a lesser degree than it does to PIEZO1
channels. Additionally, their data shows that Yoda2 sensitizes PIEZO2 channels to membrane
indentation to a greater extent, but it has a weaker effect on channel inactivation than Yodal.
Interestingly, they report that a mutation in a conserved arginine between PIEZO channels
can be used to abolish PIEZO1-mediated Ca2+ flux in response to Yoda molecules. As a whole,
the results presented here should be put into perspective against previous and future works
involving systems where both PIEZO1 and PIEZO2 might be expressed. This is especially true
for works where Yodal has been used as a basis for determining the absence of PIEZO2.

Strengths:

The authors use multiple techniques to investigate how Yoda molecules affect the three most
important biophysical aspects of PIEZO channels that, when changed, result in
pathophysiological responses: a) sensitivity to mechanical stimuli, b) Ca2+ entry, and c)
channel inactivation. Lastly, they find a specific amino acid/region that could be exploited for
drug design and/or development.

https://doi.org/10.7554/eLife.111912.2.sa3

Reviewer #2 (Public review):
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This manuscript challenges the long-standing assumption that Yodal and Yoda2 are PIEZO1-
selective activators. Using patch-clamp electrophysiology and calcium imaging in
HEK293TAPZ1 cells overexpressing PIEZ02, the authors demonstrate that Yodal potentiates
PIEZO2 stretch-activated currents to a similar extent as PIEZO1 and slows PIEZO2 poking-
current inactivation (albeit with lower efficacy). They further show that the more potent
analog Yoda2 affects PIEZO2 at nanomolar concentrations and use mutagenesis and
molecular dynamics simulations to propose that Yoda2's benzoic acid group forms a transient
salt bridge with R1724 in the putative Yoda binding pocket, explaining its enhanced potency.

Strengths:

The authors are established Piezo/biophysics experts; the study is highly important,
technically competent, and carries significant implications for the reinterpretation of prior
work that used Yoda compounds as PIEZO1-selective probes.

The core finding that Yodal modulates PIEZO2 stretch currents is convincing and important.
https://doi.org/10.7554/eLife.111912.2.sa2

Reviewer #3 (Public review):

Summary:

The manuscript reports that Yodal and Yoda2 agonize PIEZ0O2 in a manner similar to PIEZO1,
increasing open probability and stretch sensitivity, but the mechanism underlying this
sensitivity is incomplete. Mutagenesis was shown exclusively in PIEZ01, with no
corresponding mutagenesis in PIEZ02, so the proposed mechanism in PIEZO2 is inferred by
homology rather than directly tested. All experiments use mouse PIEZ02, and the human
ortholog should be used before generalizing the proposed reinterpretation of the field.

Strengths:

The pressure-clamp electrophysiology demonstrating a shift in half-activation pressure for
PIEZO2 is compelling evidence in support of the central claim.

https://doi.org/10.7554/eLife.111912.2.sa1

Author response:

The following is the authors’ response to the original reviews.
Public Reviews:

Reviewer #1 (Public review):

Summary:

In this work, T. Wijerathne et al. investigated and reported the agonistic effect of Yoda1
and Yoda2 over PIEZO2 function using patch clamp electrophysiology, Ca2+ imaging,
and molecular dynamics. They find that Yoda1 sensitizes PIEZO2 to membrane tension,
can induce Ca2+ influx, and decreases its inactivation to a lesser degree than it does to
PIEZO1 channels. Additionally, their data shows that Yoda2 sensitizes PIEZO2 channels to
membrane indentation to a greater extent, but it has a weaker effect on channel
inactivation than Yodal. Interestingly, they report that a mutation in a conserved
arginine between PIEZO channels can be used to abolish PIEZO1mediated Ca2+ flux in
response to Yoda molecules. As a whole, the results presented here should be put into
perspective against previous and future works involving systems where both PIEZO1 and
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PIEZO2 might be expressed. This is especially true for works where Yoda1 has been used
as a basis for determining the absence of PIEZO2.

Strengths:

The authors use multiple techniques to investigate how Yoda molecules affect the three
most important biophysical aspects of PIEZO channels that, when changed, result in
pathophysiological responses: a) sensitivity to mechanical stimuli, b) Ca2+ entry, and c)
channel inactivation. Lastly, they find a specific amino acid/region that could be
exploited for drug design and/or development.

Weaknesses:

The methods and discussion sections are lacking enough detail to fully evaluate the
findings and put them into perspective, respectively.

We have included new results, expanded our discussion, and added additional details in our
Methods section.

Reviewer #2 (Public review):
Summary:

This manuscript challenges the long-standing assumption that Yoda1 and YodaZ2 are
PIEZO1selective activators. Using patch-clamp electrophysiology and calcium imaging in
HEK293TAPZ1 cells overexpressing PIEZOZ2, the authors demonstrate that Yoda1
potentiates PIEZO2 stretch activated currents to a similar extent as PIEZO1 and slows
PIEZO2 poking-current inactivation (albeit with lower efficacy). They further show that the
more potent analog Yoda2 affects PIEZO2 at nanomolar concentrations and use
mutagenesis and molecular dynamics simulations to propose that Yoda2's benzoic acid
group forms a transient salt bridge with R1724 in the putative Yoda binding pocket,
explaining its enhanced potency.

Strengths:

The authors are established Piezo/biophysics experts; the study is highly important,
technically competent, and carries significant implications for the reinterpretation of
prior work that used Yoda compounds as PIEZO1-selective probes.

The core finding that Yoda1 modulates PIEZO2 stretch currents is convincing and
important. However, several conceptual, methodological, and presentational issues need
to be addressed before acceptance, as detailed below.

Weaknesses:

(1) The abstract states that YodaT potentiates PIEZO2 "as efficaciously as PIEZO1." This
claim is accurate only for stretch currents and single-channel open probability, but the
paper itself demonstrates important asymmetries: i) Yoda molecules slow PIEZO2 poking-
current inactivation ~2-fold, versus ~5-10 fold for PIEZO1 (Figure 3b and ref #60). ii)
Spontaneous Ca®* entry via PIEZO2 requires non-physiological conditions (high
extracellular Ca®*, hypertonic solutions) that are unlikely to occur in native cells. The
abstract should be revised to clearly qualify where equivalence holds and where efficacy
differences exist. IMO, the current wording risks overcorrecting the historical bias
(PIEZO1-only) by going too far in the other direction.

We have changed our language throughout the manuscript to convey more accurately
differences of Yoda agonism between the two Piezo homologs.
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(2) Related concern: the PIEZO2 Ca®* signal in Figure 2 is only detectable using a Ca®*-
boosted solution (CBS ie 30 mM Ca®*). Physiological extracellular Ca®* and cells normally
do not experience sustained hypertonicity at these magnitudes. The authors should
explicitly clarify that the practical implication of their findings is primarily for
electrophysiological (patch-clamp) experiments and that the Ca?* imaging caveat applies
only under amplified conditions. Specifically, the authors should state that in standard
ca?* imaging assays with physiological buffers, PIEZO2 is unlikely to confound Yoda1
results.

Agreed. As mentioned above, we have modified our wording to convey this point more
clearly.

Related point: Can cytochalasin D (CytoD) restore a Yoda1-dependent ca®* signal in
physiological saline? This would help determine whether the weak PIEZO2 response is
primarily a membrane tension issue (cytoskeletal tethering) versus intrinsically lower
channel expression or permeability. The authors already have tagged PIEZO1/2
constructs and could, in principle, normalize by surface expression.

We have repeated our acute pharmacological treatment in cells pre-treated with CytoD (or
0.5% DMSO vehicle control). These experiments were done in normal saline solution. We
found that Yodal produces a very small (but significant) calcium influx in cells treated with
CytoD. This result strengthens our conclusion that Yodal is capable of producing an
activatory effect on Piezo2 in absence of external mechanical stimulation - albeit this effect is
very small and only detectable in non-physiological (calcium-rich or destabilized
cytoskeleton) conditions. It remains difficult to definitely conclude about why Yoda molecules
exert different agonistic effects. We can only discuss possibilities. Differences in Ca2+
permeability is unlikely to contribute to this difference, as pore properties and selectivity for
monovalent ions are similar between the two channels (see PMID: 39543876). Slight
differences in how Yoda bind the Yoda binding region could explain why Yodal robustly
modulates Piezo2 stretch currents but fails to produce robust calcium influx, as recent work
suggests that these two agonist effects may originate from two distinct Yoda binding poses in
this region (PMID: 38060566; PMID: 41402296). Piez02’s intrinsically high threshold for
stretch-activation could also represent a contributing factor, as figures 1e-f show that Piezo2’s
midpoint activation pressure in the presence of Yodal (about -30 mmHg vs. -60 mmHg) might
still be too high to enable robust Yoda-induced activation at the resting membrane tension of
the cell. Since Piezol has been consistently shown (by us and others) to be expressed at a
higher level than Piezo2 in transfected HEK293 cells (e.g., PMID: 20813920; PMID: 32227462,
PMID: 37102984; PMCID: PM(C13423835), we have not replicated these experiments with
Piezol. We have modified our manuscript to include these new results and discussion.

(3) The mean inactivation tau values for wild-type PIEZO2 poking currents in both DMSO
and Yoda1 conditions (Figure 3b, approximately 15-40 ms range) appear substantially
higher than values reported in published literature (typically 5-10 ms; eg, PMID:
20813920). This discrepancy needs to be addressed.

This discrepancy likely arises because inactivation kinetics of Piezo1 and/or 2 poking currents
can be modulated by many biological and experimental variables that are difficult to control.
Biological variables include membrane potential (PMID: 20813920), extracellular pH (PMID:
25561736), temperature (PMID: 35858335; PMID: 31413193), the presence of modulatory
proteins (PMID: 37590348) and extracellular matrix (PMID: 28164706). Experimental
variables include the mechanics of probe displacement (velocity and impact angle) and the
precise positioning of the time-cursor near the peak current for exponential fitting. In
addition, the decaying portion of Piezo poking currents is likely contributed by both
inactivation and deactivation, as a recent study demonstrates relaxation of the poke stimulus
during mechanical indentation in N2a cell (PMID: 42649207). Cellular viscoelastic properties
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and cytoskeletal organization are thus anticipated to dictate how fast this relaxation occurs,
influencing the proportion of inactivating and deactivating currents in poking recordings.
Since this point deviates from our main goal - to test an effect of Yoda on channel kinetics
measured side-by-side — we prefer not to discuss it.

(4) The authors perform all MD simulations on a truncated PIEZO1 model and justify this
choice by noting that the Yoda binding region is highly conserved between homologs.
This is a reasonable and defensible starting point given the availability of well-validated
PIEZO1 simulation set ups in their lab. A few points are nonetheless worth addressing:
While PIEZOZ2 simulations are not strictly required, the authors are encouraged to briefly
discuss whether any long-range structural differences between PIEZO1 and PIEZO2
(outside the binding site itself) could influence YodaZ2 binding dynamics, particularly in
light of the chimera data showing that PIEZO2 sequence in repeat A abolishes Yoda1
sensitivity. This reviewer still doesn't understand the reason behind this discrepancy
despite it being acknowledged in the text.

We have now conducted three replicas of all-atom MD simulations of the Yoda2-bound
PIEZO2 system. The new results show that the equivalent Arg residue in PIEZ02 (R2029) also
forms a salt bridge with Yoda2, consistent with our observations from the Yoda2-bound
PIEZO1 simulations. Taken together, these simulation results seem to point to the fact that
Yoda molecules bind to a similar region in both PIEZO1 and PIEZO2. The lack of Yodal-
sensitivity in the chimera is quite puzzling, and we can only speculate about why. The
swapped chimeric region includes 103 residues, 21 of which are non-conserved between
PIEZO1 and PIEZO2 and distributed around the binding region (PMID: 29795280). These
mutations could collectively and allosterically alter the binding free energy landscape in a
manner that either 1) strongly reduce Yoda binding affinity or 2) equalize Yoda binding
affinity for both curved and flat conformations, effectively rendering Yoda molecules silent
binders (similar to how we previously described Dookul binding to Piezol PMID: 38060566).

Another MD-related comment is that three simulation replicas (which is impressive for
such a big system) show markedly different salt bridge occupancy (82.6%, 49.7%, 99.8%;
stated in the text). This wide variation suggests incomplete sampling in at least one
replica. The authors should provide RMSD plots for ligand and protein backbone to
assess convergence and possibly discuss whether the 49.7% replica represents a
genuinely distinct binding mode or incomplete equilibration.

We have extended PIEZO1-Yoda2 replica #2 from 600 to 1400 nanoseconds. This replica shows
that the salt-bridge turned ON and OFF during the simulation because the Arg side chain
tends to flip. This flipping behavior is evident in the 20 us Replica #1 (Figure 6c¢). In Figure 6-
figure supplement 1, we analyzed our previous five replicas of MD simulations using the
PACE force field. We show that the angle distributions indeed vary between replicas and
subunits at the timescales currently affordable by MD technique for this large system.
Therefore, it is not too surprising that the salt bridge occupancy differs between three all-
atom simulations. We now provide RMSD of ligand and protein backbone for each Replica as
Figure 6 supplement 1. The time evolution of Yoda2 binding poses across all simulation
replicas are now illustrated in Figure 6-figure supplement 2, which shows that Yoda2 is
mobile, yet remain stable in this overall hydrophobic binding site, consistent with our
previous report (PNAS2023 PMID: 38060566). We also added all corresponding analysis of
Yoda2-PIEZO2 in the same figures.

(5) The Discussion proposes that PIEZ02's weaker Ca®* response to Yoda1 could partly
reflect lower membrane expression. Since the authors already have fluorescently tagged
PIEZO1 and 2 constructs, a simple fluorescence intensity comparison between the two
(acknowledging it would reflect total rather than surface expression) could provide at
least indirect support for this claim. Alternatively, if such a comparison is not feasible, the
authors may consider removing membrane expression from the list of proposed
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explanations or explicitly acknowledging that this remains unsubstantiated speculation.
The max poking currents may somewhat and roughly indicate the level expression
difference too, if done exactly side by side.

PIEZO2 expression is known to be lower than PIEZO1 in heterologous systems (PMID:
20813920; PMID: 32227462, PMID: 37102984; PMCID: PM(C13423835), hence we have not
attempted to test if this was the case with our tagged constructs.

(6) The abstract or concluding remarks should highlight that Dooku1 is not PIEZO1-
selective in its agonist-like action on PIEZO2, and that Cmpd15/Cmpd64 appear to be
better PIEZO1-selective tools. This nuance is buried in the Results section.

We now list these results in the abstract.

(7) The authors should not cite PMID 31015490. Clearly, any work on MCC13 is
confounded by the overwhelming expression of PIEZO1 (PMID: 42084270). Instead, the
authors should also cite the literature from others who have clearly recorded stretch
currents from PIEZO2 before the cited studies (eg, PMID: 37590348).

Agreed!
Reviewer #3 (Public review):
Summary:

The manuscript reports that Yoda1 and YodaZ2 agonize PIEZO2 in a manner similar to
PIEZO1, increasing open probability and stretch sensitivity, but the mechanism
underlying this sensitivity is incomplete. Mutagenesis was shown exclusively in PIEZO1,
with no corresponding mutagenesis in PIEZO2, so the proposed mechanism in PIEZO2 is
inferred by homology rather than directly tested. All experiments use mouse PIEZO2, and
the human ortholog should be used before generalizing the proposed reinterpretation of
the field.

Strengths:

The pressure-clamp electrophysiology demonstrating a shift in half-activation pressure
for PIEZO2 is compelling evidence in support of the central claim.

Weaknesses:

(1) In the single-channel recordings (Figure 1a), it's unclear how many channels were
present in those patches. After applying -60 mmHg pressure, multiple channels would be
activated (as seen in Figure T1e). The number of channels in the patch and their
inactivation rate could significantly influence the open probability in such experiments.
To overcome this, in the original Yoda1 article (Syeda, Ruhma, et al. eLife 2015), no
additional pressure was used.

To clarify the confusion, we record single-channel PIEZO2 currents less than 24 hrs after
transfection and record macroscopic PIEZO2 currents 2-3 days after transfection. Hence,
unlike the cited study, our single and macro currents are obtained from different patches.
When patching cells for single recordings, most patches do not show any mechano-currents
and those that do typically show only one current level of single-channel conductance
through the recording, even when the patch is highly pressurized.

Additionally, the reported open probability comparison (n=7 Yoda1 vs n=17 DMSO
patches) has an SEM nearly as large as the effect itself (0.30 {plus minus} 0.11), consistent
with a small number of outliers driving this. The underlying mean open and shut times
are reported without any statistical test; only the derived open probability receives a p-
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value. Additionally, in Figure 1a, the Yoda1 condition noise is different from the control.
This should be stated if noise filtering was applied and how, given that this could affect
open probability analysis.

This is a fair point. We have removed two outliers and have performed statistical analysis on
mean dwell times. The effect of Yoda1 is still highly significant. We have replaced current
traces with two of similar noise levels. We acquired all single-channel current traces at
100kHz, filtered them at 5kHz, and displayed them at 500 Hz.

(2) The calcium imaging data in Figure 2 raise significant concerns regarding the
chemical activation claim. The calcium-boosted solution (30 mM Ca2+) is not
physiological and appears to be generally stressing cells rather than specifically
activating PIEZO2: the control condition under CBS already shows an elevated signal,
consistent with cells being unwell at this calcium concentration, and adding Yoda1 on
top of this shifted baseline raises further questions about specificity rather than
confirming it. Separately, it is unclear why DMSO alone produces measurable PIEZO2-
associated calcium influx in HBSS, a result that is not addressed in the text. Figure 2
should clearly indicate when DMSO/Yoda1 perfusion was initiated, and y-axis labels are
missing from panels A and B.

We agree and have toned down our chemical activation claim, insisting that this activation is
very weak in absence of external mechanical stimulus, being only detectable under extreme,
non-physiological conditions. We also re-analysed our data (and added fluorescence scale
bars, thank you) showing time-course and scatter plots from the same cells in Figure 2a. We
think the “bump” seen upon DMSO perfusion in PIEZO2 cells could be amplified by the low
expression of GC6 in these cells. We now discuss this point in our revisions.

(3) In the poke experiments, an activation threshold should be calculated and reported,
and amplitude data (e.g., peak current versus indentation depth) should be shown rather
than only inactivation tau values. It is also unclear why mClover3- and N-GFP-tagged
constructs were used in these experiments, since electrophysiological recording already
confirms channel expression without requiring a fluorescent tag.

Valid point, we are now comparing peak currents for different poking distances. We have
removed our Tau analysis for our tagged-PIEZO2 clones.

(4) For inactivation kinetics (Figure 3b), the authors use unpaired comparisons across
separate cells, whereas the deactivation experiments (Figure 3c) use paired; it should be
applied to the inactivation experiments as well. Deactivation kinetics for PIEZO2 itself
should be shown.

These experiments have different goals which do not require using the same protocol.
Deactivation kinetics experiments were used for the chimera because this parameter was
shown by us to be the most sensitive to Yodal. Hence, if a Yoda modulation exists, but is hard
to detect in the chimera, using this protocol with paired samples provide us with the highest
detection sensitivity. This level of sensitivity was not needed to detect an effect of Yodal on
PIEZO2.

If the claim is that YodaT acts on PIEZO2 through the same mechanism proposed for
PIEZO1, then a PIEZO1/2 chimera should be expected to show a corresponding effect on
deactivation tau; instead, this chimera is reported as completely Yoda1-insensitive
despite both parental channels being Yoda1-sensitive, as shown in this study.

This discrepancy is acknowledged in the text. We do not know why the chimera is Yoda
insensitive and can only speculate at this point. Of note, one must acknowledge that this
chimeric swapping introduces 21 amino acid changes (vs. WT PIEZO1) which may have
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profound allosteric effect on binding affinity and/or efficacy. MD studies would be useful to
explore this possibility in a future study.

(5) Given that this reflects a different experimental paradigm for Yoda EC50, PIEZO1
should be included within Figure 4b. Additionally, EC50 bar plots should be present on
this figure.

Showing EC50 plots here is not possible because each cell was exposed to only one dose of
Yodal (unpaired measurements). We have included a Yodal dose-response curve against
PIEZO1 inactivation Tau from our prior study (PMID: 35858335) for comparison as a Figure
Supplement.

The inactivation time constant for PIEZO2 without Yoda1 is inconsistent across figures,
below 20 ms in Figure 3b but above 20 ms in Figure 4c.

As explained above in our answer to Reviewer #2, these inconsistencies likely occur because
PIEZO inactivation kinetics are susceptible to modulation by a number of biological and
experimental factors that are not easily traceable, making it difficult to define absolute
channel kinetics.

(6) Finally, the modeling is performed exclusively on PIEZO1, whereas the manuscript's
central focus is PIEZO2. It is therefore unclear whether the proposed structural
mechanism, including the basis for Yoda2's reduced efficacy on PIEZO2, can be directly
extrapolated to PIEZO2.

We have now conducted three replicate all-atom MD simulations of the Yoda2-bound PIEZ0O2
system. The new results show that the equivalent Arg residue in PIEZ02 (R2029) also forms a
salt bridge with Yoda2, consistent with our observations from the Yoda2-bound PIEZO1
simulations. However, the current simulations do not allow us to distinguish differential
efficacy of Yoda2 toward PIEZO1 versus PIEZO2. The reduced efficacy of Yoda2 on PIEZ0O2
may instead arise from differences in its binding affinity for the open versus closed
conformations, or from contributions of cellular components that are not represented in our
MD simulations, such as the cytoskeleton.

Recommendations for the authors:
Reviewer #1 (Recommendations for the authors):
Main:

(1) Adding more depth and detail to the methods section will help others replicate the
findings.

Agreed.

(2) Methods: line 325. Describe the way each compound was prepared for each
concentration without undissolved particles. Avoid using the phrase "as described
before" in the methods section.

Compounds were dissolved in DMSO and simply diluted in recording solution at the time of
experiments with vortex mixing.

(3) Figure 1B (comparison of open probability): only three points out of 7 (with Yoda1)
seem outside the data range of the control (DMSO). It seems very unreliable for an
agonist. Moreover, in Figure TF, the data seem very noisy. I would suggest adding more
n.

Wijerathne et al., 2026 eLife 15:RP111912. https://doi.org/10.7554/eLife.111912.2 33 0f 35


https://doi.org/10.7554/eLife.111912.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/structural-biology-molecular-biophysics

°Fe . Structural Biology and Molecular Biophysics
w9 eLife

We have eliminated two outliers and reanalyzed our data, showing statistics for mean dwell
times and open probability.

(4) The authors should add to the "Yoda1 activates PIEZOZ2 in the absence of external
mechanical stimulus" section (or the methods) how perfusion of Yoda1 was applied.

We used manual pipetting.

(5) Lines 165 - 171. This part should be moved to the discussion and expanded on.
Particularly since the reference they allude to comes from the same group.

This discussion part is needed to introduce the chimera experiments and thus should remain
in Results.

(6) Figure 3B. The noise range of the time constants of inactivation is a lot. Specially for
transfected cells. I would suggest a couple of sentences explaining why the authors think
this happens.

This discussion is now included.

(7) Figure 4C. Tau inac of DMSO control seems very high when compared to others. I
would suggest a couple of sentences explaining why the authors think this happens.

One difference is that DMSO concentration here is higher (0.25% vs 0.075%) to match the
higher concentration of Yodal tested. Inactivation kinetics are subject to modulation by many
parameters; hence we focus on side-by-side comparisons instead of absolute values.

| (8) Line 213. Which standard binding equation? Include in the methods.
Done.

Rethink calculating the EC50 with dose responses that saturate. Figure5C. Are these
absolute or relative EC50s?

EC50 of mutants are normalized to WT.

(9) Discussion: "Our discovery that Yodal modulates PIEZO2 stretch currents as
effectively as PIEZO1's strongly suggests that some of the reported biological roles
attributed to PIEZO1 using this agonist could be (at least partly) transduced by PIEZO2.
For instance, our discovery seamlessly reconciles the puzzling fact that reducing PIEZO2
expression in cells that co-express PIEZO1 also reduces the effects of Yoda1 (49, 76, 77).
Along." In the referenced works (49, 76, and 77) its not checked if PIEZO1 levels remain
the same when PIEZO2 was knocked out. Here, the authors should discuss this possibility.

Good point!
Minor:

(1) Indicate in the figure legends, result or methods section, what the error bars
represent.

Done.
| (2) Indicate the p-value for Figure 1B.
Done.

| (3) Figure 2. Include the ionomycin value that each group is normalized against.
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We provide now vertical scale bars for all samples.

| (4) Why not use PIEZO2 for the MD simulations?
Done.

Reviewer #2 (Recommendations for the authors):
Minor comments

(1) In the Abstract: The sentence "Although a structural framework for PIEZO1 activation
by Yoda1 exists" may be confusing for readers outside the field. The authors may mean
"mechanistic" or "computational” framework. Please clarify or reword.

We have reworded the abstract.

(2) Residue number in abstract: The abstract states "a conserved arginine in the Yoda
binding site" without identifying it. Please add the residue number (R1724 in mouse
PIEZOT1) for clarity.

Done

(3) Figure 1 legend or in the method: recording mode and filter settings: The figure
legend should explicitly state that single-channel recordings were obtained in cell-
attached mode, and should report the filter frequency (kHz) and sampling rate used for
idealization. This is essential for readers to evaluate dwell-time analysis.

Done, but details are in the method.
| (4) Several instances throughout the text use "native" where "naive" is clearly intended.
Corrected, thank you.

(5) The statement that PIEZO2 requires more mechanical force than PIEZO1 (~-60 vs
~=40 mmHg P1/2) should be interpreted cautiously without this information, and the
authors should clarify whether pipette geometry was controlled between PIEZO1 and
PIEZOZ2 experiments.

We have shown that PIEZO2 requires more force to be opened by membrane tension relative
to PIEZO1 using MscL gating as a tension-calibration system (PMID: 41703062). Pipette
geometry is consistent for each type of experiment (macroscopic or single-channel
recordings). We have expanded our Methods.

(6) The finding that Dooku1slows PIEZOZ2 inactivation similarly to Yoda1 is striking and is
currently underplayed. This raises important questions: Does Dooku1 elicit ca®* entry in
PIEZO2-expressing cells? It could at least be discussed further in the text.

Likely not, since Yoda-induced calcium influx is very weak and requires non-physiological
conditions to be detectable. But this is worth trying at some point.

https://doi.org/10.7554/eLife.111912.2.sa0
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