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Abstract
Members of the eukaryotic PIEZO family (the human orthologs are noted hPIEZO1 and

hPIEZO2) form cation-selective mechanically-gated channels. We characterized the selec-

tivity of human PIEZO1 (hPIEZO1) for alkali ions: K+, Na+, Cs+ and Li+; organic cations: TMA

and TEA, and divalents: Ba2+, Ca2+, Mg2+ and Mn2+. All monovalent ions permeated the

channel. At a membrane potential of -100 mV, Cs+, Na+ and K+ had chord conductances in

the range of 35–55 pS with the exception of Li+, which had a significantly lower conductance

of ~ 23 pS. The divalents decreased the single-channel permeability of K+, presumably be-

cause the divalents permeated slowly and occupied the open channel for a significant frac-

tion of the time. In cell-attached mode, 90 mM extracellular divalents had a conductance for

inward currents carried by the divalents of: 25 pS for Ba2+ and 15 pS for Ca2+ at -80 mV and

10 pS for Mg2+ at -50 mV. The organic cations, TMA and TEA, permeated slowly and attenu-

ated K+ currents much like the divalents. As expected, the channel K+ conductance in-

creased with K+ concentration saturating at ~ 45 pS and the KD of K+ for the channel was

32 mM. Pure divalent ion currents were of lower amplitude than those with alkali ions and the

channel opening rate was lower in the presence of divalents than in the presence of monova-

lents. Exposing cells to the actin disrupting reagent cytochalasin D increased the frequency

of openings in cell-attached patches probably by reducing mechanoprotection.

Introduction
PIEZO channels are cation selective and the largest membrane proteins with 32–34 transmem-
brane domains and they function as oligomers [1, 2]. Only recently identified, the basic proper-
ties of this family of channels have not yet been extensively studied compared to those of other
non-selective cation channels of the nicotinic acetylcholine, glutamate, purinergic or serotonin
receptor families [3]. Although members of the PIEZO family show sequence similarity
amongst themselves, their sequences do not resemble those of other cation-selective channels
[1].

PIEZO channels transiently over-expressed in HEK293 cells are activated either by stretch-
ing patches or by indenting the cell in whole-cell recordings. Using whole-cell currents, Coste
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et al. showed that both monovalent and divalent cations permeate mouse Piezo (MmPiezo)
channels [1]. Whole-cell recordings may not be consistent with single-channel measurements
due to differences in solutions on the cytoplasmic face [4–6]. The reported slope conductance
of the MmPiezo1 channel in cell-attached mode is approximately 23 pS with Cs+ as the domi-
nant ion in the pipette and the cells in a Na+ bath saline. Although some single-channel perme-
ation properties have been reported, these measurements did not provide quantitative
information on ion selectivity and conductance. A basic knowledge of ion permeation, includ-
ing those of divalents such as Ca2+ and Mg2+, is crucial to understanding channel function in
situ as well as providing guidance for in vitro experiments.

We studied the selectivity and permeability of both monovalent and divalent ions in human
PIEZO1 (hPIEZO1) channels over-expressed in HEK293 cells. The conductance of these chan-
nels to monovalent alkali ions was highest for K+, intermediate and similar for Cs+ and Na+

and lowest for Li+ yielding a conductance sequence K+> Cs+ffi Na+ > Li+. Divalent ions ex-
cept for Mn2+ permeated the channel but more slowly than the monovalents and they also re-
duced K+ currents as expected for these less permeant competitors. Both TMA and TEA
permeated the channel and like the divalents reduced K+ current. These data suggest the nar-
rowest region of the pore was ~ 8 A˚ in diameter.

Materials and Methods

Electrophysiology
Cell Culture and Transfection Protocols. HEK293 cells were cultured at 37°C for 1 day

after passage. Recordings were performed on cells that were transiently transfected with 200 ng
of hPIEZO1 cDNA. Transfections were performed using TransIT 293 reagent fromMirus Bio
LLC. Recordings were performed 1–2 days after transfection.

Single-Channel Recordings. Currents were activated by applying suction to patches in
the cell-attached configuration or with positive pressure for the outside-out configuration.
Pressure steps were applied to the pipette using a high speed pressure clamp [7] (ALA Scientif-
ic). All experiments were performed at room temperature. Our bath solution contained (in
mM): 150 KCl, 10 HEPES, 1 MgCl2, 1 CaCl2 at pH 7.4, which clamped the resting membrane
potential to zero. The pipette solutions for monovalent conductance measurements contained
(in mM): 150 KCl / 150 NaCl / 150 CsCl / 150 LiCl, 10 HEPES, pH 7.4. The solutions were pH
adjusted with the respective hydroxides. Pipette solutions for divalent ion titration experiments
on K+ currents contained 150 KCl, 10 HEPES and divalent ions (Mg2+, Ca2+ or Ba2+) at con-
centrations of 10μM, 100 μM, or 1mM. For recordings of currents carried by pure divalents, we
used 90 mMMgCl2, CaCl2 or BaCl2 in the pipette saline with 10 mMHEPES at pH 7.4. The
pH of 90 mMMn2+ solutions was adjusted to 7.4 with a small amount of Tris. For testing the
permeability of organic ions, the pipette solution contained (in mM): 150 TMA or TEA, 10
HEPES and the pH was adjusted to 7.4 with Tris. To examine the effect of organic ions on K+

we used mixed solutions of K+ and TMA or TEA (in mM): 150 KCl, and 20–150 mM TMA/
TEA adjusted to pH 7.4 with KOH. The junction potentials were highest when using 90 mM
divalents or pure 150 mM TMA / TEA in the pipette solution. The junction potentials calculat-
ed (using pClamp10 junction potential calculator) for 90 mM Ba2+, Ca2+ and Mg2+ were
-7.8 mV, -8.3 mV and -9.1 mV respectively. S1 Table in the supporting information summa-
rizes the compositions of the bath saline and the pipette saline, the recording configuration and
the junction potential expected for that configuration.

Permeability Ratio Calculations. Monovalent currents were obtained from outside-out
patches.The bath solution contained 150 KCl, 10 HEPES, 1 MgCl2, 1 CaCl2 at pH 7.4 and the
pipette solutions contained 150 KCl / NaCl / 150 CsCl / 150 LiCl, 10 HEPES at pH 7.4. The
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reversal potential for each ion was determined from its current-voltage relationship and cor-
rected for the junction potential such that VR = VP – VL (where VR, VP and VL are the reversal
potential, command potential and the junction potential, respectively). The permeability ratios
with K+ as the reference were calculated using the simplified Goldman-Hodgkin-Katz (GHK)

equation for monovalent permeant ions: Erev ¼ RT
zF
ln PK ½Kþ�o

PX ½Xþ�i
Treatment of Cells with Cytochalasin D. To increase single-channel activity, cells in the

bath solution were treated with 2 μM cytochalasin D and incubated at room temperature for 15
min before commencing recordings. One or two cells were used from each dish.

Analysis. Digitized data were analyzed with QuB Express software (www.qub.buffalo.edu)
[8]. Regions containing channel openings were selected and binned to generate all-point histo-
grams which were fit to Gaussians to measure the open channel amplitudes. The slope conduc-
tance was defined as the slope of a linear fit of the mean current amplitudes (weighted by
inverse of the variance) versus voltage. Chord conductances and slope conductances were cal-
culated from data pooled from multiple cells. The conductance (γs) versus [K

+] data were fit to
Michaelis-Menten equation, gs ¼ gmax

1þ KD
½Kþ�

, where KD represents the [K+] at half-maximal

conductance.

Results

Single-Channel Monovalent Selectivity
The current-voltage relationship for K+ in cell-attached patches was fairly linear and reversed
near 0 mV as expected. The slope conductance was 47 pS (Fig 1A). Fig 1A (inset) shows a typi-
cal record of unitary K+ currents from a multi-channel patch in the cell-attached configuration.
The mean currents at -80 mV and -100 mV are shown in the all-point histograms (Fig 1B). Fit-
ting the peaks with Gaussians, the chord conductance of K+ at -80 mV and -100 mV were ~47
pS and ~53 pS, respectively. The other alkali ions Na+, Cs+ and Li+, had I/V data similar to that
of K+ with slope conductances of 39 pS for Cs+, 36 pS for Na+ and 23 pS for Li+ (Fig 1C).

Monovalent Ion Permeability and Effect of K+ Concentration on
Conductance
We estimated the permeability ratio of Cs+, Na+ and Li+ using K+ as the reference ion in out-
side-out patches (Fig 2A). The applied potentials were corrected a posteriori for junction po-
tentials such that Vm = VP – VL (where VP and VL are the command potential and junction
potential, respectively). The resulting permeability ratios were 1:0.88:0.82:0.71 (PK:PCs:PNa:PLi).
The permeability values of Na+ and Cs+ were very close to each other implying that the pore is
large enough so that the hydrated radii of the two ions are almost indistinguishable and that
the pore does not require dehydrated ions.

The conductance of channels generally increases with the concentration of permeant ions.
We examined the relationship between conductance and the concentration of K+ (10mM–

300mM) in cell-attached patches (Fig 2B); the unitary currents are shown in the inset. We de-
fined the conductance as g = i / (Vm-Vrev) where Vm is the membrane potential, Vrev is the re-
versal potential and i is the unitary current. For a driving force of 40 mV (Vm-Vrev), the
conductance (g) was ~16–20 pS with 10–30 mM [K+]. The mean conductance g increased to 43
pS at 100–300 mM [K+] (with a 40 mV driving force). We could not record with higher con-
centrations of K+ as they disrupted the patch. The relationship between [K+] and single-chan-
nel conductance was fit to the Michaelis-Menten equation yielding a maximal conductance of
51 pS and the KD of K+ for the channel of ~32 mM (Fig 2B).
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hPIEZO1 Channels in Patches Have a Significant Divalent Permeability
We examined whether the divalent ions: 90 mM Ba2+, Ca2+ and Mg2+, can traverse the channel
and produce currents in the absence of monovalent ions. Several non-selective cation channels

Fig 1. Extracellular K+ currents through hPIEZO1 channels. (A) Unitary currents from hPIEZO1 cDNA
transfected cells in response to pressure steps (pipette suction) applied via a cell-attached pipette containing
K+. A linear fit of the I/V relationship yielded a slope conductance of 47 pS (n = 6). (B) Amplitude histograms
of the unitary open channel current for the indicated voltages (n = 6). The calculated chord conductance was
47 pS at -80 mV and 53 pS at -100 mV. (C) I/V relationships for monovalent ions Cs+ (n = 3), Na+ (n = 6) and
Li+ (n = 5); the linear fits were extrapolated to intersect the abscissa. K+ is our standard for comparison. The
unitary current with Cs+ and Na+ were lower than that with K+. With Li+ as the current carrying ion the unitary
current was approximately halved.

doi:10.1371/journal.pone.0125503.g001
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Fig 2. Permeability ratio of monovalent ions and the relationship between [K+] and conductance. (A)
Permeability ratios were determined by using the Goldman-Hodgkin-Katz (GHK) equation for monovalent
cations. I/V relationships were obtained from outside-out patches with Cs+, Na+ or Li+ on the cytoplasmic side
and K+ on the extracellular side. The reversal potentials were compensated a posteriori for the liquid junction
potentials resulting from assymetric ion composition across the outside-out patch. The monovalent pipette
solutions did not contain Ca2+ or Mg2+ ions. (B) Conductance as a function of K+ ion concentration ([K+]) in
cell-attached patches (n = 3 patches for each concentration). The pipette solutions did not contain Ca2+ or
Mg2+. The comparison across concentrations was performed for a fixed driving force of 40 mV. The
conductance versus [K+] data were curve-fitted using the Michealis-Menten equation: gs ¼ gmax

1þ KD
½Kþ�

. The junction

potentials were ignored because they were within 0–2 mV. Single channel traces corresponding to 10 mM,
30 mM, 100 mM and 300 mM are shown in the inset.

doi:10.1371/journal.pone.0125503.g002
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including hPIEZO1 are permeable to divalents [1, 9–13]. In cell-attached patches, the chord
conductance of the unitary currents with extracellular Ba2+ at -80 mV was ~25 pS (Fig 3A).
Channel opening rates were slower with extracellular divalents than with monovalents with the
exception of Ba2+. This behavior suggests an allosteric effect of divalents on the gating kinetics.
To facilitate channel activation in cell-attached patches when using high concentrations of
divalents, we pre-exposed cells to 2 μM cytochalasin D (Fig 3B and 3C) to disrupt the cytoskel-
eton that was shunting stresses around the channels (mechanoprotection).

Cytochalasin D Treatment Facilitates Divalent Ion Permeability
Emphasizing a critical role played by the channels’ environment, cytochalasin D (cyto D) treat-
ment slowed the activation kinetics in whole-cell recordings but not in cell-attached patches
[14]. We suspect that cyto D, which prevents actin polymerization, enhances activation of the
channels by reducing mechanoprotection that normally shields the channel from stress [15].
The mechanoprotective effect itself is emphasized by the fact that we cloned the human form
of hPIEZO1 from HEK cells that generally exhibit a low level of intrinsic mechanosensitive
channel activity [16, 17]. We used cyto D to increase the probability of observing activity in
cells over-expressing hPIEZO1. We frequently observed channel openings with high concen-
tration of divalents following cyto D treatment. The chord conductances of Ca2+ and Mg2+

were ~15 pS at -80mV and ~10 pS at -50mV, respectively. We did not observe Mn2+ currents
even with cyto D treatment. However, it was possible to elicit outward current (K+ currents)
from the cell-attached patches at positive membrane potentials suggesting that the blocking
Mn2+ could be displaced by an efflux of K+.

Inhibition of K+ Currents by Divalent Ions
Extracellular divalents (Mg2+, Ca2+ and Ba2+) reduced inward K+ currents in a concentration-
and voltage-dependent manner. The reduction in single-channel current varied among the ions
tested, but for all divalents a concentration of 1mM inhibited K+ currents. At -80mV, the current
carried by K+ alone was -3.9 ± 0.1 pA (Fig 1B). Adding 1 mMMg2+ to the K+ based pipette solu-
tion (the extracellular solution) reduced K+ currents to -3.0 ± 0.1 pA, 1 mMCa2+ reduced it to
-2.8 ± 0.1 pA and 1 mM Ba2+ reduced it to -3.2 ± 0.1 pA (Fig 4). The aforementioned values cor-
respond to 0.75, 0.71 and 0.81 fold that of the divalent free K+ current for Mg2+, Ca2+ and Ba2+,
respectively. Using theWoodhull model [18], the KD of each divalent (effective binding to the
pore) was calculated and in ascending order: Ca2+ (2.45 mM)>>Mg2+ (3.03 mM)>> Ba2+

(4.26 mM). At 10 μM and 100 μMdivalents we observed smaller reductions (Fig 5A and 5B).

Inhibition of K+ Fluxes by the Organic Cations: TMA (Tetramethyl
Ammonium) and TEA (Tetraethyl Ammonium)
Organic ions are larger than the univalent and divalent cations and are often used to provide
an estimate of the dimensions of the pore. In cell-attached recordings with extracellular organic
ions in the pipette we observed that: 1) the resistance of patches rapidly decreased at positive
command (pipette) potentials (> +60 mV) (although it reversed immediately upon returning
to negative command potentials), and 2) the amplitude of outward cytoplasmic K+ currents
was much lower than what would be expected with K+ alone as the current carrier (data not
shown). The first observation may be a result of variations in the patch seal resistance following
changes in ionic composition [19]. In contrast, outside-out patches were stable with the cyto-
plasmic side exposed to 150 mM TMA or TEA and K+ bath saline on the extracellular side
(Fig 6). TMA and TEA showed measurable outward current in outside-out patches indicating
that these ions can permeate the channel and although permeating slowly could be displaced
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by an opposing K+ flux. Interestingly, the reversal potential of the current with TMA was
around +40 mV (Fig 6, top) and the reversal potential with TEA was near ~ 0 mV (Fig 6, bot-
tom). While the predicted reversal potential in these non-equilibrium conditions is undefined
and we take these differences to reflect the relative permeability of the organic ions with the
K+ efflux.

We titrated the K+ currents with TMA or TEA and observed a reduction of unitary current
amplitude similar to that seen with the divalents (Fig 7A). For both TMA and TEA, the inhibi-
tion of unitary current was maximal with equimolar organic ion and K+ mixtures (150 mM
each). At 150 mM, TMA reduced the K+ current at -80 mV to -3.5 ± 0.1 pA whereas TEA re-
duced it to -2.0 ± 0.1 pA (Fig 7A). As expected from a partial block of channels with TMA or
TEA, we observed small currents in outside-out patches in the presence of a high concentration
of these organic cations (150mM KCl mixed with 80 mM TMA or 80 mM TEA) (Fig 7B).

Fig 3. Divalent ions traverse hPIEZO1 channels. (A) Currents from channels activated in response to
suction in a cell-attached patch with 90 mM extracellular Ba2+ held at -80 mV (n = 10). (B) Current from a cell
(pre-exposed to cytochalasin D) showing multiple channels activated by suction with 90 mM extracellular (in
the pipette) Ca2+ (n = 10). The inset shows a single opening from which the calculated conductance was ~15
pS at -80 mV. (B) The conductance of the channel using 90 mM extracellular Mg2+ was ~10 pS at -50 mV
(n = 4). Correcting for the junction potentials (-7.8 mV, -8.3 mV and -9.1 mV for 90 mM Ba2+, Ca2+ and Mg2+,
respectively) would cause a minor increase in the chord conductance.

doi:10.1371/journal.pone.0125503.g003
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Discussion
The principal findings of this study are that hPIEZO1 is permeable to monovalent ions (K+,
Na+, Cs+, Li+) and most divalent ions (Ba2+, Ca2+ and Mg2+), but not to Mn2+. The organic
ions TMA and TEA are weakly permeable. The alkali ions had similar conductances with the
exception of Li+, which had markedly lower conductance. The permeability sequence of alkali
ions was PK > PCs ffi PNa> PLi (1.0: 0.88: 0.82: 0.71). Given that the hydrated diameter of the
ions differ, the sensitivity of the permeability sequence to Li+ suggests the effective pore diame-
ter of the channel is larger (~ 8A˚) than the hydrated diameter of Li+. The permeabilities and
conductances of Na+ and Cs+ were remarkably close suggesting that the channel has little abili-
ty to distinguish between these ions and the difference between the hydrated radii does not in-
fluence the conductance significantly since the pore is larger than both.

We measured unitary current amplitudes primarily in cell-attached patches which were
more reliable than excised patches. For the purpose of comparison over concentration, we
measured the unitary conductance at a consistent driving force of 40 mV. The conductance for
K+ seemed to saturate at 150–300 mM in accordance with the expected [K+] versus unitary cur-
rent relationship which is a hyperbolic increase to saturation. Although the limitation with
cell-attached patches is that the voltage range over which conductance can be measured is lim-
ited to ~200 mV (membrane potential from -100 mV to +100 mV), we chose this configuration
over the outside-out configuration which showed significant activity rundown. This voltage
limitation might eventually be overcome by using channels reconstituted in synthetic bilayers
where permeant ion concentration can be raised on both sides of the membrane as has been
done with KcsA [20]. Since very low and very high concentrations are impractical to work with
in the cell-attached configuration, we chose a more abbreviated range (10–300 mM) where we
could obtain stable recordings.

Extracellular Ba2+, Ca2+ and Mg2+ permeate the channel at negative membrane potentials in
cell-attached patches. However, for reasons we do not yet understand, fewer patches showed
activity in the presence of 90 mM divalents compared to patches with K+ as the permeant ion.
The high concentrations of divalents may have allosteric effects upon the channel and aside
from other effects will reduce the surface potential [21–23]. The divalents, except for Mn2+ are
permeant and whole-cell currents carried by Ca2+ and Mg2+ have been previously demonstrat-
ed [1]. Due to difficulties in activating the channels with high concentrations of divalents, we
examined the ability of physiologically relevant concentrations of divalents (10 μM, 100 μM
and 1mM) to reduce K+ currents.

The reduction in unitary K+ current was highest when Ca2+ was the titrating ion, followed
by Mg2+ and then Ba2+. These data are consistent with low permeability of the divalents com-
pared to K+. The reduction in K+ current reflects the fraction of the time that the divalent ions
spend traversing the channel. Ca2+ ions permeate hPIEZO1 channels most slowly, i.e., they
have a higher affinity for the channel. Mn2+ produced neither averaged currents nor single-
channel currents suggesting that this ion is effectively impermeant. This difference from other
divalents is presumably a result of the size and polarizability of the ion since the valence is the
same. Mn2+ has a higher enthalpy of hydration than the other divalents and hence a larger hy-
dration shell [3, 24].

Fig 4. K+ unitary current amplitude is reduced by 1mM divalent ions. (A) Unitary currents in the
presence of 1 mM Ba2+ in the pipette with K+ saline (right). There is a leftward shift in the mean current
amplitude when the concentration of Ba2+ is increased from 100 μM to 1 mM as shown by the amplitude
histogram (at -80 mV). A similar shift in unitary current is observed with an increase in Ca2+ (B) and with an
increase in Mg2+ (C). Three patches with multiple openings were analyzed for each concentration.

doi:10.1371/journal.pone.0125503.g004
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Fig 5. Current-Voltage (I/V) relationships with a mix of divalents and K+ ions. I/V plots for mixtures of K+

with Ba2+ (A), Ca2+ (B) or Mg2+ (C) in the pipette saline of cell-attached patches. Three concentrations
(squares: 10 μM, circles: 100 μM and triangles: 1 mM) were used for each divalent ion used in the mixture (D)
Unitary amplitude in the presence of each divalent (idival) has been normalized to that of pure K+ current in
divalent-free pipette solution (idival-free) at -80 mV. Student’s t-tests were performed to examine if reductions in
current amplitudes were statistically significant (*: P < 0.01; n.s.: not significant). The reduction of unitary K+

current is greatest with Ca2+. The junction potentials were in the range of 0.3–0.5 mV for 1 mM Ba2+, Ca2+ or
Mg2+ (highest concentration) included in the pipette solution.

doi:10.1371/journal.pone.0125503.g005

Fig 6. Permeation of TMA and TEA in outside-out patches.Current elicited from outside-out patches in
response to 500 ms positive pressure pulses. Pipette solutions contained either 150 mM TMA or 150 mM
TEA, 10 HEPES at pH 7.4. Divalent ions were not included in the pipette solution. For 150 mM TMA, the
current would reverse near +45 mV, whereas with 150 mM TEA, the reversal potential would be near +8 mV
(n = 3 patches) after compensating for the junction potential. The calculated junction potential was -5.0 mV for
the 150 mM TMA containing pipette solution and -7.7 mV for the 150 mM TEA containing pipette solution.

doi:10.1371/journal.pone.0125503.g006
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Fig 7. Titration of K+ currents by TMA and TEA. (A) Bar graph summarizing the effect of increasing
concentrations of TMA or TEA (20 mM to 150 mM) on the unitary conductance when the main permeant ion
was K+ in cell-attached patches. Student’s t-tests were performed to examine if reductions in current
amplitudes (mean ± s.e.m) were statistically significant (*: P < 0.01; n.s.: not significant). As Fig 5 shows, both
TMA and TEA can traverse the channel. The current traces shown below the bar graph (left: TMA, right: TEA)
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The sizes of TMA and TEA are larger than those of the inorganic monovalent ions and their
periphery is hydrophobic so they cannot form hydrogen bonds with residues lining the pore or
permeating water molecules. Outside-out patches showed that TMA and TEA can slowly per-
meate the channel. TMA permeates somewhat more rapidly than TEA as reflected in the ~40
mV difference in reversal potentials. In agreement with the organic ion currents, the unitary
current at negative potentials (in the cell-attached configuration) with solutions of K+ and
TMA is higher than that with K+ and TEA because TEA is less permeable and hence more ef-
fective at blocking K+.

The channel pore appears wide enough for hydrated divalent ions such as Mg2+ and Ca2+

(hydrated radii of ~2 A˚ and ~2.45 A˚, respectively) to pass through slowly [25, 26]. The hydra-
tion energies of Mg2+ or Ca2+ (-476 and -397 kcal/mol, respectively at 25°C) ions suggest that
their interactions with the hydration shell waters are strong, which will tend to retard perme-
ation [3]. Monovalent alkali ions permeate the channel but the channel shows a slight inability
to distinguish between Cs+ and Na+ suggesting shielding of these naked ions by water mole-
cules. The capability of the channel to distinguish Li+ from other alkali ions suggests that the
lower limit of the pore diameter is comparable to the hydrated diameter of Li+ (~6 A˚). The
ability of TMA and TEA to permeate the channel suggests a pore diameter is slightly larger
than ~ 8 A˚ (the diameter of TEA).

Recent studies have shown that MmPiezo1 transduces shear stress signals in endothelial
cells and MmPiezo2 seems to play a role in noxious mechanosensation in sensory neurons [1,
27, 28]. Knock-out of MmPiezo1 severely impacts vascular development in mice [29, 30] and
pathogenic mutations in hPIEZO1 lead to ion imbalances like those in the hemolytic anemia
known as hereditary xerocytosis [16, 31, 32]. Mutations in hPIEZO2 are associated with Distal
Arthrogryposes (DA type 3 also known as Gordon Syndrome and DA type 5) and Marden-
Walker syndrome [33, 34]. However, very little is known about how mutated PIEZO proteins
cause these disorders since mechanoprotection suppresses activity of endogenous PIEZO chan-
nels. The channel pore is wide enough for divalent ions such as Mg2+ and Ca2+ to pass through
and Ca2+ entry through mechanosensitive channels is known to activate downstream processes
[35–37]. The divalent effects on the permeation of monovalents may also be relevant to pathol-
ogy where divalent concentrations are modified in-situ. In conclusion, knowledge of conduc-
tion and permeation properties is useful in understanding both normal channel function as
well as channel dysfunction in disease.

Supporting Information
S1 Table. Calculation of Junction potentials for experiments using different bath and pi-
pette solutions. Calculation of junction potentials were performed in Axon pCLAMP 10
electrophysiology software (Molecular Devices) using the junction potential calculator in the
Clampex module. Based on the patch configuration either “intact patch” or “excised patch”
were chosen. In the table below Vc, Vp, VL and Vm are the resting membrane potential, com-
mand potential, junction potential and final membrane potential corrected for junction poten-
tial and patch configuration, respectively. The details used in the calculation: bath solution,
pipette solution, configuration, junction potential and how it affects the membrane potential

highlight the decrease in unitary current with TEA compared to TMA, suggesting TEA is the better blocker
(n = 3 patches for each organic ion concentration). The junction potentials were ignored (for mixed solutions
of TMA and TEA) because they were between -0.5mV and -3.7 mV for 20–150 mM TMA; for 20–150 mM TEA
they were between -0.7 mV and -5.3 mV. (B) Current from outside-out patches with mixed solutions of K+ with
either TMA or TEA (n = 3). The current is due to the permeation of both organic cations and K+. As expected,
the amplitude of current produced with mixed solutions is lower compared to that with pure K+.

doi:10.1371/journal.pone.0125503.g007
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are provided in the table below.
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