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Background: The mechanosensitive ion channel PIEZO1 opens when stress is applied to membranes.
Results: PIEZO1 channel activation is inhibited at an extracellular pH of 6.3 with a pK of ~6.9. Protonation is positively

cooperative.

Conclusion: Protonation stabilizes the inactivated state (not the closed state) of the channel.
Significance: During physiological stress that gives rise to low pH, the PIEZO1 ion channel is inhibited.

PIEZOL1 is a recently cloned eukaryotic cation-selective
channel that opens with mechanical force. We found that
extracellular protonation inhibits channel activation by ~90%
by increased occupancy in the closed or the inactivated state.
Titration between pH 6.3 and 8.3 exhibited a pK of ~6.9. The
steepness of the titration data suggests positive cooperativity,
implying the involvement of at least two protonation sites.
Whole-cell recordings yielded results similar to patches, and pH
6.5 reduced whole-cell currents by >80%. The effects were
reversible. To assess whether pH acts on the open or the inacti-
vated state, we tested a double-mutant PIEZO1 that does not
inactivate. Cell-attached patches and whole-cell currents from
this mutant channel were pH-insensitive. Thus, protonation
appears to be associated with domain(s) of the channel involved
with inactivation. pH also did not affect mutant channels with
point mutations at position 2456 that are known to exhibit slow
inactivation. To determine whether the physical properties of
the membrane are altered by pH and thereby affect channel gat-
ing, we measured patch capacitance during mechanical stimuli
at pH 6.5 and 7.3. The rate constants for changes in patch capac-
itance were independent of pH, suggesting that bilayer mechan-
ics are not involved. In summary, low pH stabilizes the inacti-
vated state. This effect may be important when channels are
activated under pathological conditions in which the pH is
reduced, such as during ischemia.

PIEZOL1 is a cation-selective ion channel that responds to
mechanical forces in the membrane (1, 2). The protein contains
over 2500 amino acids and 24 -32 transmembrane helices,
making it the largest known transmembrane protein. In solu-
tion, it tends to assemble into tetramers to form a complex of
~1.2 million Da (2). The channel has a characteristic fast inac-
tivation (~30 ms), and the inactivation is voltage-dependent,
slowing with depolarization. The pore itself is cation-selective,
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with a reversal potential of ~0 mV in normal saline (1, 3, 4).
These properties of PIEZO currents resemble the currents of
many endogenous mechanosensitive channels (5).

Because PIEZO1 was only recently cloned, the molecular
properties and physiological roles of PIEZO1 and PIEZO2 are
still being elucidated. PIEZO1 is involved in nociception, and
removing the PIEZO1 ortholog from Drosophila larvae reduces
their rollover response to mechanical stimulation (6). PIEZO2
has recently been demonstrated to have a central role in the
light-touch response of Merkel cells of the skin (7, 8). A variant
of PIEZO?2 is also involved in the touch response of zebrafish
(9). Recently, a knock-out of PIEZO1 from endothelial cells
showed a link of PIEZOL1 to shear stress-associated embryonic
vascular development (10, 11).

The involvement of PIEZO channels in pathology was first
noted for xerocytosis, a human hemolytic anemia that stems
from mutations in PIEZO1 (12). The requirement of mechano-
sensitive channels for erythrocyte volume regulation was pre-
viously unknown and unexpected (13).

To understand what effect mutations have on PIEZO1 func-
tion, we introduced the xerocytosis mutations into human
PIEZO1 and measured its response to mechanical stimuli in
patch-clamp experiments. The mutations slow the inactivation
rate of the channel (14-16) and also introduce a latency for
activation (14).

While exploring the properties of PIEZO1, we found that it is
sensitive to extracellular pH. We studied the pH effect in detail
in both cell-attached and whole-cell currents from pH 6.3 to
8.3. Acidic solutions depressed the amplitude of the currents in
a use-dependent manner, suggesting that the effects are associ-
ated with occupancy in the open state, which is also coupled to
the inactivated state. Titrating the steady-state currents
revealed an effective pK of ~6.9.

Normal PIEZO1 channel kinetics can be well modeled with
three states: open, closed, and inactivated. To help define which
state of the channel is affected by protonation, we tested a
mutant channel that does not inactivate (17). These currents
were pH-independent, suggesting that stabilization of the inac-
tivated state is responsible for the pH effect. To rule out the
possible involvement of pH in membrane mechanics with pos-
sible effects on channel activity, we measured the changes in
patch capacitance during pressure steps at low and high pH and
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found no effect. The loss of PIEZO1 activity at low pH appears
to be an intrinsic property of the channel.

EXPERIMENTAL PROCEDURES

The bath solution contained 168 mm NaCl, 5 mm KCI, 1 mm
MgCl,, 1 mm CaCl,, and 10 mm HEPES (pH 7.3; adjusted with
NaOH). For cell-attached recordings, the pipette solution con-
tained 160 mm KCl, 0.25 mm EGTA, and 10 mm HEPES, and the
pH was adjusted to 6.8, 7.0, 7.3, and 8.3 with KOH and HCL. For
pH 6.3 and 6.5, the solutions were buffered with MES. For
whole-cell experiments, the pipette solution contained 160 mm
KCI, 0.25 mm EGTA, and mm 10 HEPES (pH 7.3), and the cell
was perfused with bath solutions at pH 6.5, 7.3, or 8.3.

A Hill plot of the pH effect was generated from the currents
of cell-attached patches at different pH solutions in the pipette.
The dependent variable (y) was the average peak current after
the channels had equilibrated from use dependence. This was
plotted against the H* concentration. Because proton binding
results in channel inhibition, the data were fit to Equation 1,

1 _y:Vmax(Xn/(k"+Xn)) (M
where V, . is the saturating current, x is the molar concentra-
tion, k is the midpoint H" concentration, and # describes the
cooperativity of binding.

HEK?293 cells were transfected with 500 ng of cDNA using
TransIT-293 reagent (Mirus) according to the manufacturer’s
protocol and were tested 24— 48 h later. Cell-attached patches
were mechanically stimulated by applying suction with an
HSFC-1 pressure clamp (ALA Scientific Instruments) con-
trolled by QuBIO software.

Whole-cell mechanical stimulation utilized a fire-polished
glass pipette (diameter of 2—4 um) positioned at an angle of 30°
with respect to the cover glass. The probe was coarsely posi-
tioned ~20 wm above the cell with an MP-285 manipulator
(Sutter Instruments Co.), and from that position, the probe was
moved up and down with a trapezoidal waveform in a piezo-
electric stage (P-280.20 XYZ NanoPositioner, Physik Instru-
mente). The indentation depth was controlled using LabVIEW
and had 40 nm resolution. The probe velocity was 0.15 wm/ms
during transitions, and the stimulus was held constant for 300
ms. Currents were recorded at a membrane potential of —80
mV for cell-attached mode and —60 mV for whole-cell experi-
ments, and all were done at room temperature.

Patch capacitance and conductance were measured as
described previously (17-19) using an EG&G 5208 dual-phase
lock-in amplifier with sinusoidal stimulation at 1 kHz. The
experiments were performed using an Axopatch 200B amplifier
(Axon Instruments), sampled at 10 kHz, and filtered at 1 kHz.
Data acquisition and stimulation were controlled by QuBIO
software.

RESULTS

Fig. 1A shows the wild-type channel’s response in cell-at-
tached mode using three different pH solutions in the pipette
(pH 6.5, 7.3, and 8.3). When a series of suction pulses were
applied to the patch at pH 7.3 or 8.3, they produced consistent
peak currents from pulse to pulse. At pH 6.5, there was a sub-
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stantial reduction in channel activity with repeated stimuli,
suggesting that the effect of pH is coupled to the open state of
the channel. To determine the pH sensitivity of the sites in the
channel, we titrated the response with six different pH solu-
tions (Fig. 1B). Channels in cell-attached patches were stimu-
lated by a series of suction pulses with a 5-s rest period between
them. The time constant for the rate of decay of the peak cur-
rent was fit to a first-order exponential. The system equili-
brated by about the 10th pulse for all pH values. We found that
the effect of use dependence increased at lower pH.

We defined the fiducial current for each pH as the mean of
the peak currents for pulses 13, 14, and 15. The currents were
normalized to the peak current of pulse 1 to reflect factors such
as different patch area or channel density. Fig. 1C shows the
normalized average response at the indicated pH. The normal-
ized average peak current at each pH was fit to a Hill plot.
Because proton binding causes inhibition of current, we plotted
the loss of mean current as a function of pH. The midpoint (pK)
was pH 6.9 = 0.7 (Fig. 1D). The apparent Hill coefficient was
3 * 1.0, indicating positive cooperativity; more than one site is
involved.

Because we know that PIEZO1 properties can vary between
patches and whole-cell recordings (3), we measured the effect
of pH on whole-cell currents. To switch bath solutions, we used
a perfusion tip that covered the whole cell (flow rate of 35 nl/s).
Because a change in pH caused a drift in the baseline current,
we quantitated the data after reaching steady state. Fig. 24
shows whole-cell currents from cells expressing PIEZO1. At
low pH (6.7-6.5), the current was <<20% of the control current,
paralleling the cell-attached patch response. Returning the bath
to pH 7.3 reversed the inhibition. Fig. 2B shows the effects on
the mean peak currents.

PIEZO1 has been kinetically modeled with three states:
closed, open, and inactivated (14, 17). We wanted to determine
which state is affected by pH, the open or the inactivated state.
We demonstrated previously that inactivation can be removed
by introducing two mutations, one at position 2225 and the
other at position 2456; this effect is observed in both cell-at-
tached patch and whole-cell modes (17). To ascertain whether
pH perturbs inactivation, we used this double-mutant channel
(DhPIEZO1 for double-mutant human PIEZO1) and investi-
gated how changes in pH modified its activity. Fig. 3 shows the
response of DhPIEZO1 as a function of pH in cell-attached record-
ings. Fig. 3A compares the channel currents at pH 8.3,7.3, and 6.5.
These data demonstrate that the use-dependent effect was less
than observed for the wild-type channel and is pH-insensi-
tive. Fig. 3B plots the current of DhPIEZO1 as a function of
the suction pulse number, showing a slow use-dependent
decline. Fig. 3C shows the average peak current versus pH.

There was no effect of pH on the whole-cell currents from
cells expressing the double-mutant channel (Fig. 4). Fig. 44
shows whole-cell currents at pH 8.3, 7.3, and 6.5 and demon-
strates that acidification did not affect use dependence. Fig. 4B
summarizes the results.

We tested two additional single-site mutations that exhibit
slow inactivation (Fig. 5). One mutant, R2456H, is found in
human xerocytosis. The second, R2456K, is a conservative
mutation but nonetheless exhibits slow inactivation. In both
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FIGURE 1. PIEZO1 activity at different pH values in cell-attached mode. HEK293 cells were transfected with a plasmid containing the human PIEZO1 gene,
and the cells were tested 24-48 h later. A shows the time course of currents elicited by a negative-pressure pulse train of —30 mm Hg at —80 mV at the
indicated pH in the pipette. The suction pulses were 1 slong, followed 5 s of rest. At pH 6.5, there was a significant loss of activity within the first few pulses, and
this was not observed at higher pH. B is a plot of the mean peak current from multiple patches with six different pH solutions ranging from pH 6.3 to 8.3. The
normalized peak current decay was used to determine the steady-state current. Cis a plot of the current for each pH at a membrane voltage of —80 mV and
suction of —30 mm Hg. D is the pH profile (titration) for PIEZO1 inhibition derived from the peak currents plotted in C. The data were fit to a Hill plot with a
midpoint pH of 6.9 = 0.8 and n = 3 = 1 (R*> = 0.98).

E 08-
n=8 §
—
— 6.5 K]
—— Washout pH7.3 2 0.4
50 ;

100 ms 0.2
0.04
T T

T T
pH7.3 pHE.7 pH6.5 WashoutpH7.3

FIGURE 2. Whole-cell PIEZO1 currents generated at the indicated pH. The stimulus was indentation of the cell by a fire-polished pipette. To change the pH
of the cell, we perfused it with the perfusion outlet positioned near the cell. A shows current traces with the stimulus pulses shown above. Returning to the
control pH of 7.3 recovered most of the activity. B shows quantification of the change in peak current resulting from the change in pH with the S.D. (membrane
potential of —60 mV).
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FIGURE 3. In cell-attached mode, the non-inactivating form of PIEZO1 (DhPIEZO1) is unaffected by pH. A is a current trace from the non-inactivating form
of PIEZO1 at the indicated pipette pH values (membrane potential of —80 mV, suction of —30 mm Hg). Unlike the wild-type channel at low pH, there was only
a slow change in peak current from pulse to pulse. The normalized peak current is plotted in B and quantified in C with the S.D.
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FIGURE 4. Whole-cell recordings of the non-inactivating form of PIEZO1 perfuse at the indicated pH. A shows the average peak response. Note that the
rundown kinetics were no longer sensitive to pH. B shows the average peak response with the S.D. (membrane potential of —60 mV).

cases, acidification did not affect use dependence on the times-
cale observed for the wild-type channel (Fig. 5, A and C),
although we did see a minor rundown (Fig. 5, B and D). The
change in the pH sensitivity of use dependence is easily seen
when comparing the channel responses at pH 7.3 and 6.5,
where, in the case of the wild-type channel, we would have seen
a reduction of >80%.

We wanted to distinguish between possible pH effects on the
protein and the membrane itself, so we measured the capaci-
tance and conductance of the patch during activation of the
channel (18, 19). Fig. 6 shows that during the pressure step
(light gray), the change in membrane capacitance (gray) was
accompanied by changes in conductance (black) due to channel
activation. However, there was no significant change in capac-
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itance over time. The time course of the capacitance change of
the first pulse was nearly identical to later ones. We performed
the experiment with the wild-type channel at pH 6.5 (Fig. 6A)
and pH 7.3 (Fig. 6B) and found little difference in patch impe-
dance between the two except for the change in patch conduc-
tance reflecting the activity of the channels. This supports the
idea that protonation effects are related directly to effects on
the protein.

DISCUSSION

Mechanosensitive ion channels are often inactive in resting
cells but become active in highly stressed cells or patches (20,
21). They seem to serve as detectors of excessive stress in the
bilayer, probably signaling the cytoskeleton for reinforcement
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FIGURE 5. Effect of pH on cell-attached patch currents from channels with point mutations in arginine at position 2456. Two substitutions, histidine and
lysine, have been shown to slow inactivation. A and C show the mean current traces of R2456H and R2456K, respectively, and their response to pipette pH. In
both cases, the peak currents displayed little use dependence compared with the wild-type channel. Band D show quantification of the effect of pH on R2456H
and R2456K, respectively (membrane voltage of —80 mV, suction of —30 mm Hg).
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FIGURE 6. The patch capacitance and presumably the gross mechanics of the membrane are not altered at pH 6.5. We measured the conductance (black)
and capacitance (gray) in cell-attached mode at pH 6.5 (A) and compared it with the response at pH 7.3 (B). With suction pulses (light gray), the PIEZO1-driven
conductanceincreased at thefirst pulse, followed by a decrease in peak conductance with subsequent pulses. The time dependence of the capacitance change
with pressure was fit to a first-order exponential to provide fiducial parameters. The rise time constants (1) for both pH solutions were similar, indicating that
pH does not appear to significantly modify the basic mechanics of the patch. Thus, the pH effect on channel kinetics is probably an effect upon the channelitself
and not adaptation of the local forces produced by viscoelastic relaxation of the membrane (membrane voltage of —80 mV, suction of —30 mm Hg).

(22, 23). Because PIEZOL1 is likely to be active under patholog-
ical stress (24, 25) and pathology often involves acidification of
the environment, we decided to examine the behavior of
PIEZO1 under acidic conditions to obtain a better idea of pos-
sible in situ behavior.

The experiments shown in Figs. 1 and 2 demonstrate that at
low pH (=6.3), PIEZO1 was inhibited in both cell-attached and
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whole-cell modes. This effect appears to be associated with the
open or the inactivated state of the channel because for cell-
attached patches, consecutive stimulating pulses produced use-
dependent inactivation, but because normal inactivation is
linked to the open state, use dependence could arise from occu-
pying the inactivated state. The pH titration profile of wild-type
channels shows a pK of ~6.9 with an apparent Hill coefficient of
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~3, suggesting that the effect involves more than one protona-
tion site. No one yet knows whether conduction for PIEZO1
channels occurs through a single protein or whether it forms at
the interface between multimers, typically thought of as
tetramers (2). It remains unclear as to whether protonation of a
single protein is involved in the pH effect or whether two or
more proteins are involved.

Because PIEZO1 exhibits use-dependent inhibition (via the
open state), we wanted to know whether pH modulates the rate
of the open to closed or the open to inactivated state. We used
a mutant PIEZO channel (M2225R/R2456K) that we have pre-
viously shown to eliminate inactivation (17). We first studied
this channel while characterizing mutations associated with
xerocytosis because it involves individual mutations at M2225R
and R2456H. We discovered that a conservative mutation,
R2456K, had a more profound effect on inactivation, and by
combining M2225R and R2456K (14), we were able to remove
any inactivation. The removal of inactivation reduced the
three-state model (closed to open to inactivated) to the two-
state model (closed to open). Using this non-inactivating chan-
nel to study the effect of pH allowed us to explore whether
protonation was acting on the inactivated or the open state.

The double-mutant channel was insensitive to pH in both
cell-attached and whole-cell modes. This suggests that the
titrated residues are in a domain associated with inactivation
(Figs. 3 and 4). The effect could be explained by a drop in energy
of the inactivated state, slowing the return transition from the
inactivated to the open state. When we tested the two muta-
tions (R2456H and R2456K) that slowed inactivation, they also
were pH-insensitive (Fig. 5). It is unlikely that the protonation
event is directly related to these two residues. The methionine
is thought to be on the extracellular side and is not ionizable,
whereas the arginine is supposedly on the intracellular side.

An interesting question concerns the role of pH in the phys-
iology of cells in situ. We know that PIEZO1 is present in red
blood cells (16), but it is unlikely that the pH effect is important
in normal physiology given that blood pH is well regulated.
However, acidosis is common in trauma, such as myocardial
infarction, where a significant drop in pH is brought on by res-
piratory acidosis (26). Based on our data, PIEZO1 current
would be inhibited by the drop in pH, and this may serve as a
protective mechanism to limit excessive cation fluxes. Our data
also show that mutant channels linked to xerocytosis inactivate
more slowly and are not inhibited by low pH, so if those red cells
were exposed to traumatized tissue, there might be increased
hemolysis.
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