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The voltage-gated proton channel, Hv1, is expressed in tissues throughout the body and plays important roles in
pH homeostasis and regulation of NADPH oxidase. Hv1 operates in membrane compartments that experience
strong mechanical forces under physiological or pathological conditions. In microglia, for example, Hv1 activity
is potentiated by cell swelling and causes an increase in brain damage after stroke. The channel complex consists
of two proton-permeable voltage-sensing domains (VSDs) linked by a cytoplasmic coiled-coil domain. Here, we
report that these VSDs directly respond to mechanical stimuli. We find that membrane stretch facilitates Hv1
channel opening by increasing the rate of activation and shifting the steady-state activation curve to less depo-
larized potentials. In the presence of a transmembrane pH gradient, membrane stretch alone opens the channel
without the need for strong depolarizations. The effect of membrane stretch persists for several minutes after the
mechanical stimulus is turned off, suggesting that the channel switches to a “facilitated” mode in which opening
occurs more readily and then slowly reverts to the normal mode observed in the absence of membrane stretch.
Conductance simulations with a six-state model recapitulate all the features of the channel’s response to me-
chanical stimulation. Hv1 mechanosensitivity thus provides a mechanistic link between channel activation in mi-

croglia and brain damage after stroke.

INTRODUCTION

The Hvl protein (a.k.a. HVCNI1 or VSOP) consists of a
proton-conducting voltage-sensing domain (VSD) con-
nected to a coiled-coil domain (CCD) that mediates di-
merization (Ramsey et al., 2006; Sasaki et al., 2006; Li et
al., 2010; Fujiwara et al., 2012). As a result, the channel
has two VSD subunits and two gated proton permeation
pathways that open and close cooperatively (Koch etal.,
2008; Lee et al., 2008; Tombola et al., 2008, 2010; Gon-
zalez et al., 2010; Musset et al., 2010b). The Hvl VSD is
similar to the corresponding domain of voltage-gated
potassium, sodium, and calcium channels and volt-
age-sensitive phosphatases (Long et al., 2005; Payandeh
etal, 2011; Zhang et al., 2012; Li et al., 2014; Takeshita
et al., 2014). The domain is made of four mem-
brane-spanning segments, S1-S4, with the fourth seg-
ment providing the major contribution to the gating
charge (Gonzalez et al., 2013; Chamberlin et al., 2014).

Because of its roles in human health and disease (De-
Coursey, 2013; Pupo and Gonzalez Leoén, 2014; Sere-
denina et al., 2015), Hvl is an emerging drug target for
cancer and stroke. The channel is found in cellular
compartments that experience strong mechanical
forces, such as the apical membrane of airway epithe-
lial cells (Iovannisci et al., 2010), where motile cilia
beat in coordinated waves, and the flagellar tail of
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sperm cells (Lishko et al., 2010). In highly metastatic
breast cancer cells, Hvl is involved in the intensely me-
chanical process of cell migration (Wang et al., 2011,
2012; McGrail et al., 2015). In phagocytic cells, includ-
ing neutrophils, macrophages, and microglia, Hvl is
present on both the plasma membrane and phago-
somes, where it modulates the production of reactive
oxygen species (ROS) by NOX enzymes to kill engulfed
pathogens (DeCoursey, 2013). The plasma membrane
of these cells experiences mechanical forces during
spreading (Henry et al., 2015), migration (Houk et al.,
2012), and phagocytosis (Masters et al., 2013). The
transmembrane protein complex NOX generates reac-
tive superoxide anions by transferring electrons from
NADPH to oxygen molecules. The process causes cyto-
plasmic accumulation of protons and membrane depo-
larization, both of which inhibit NOX activity
(Henderson et al., 1987; Morgan et al., 2005). Hvl pro-
motes sustained NOX activity by extruding excess cyto-
plasmic protons and by counteracting membrane
depolarization (DeCoursey, 2013).

We wondered whether Hvl activity could be modu-
lated by mechanical forces. Because voltage-gated po-
tassium and sodium channels were previously reported
to be sensitive to membrane stretch (Laitko et al., 2006;
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Beyder et al., 2010; Schmidt et al., 2012; Morris et al.,
2015), we investigated the response of Hvl to this par-
ticular type of mechanical stimulus. We found that
membrane stretch strongly affects Hvl gating and that
the channel’s activation rate is the most mechanosensi-
tive parameter. Our findings are consistent with a sce-
nario in which Hvl switches to a “facilitated” mode
upon mechanical stimulation. Once in this mode, the
channel can be opened by smaller membrane depolar-
izations. We also found that membrane stretch affects a
form of Hvl lacking the CCD and previously shown to
be monomeric (Koch et al., 2008; Tombola et al., 2008;
Fujiwara et al., 2013). A comparison of how dimeric and
monomeric forms of Hvl respond to membrane stretch
showed that, although the channel’s VSD is intrinsically
mechanosensitive, interactions between the two sub-
units in the dimeric complex modulate VSD mechano-
sensitivity. The behavior of monomeric Hvl was
reproduced by a four-state model in which the mechan-
ical stimulus induced transitions increasing the rate of
channel opening and the channel maximal conduc-
tance. Two additional states were necessary to simulate
the long-lasting effects of membrane stretch on dimeric
Hvl1 activation.

Microglial cells exposed to brain damage experience
intracellular acidification (Siesjo et al., 1996; Xiong et
al., 2004) and cell swelling (Mongin, 2007; Song and Yu,
2014), which lead to Hvl hyperactivation (Morihata et
al., 2000). Our findings provide a direct mechanism
linking cell swelling to Hvl hyperactivation via mem-
brane stretch. The mechanosensitivity of the Hvl pro-
tein is particularly relevant in the context of ischemic
stroke because excessive activity of the microglial chan-
nel is known to enhance neuronal death via NOX-medi-
ated ROS production (Wu et al., 2012).

MATERIALS AND METHODS

Plasmid constructions

Human Hvl constructs were generated as described
previously, by subcloning cDNA of the Hvl channel
(provided by D. Clapham [Harvard University, Cam-
bridge, MA; Ramsey et al., 2006] and from IMAGE
clone 5577070 [Open Biosystems]) into the pGEMHE
vector (Liman et al., 1992). In the HvlNCysp chimera,
residues 1-96 and 228-273 of Hv1 were replaced by res-
idues 1-113 and 240-576 of Ci-VSP, respectively (Mu-
rata et al.,, 2005), as described previously (Hong et
al.,, 2013).

Channel expression in Xenopus laevis oocytes

Plasmids were linearized with either Nhel or Sphl (New
England Biolabs, Inc.) before in vitro transcription with
a T7 mMESSAGE mMACHINE transcription kit (Am-
bion). RNA quality was confirmed by running a dena-
turing RNA gel. mRNAs were injected in Xenopus
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oocytes (50 nl per cell, 0.3-1.5 pg/pl; Ecocytes Biosci-
ences), and electrophysiological measurements were
performed 1-3 d later. Cells were maintained at 18°C in
ND96 medium (96 mM NaCl, 2 mM KCI, 1.8 mM CaCls,
1 mM MgCly, 5 mM HEPES, 5 mM pyruvate, and 100
pg/ml gentamycin at 18°C, pH 7.2).

Patch clamp recordings

After 1-4 d, the oocytes injected with mRNA were ex-
amined under patch clamp configuration. Patch mea-
surements were performed in excised inside-out
configuration, using an Axopatch 200B patch clamp
amplifier set up on an IX71 microscope (Olympus). Pi-
pettes had 2—-4 MQ access resistance in our solutions.
The bath solution was composed of 100 mM Mes buf-
fer, 30 mM TEA methanesulfonate, 5 mM TEA chlo-
ride, 5 mM EGTA, adjusted to pH 6.0 with TEA
hydroxide. For recordings performed in the absence of
pH gradient (pH; and pH, 6.0), the pipette solution
had the same composition of the bath solution. Some
of the measurements were performed in the presence
of a pH gradient (pH; 6.0 and pH, 7.5). In these cases,
the extracellular solution contained 100 mM HEPES,
40 mM TEA methanesulfonate, and 5 mM TEA chlo-
ride, adjusted to pH 7.5 with TEA hydroxide. Current
traces were filtered at 1 kHz, digitized at 5 kHz, and
analyzed with Clampfit 10.2 (Molecular Devices) and
Origin 8.1 (OriginLab). All measurements were per-
formed at 22 + 2°C.

Mechanical stimulation of membrane patches

Mechanical stimulation of excised inside-out patches
was performed with a high-speed pressure clamp
(HSPC-1; ALA Scientific) controlled by pCLAMP 10.2.
Suction pulses were administered to the membrane
patchthroughthepatchpipetteconnectedtothe HSPC-1.

Data analysis

Analysis of data was performed using Clampfit (version
10; Molecular Devices) and Origin (version 8; Origin-
Lab). G-V plots were fitted with the Boltzmann equa-
tion G/Gpax = 1/[1 + exp((Vie — V) /s) ], where V5 is
the potential of half-maximal activation and s is the
slope parameter. Time constants of activation (t,) and
deactivation (tq) were obtained by fitting the currents
to an exponential function of the form I(t) = b + a *
exp(—t/7). In Figs. 3 and 4, EP = 100 * (Igp — Ipp) /Ipo,
where Igp is the current measured at the end of the pres-
sure pulse and Ip is the corresponding isochronal cur-
rent measured in the absence of the pulse. Similarly, ED
=100 * (Igp — Ipg)/Ipo, where Igp is the current mea-
sured at the end of the depolarization step in the pres-
ence of the pressure pulse and I, is the corresponding
isochronal current measured in the absence of the
pulse. Unless otherwise stated, data are represented as
mean + SEM. Effect of pressure stimuli on patches was
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statistically examined by comparing control conditions
and the presence of pressure using the paired ¢ test.
P-values <0.05 are considered statistically significant.

Modeling

The modeling results shown in Fig. 7 were obtained
using the two-, four-, and six-state kinetic models illus-
trated in Fig. S1. The rate constants are given in Tables
S1, S2, and S3. For dimeric Hvl, the relative values of
the rate constants were determined from the experi-
mentally obtained G-V curves (see Fig. 1 F) and then
fitted to obtain the correct rate constants (Tables S1
and S2). For monomeric Hvl, a four-state model based
on the dimer model reproduced the data very well once
the rate constants were scaled to reflect the much faster
kinetics of the monomer and the post-stimulus con-
stants were adjusted to reflect the faster than expected
return to the pre-stimulus state (Table S3). The two-,
four-, and six-state kinetic models were solved using a
python code. The set of first order differential equa-
tions were integrated with scipy.integrate.odeint.

Online supplemental material

Fig. S1 shows kinetic schemes used to simulate Hvl
mechanosensitive gating. Fig. S2 shows the proposed
vicious cycle connecting brain damage to Hvl hyperac-
tivation in the microglia. Fig. S3 shows a schematic rep-
resentation of two processes proposed to be involved in
the facilitation of Hvl activation by membrane stretch.
Fig. S4 shows long-lasting facilitation observed in di-
meric Hvl, which is proposed to be linked to changes in
the dimer interface. Tables SI and S2 show modeling of
the application of tension at —20 mV and 80 mV, respec-
tively, to the Hvl dimer. Table S3 shows modeling of the
application of tension at 80 mV to the Hvl monomer.

RESULTS

Hv1 voltage-dependent activation is facilitated by
membrane stretch

We recorded proton currents in inside-out membrane
patches from Xenopus oocytes expressing wild-type
human Hvl in response to membrane depolarization
and tested the effect of membrane stretch on the chan-
nel’s activation and deactivation kinetics and voltage
dependence of activation. To minimize changes in local
proton concentration induced by Hv1 activity, we used a
high concentration of pH buffer (100 mM) in both pi-
pette and bath solutions and optimized channel density
to have proton currents no bigger than 1 nA. The major
charged species in all media were buffer ions, TEA, and
methanesulfonate (see Materials and methods). Under
these conditions, we did not observe activity of endoge-
nous mechanosensitive channels. Changes in mem-
brane stretch were achieved via HSPC connected to the
patch pipette (Fig. 1, A and B). Currents were measured

JGP Vol. 148, No. 5

soon after membrane excision under no-pressure con-
ditions (Fig. 1 B, black trace) and then again under a
negative pressure step (Fig. 1 B, red trace). The magni-
tudes of the pressure pulses were in the range 10-25
mmHg, typically used to stimulate the opening of bona
fide stretch-activated cation channels (Patel et al., 1998;
Maingret et al., 1999; Maroto et al., 2005; Coste et al.,
2010; Pathak et al., 2014). Negative pressure in the pi-
pette in inside-out configuration corresponds to posi-
tive pressure inside the cell (i.e., pressure that would
cause cell swelling). To quantify the effect of negative
pressure stimulation, we performed monoexponential
fits of the current traces (DeCoursey and Cherny, 1995)
and used the single time constant (t,) as an approxi-
mate kinetic parameter. The effect on the deactivation
kinetics parameter (tq) was quantified by monoexpo-
nential fitting of tail currents measured after a depolar-
ization step (Fig. 1 C). Whereas activation kinetics
showed strong acceleration (reduction in t,) in the
presence of negative pressure (more than fourfold
change at 60 mV; Fig. 1, B, D, and E), the effect on
channel deactivation (t4) was not statistically significant
(Fig. 1, C and E). The voltage dependence of channel
activation was derived from tail currents as previously
described (Tombola et al., 2010). Comparison of G-V
curves measured in the absence and in the presence of
negative pressure (Fig. 1 F) shows that membrane
stretch produced a shift in the voltage of half-activation
(Vi,9) of —14.4 £ 2.7 mV (activation requires less depo-
larized potentials) and a 32 + 8% increase in the steep-
ness of the curve (measured as a reduction in the
slope factor s).

We wondered whether the observed effects of mem-
brane stretch required a homodimerically assembled
channel complex or could be attributed to mechano-
sensitive properties of the individual VSD subunit. To
address this question, we examined the response to
negative pressure stimulation of the HvINCygp channel
(Fig. 2 A), in which the Hvl cytoplasmic N- and C-termi-
nal domains are replaced by the corresponding parts of
the voltage-sensitive phosphatase CiVSP (Murata et al.,
2005; Kohout et al., 2008). HvINGysp was previously
found to be monomeric (Tombola et al., 2008). Hvl
constructs lacking the C-terminal CCD have faster gat-
ing kinetics and open at more depolarized voltages
than the dimeric wild-type channel (Koch et al., 2008;
Tombola et al., 2008). Activation in these constructs is
well represented by a monoexponential curve (Fujiwara
etal., 2013).

HvINCysp activation was accelerated (1, decreased)
by negative pressure stimulation (Fig. 2, A, B, D, and E)
to an extent similar to what was observed with dimeric
Hvl, whereas the kinetics of deactivation were not sen-
sitive to the stimulus (Fig. 2, C and E). Negative pres-
sure in the pipette shifted the voltage dependence of
activation of HvINGysp to less depolarized potentials
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Figure 1. Hv1 response to combined electrical and mechanical stimulation. (A) Schematic representation of dimeric Hv1 stim-
ulated by membrane stretch (red arrows). (B) Effect on Hv1 activation: Proton currents were measured in response to membrane
depolarization in the absence (black) and presence (red) of negative pressure in the pipette. Holding potential: —80 mV, holding
pressure: 0 mmHg. (C) Effect on Hv1 deactivation: Tail currents were measured at —40 mV after a depolarization pulse at 120 mV
in the absence (black) and presence (red) of negative pressure in the pipette. Holding conditions and proton concentrations were
as in B. Dotted line corresponds to 0 pA. Break in the current axis corresponds to 200 pA. (D) 1, as a function of applied voltage
without pressure stimulation (black circles) and in the presence of —10 mmHg pressure in the pipette (red squares). (E, left) Effect of
—10-mmHg-pressure stimulation on t, measured at 60 mV; n= 11; ***, P < 0.0001. (right) Effect of —20-mmHg-pressure stimulation
on 14 measured at =40 mV; n = 3; P > 0.05. (F) Effect on G-V curve of negative pressure in the pipette. G-Vs measured at 0 mmHg
and —10 mmHg are shown in black and red, respectively. Boltzmann fit parameters are V4, = 60.5 + 1.5 mV and s = 11.0 + 0.8 mV
for the 0-mmHg condition (n = 10) and V;,, = 46.1 £ 1.2 mV and s = 7.5 + 0.4 mV for the —10-mmHg condition (n = 10). P < 10~® and

P < 0.002 for differences in V4, and s, respectively. Errors bars are SEM.

(Fig. 2 F), as observed with dimeric Hvl, but to a smaller
extent: AVy s = —4.5 + 1.7 mV. The steepness of the G-V
curve did not increase with the pressure stimulus, but
rather decreased 11 + 4%.

Thus, Hvl activation is facilitated by electrical and
mechanical co-stimulation, and the most mechanosen-
sitive parameter both in the monomeric and dimeric
channel is the rate constant of channel activation (or its
inverse, T,). For the rest of the study, we use this param-
eter as a readout of the channel’s response to mem-
brane stretch. The different effects of mechanical
stimulation on the G-V curves of monomeric and di-
meric Hvl indicate that allosteric interactions between
subunits can influence the intrinsic mechanosensitivity
of the Hvl VSD.

Short- and long-lasting effects of membrane stretch

on Hv1 activation

To gain further insight on Hvl mechanosensitivity, we ex-
amined the changes in proton current induced by pulses

408

of negative pressure of short duration applied during
channel activation by membrane depolarization (Fig. 3,
Aand C). If the only effect of mechanical stimulation was
to reversibly increase the channel’s activation rate, the
proton current should increase more rapidly during the
pressure pulse, and the excess of open channels thus
generated should gradually decrease after termination
of the pressure pulse to satisfy the steady-state conditions
for the applied membrane potential at zero pressure.
These features were evident in the proton currents
during and after the pressure pulses (indicated by red
and gray arrowheads in Fig. 3 [B and D], respectively),
but two additional features revealed that the effect of
membrane stretch on Hvl had multiple components.
One of the additional features was a fast (<10-ms time
scale) increase in proton current at the onset of the pres-
sure pulse, followed by a fast decrease in current coincid-
ing with the termination of the pulse (Fig. 3, B and D,
blue arrowheads). The extent of this fast component was
small when the mechanical stimulus was applied at the
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Figure 2. Hv1NCysp response to combined electrical and mechanical stimulation. (A) Schematic representation of monomeric
Hv1INCysp stimulated by membrane stretch (red arrows). (B) Effect on HvINCysp activation: Proton currents were measured in re-
sponse to membrane depolarization in the absence (black) and presence (red) of negative pressure in the pipette. Holding potential:
—80 mV, holding pressure: 0 mmHg. Break in the time axis corresponds to 1.5 s. (C) Effect on Hv1NCysp deactivation: Tail currents
were measured at —40 mV after a depolarization pulse at 120 mV in the absence (black) and presence (red) of negative pressure in
the pipette. Holding conditions and proton concentrations were as in B. Dotted line corresponds to 0 pA. Break in the current axis
corresponds to 650 pA. (D) t, values measured as a function of applied voltage without pressure stimulation (black circles) and in the
presence of —10 mmHg pressure in the pipette (red squares). (E, left) Effect of —10-mmHg-pressure stimulation on t, measured at 60
mV; n=14; *** P < 0.0001. (right) Effect of —20-mmHg-pressure stimulation on t4 measured at =40 mV; n=5; P > 0.05. (F) Effect on
G-V curve of negative pressure in the pipette. G-Vs measured at 0 mmHg and —10 mmHg are shown in black and red, respectively.
Boltzmann fit parameters are Vy, = 70.9 £ 0.7 mV and s = 16.1 = 0.4 mV for the 0-mmHg condition (n = 26) and V;,, = 66.4 = 1.0
mV and s = 18.1 = 0.4 mV for the —10-mmHg condition (n = 26). P < 0.001 and P < 0.002 for differences in V4, and s, respectively.

Errors bars are SEM. In F, error bars are smaller than symbols.

beginning of the depolarization step (Fig. 3, A and B)
and became larger when the mechanical stimulus was ap-
plied later during the depolarization step (Fig. 3, C and
D). Because the fraction of open channels increases over
time during depolarization before reaching steady state,
one possible explanation for the observed fast compo-
nentis a stretch-induced conformational change that in-
creases the conductance of the open channels. The
other additional feature was the excess current remain-
ing after termination of the mechanical stimulus (Fig. 3,
A and C, black arrowheads). The current after the pres-
sure pulse was consistently larger than the isochronal
current expected at the end of the voltage step in the ab-
sence of the pressure pulse, suggesting that the effect of
membrane stretch has a long-lasting component.

We then measured proton currents from HvINCGCygp in
response to pressure pulses of short duration (Fig. 4).
We found that the fast components of the change in

JGP Vol. 148, No. 5

current (Fig. 4, B and D, blue arrowheads) were similar
to those observed in the wild-type channel. The slower
components (Fig. 4, B and D, red and gray arrowheads)
were also similar. However, with Hvl NGysp, there was no
excess current remaining after termination of the me-
chanical stimulus (Fig. 4, A and C, black arrowheads).
The current after the pressure pulse was the same as the
isochronal current expected at the end of the voltage
step in the absence of the pressure pulse. This finding
suggests that the long-lasting alteration induced by
membrane stretch in wild-type Hvl is either absent in
Hv1NCGysp or quickly reversible.

We wondered whether the long-lasting alteration in
wild-type Hvl responsible for the excess current after
mechanical stimulation could be revealed by consecu-
tive membrane depolarizations and asked whether this
alteration could occur when membrane stretch and
membrane depolarization are not delivered simultane-
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Figure 3. Effects of brief mechanical stimula-
tion on Hv1 activation. (A) Hv1 current was elic-
ited by membrane depolarization as in Fig. 1 B
and measured in the absence of mechanical stim-
ulation (black) and in the presence of a brief pulse
of negative pressure in the pipette (red). The
pulse was delivered when the fraction of open
channels generated by voltage-dependent acti-
vation was still small. See Materials and methods
for details. (B) Enlarged view of current traces (I)
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enclosed in the blue square in A. Pressure traces
recorded during stimulation are also shown (P).
(C) Hv1 currents were measured as in A, but
with the mechanical stimulus delivered when
voltage-dependent activation had produced a
larger fraction of open channels. (A and C) Inset
bar charts indicate the mean relative increase in
current measured at the end of the pulse (EP)
and the mean residual increase in current mea-
sured at the end of the depolarization step (ED).
Error bars are SEM (n = 5). (D) Enlarged view of
current traces (I) enclosed in the blue square in
C and corresponding pressure traces (P). Black
arrowheads in A and C indicate difference in iso-
chronal current at the end of the two traces (ED
> 0). Red, blue, and gray arrowheads in B and

: O PL;.,...J

-20 mmHg

ously. We interrogated Hvl with a protocol consisting of
two consecutive voltage steps separated by a fixed inter-
val during which a pressure pulse was applied with or
without a simultaneous voltage step (Fig. 5, A-D). To
quantify changes in activation kinetics between the “T”
depolarization (test) and the “R” depolarization (refer-
ence), we calculated the ratio t,1/t,r. We found that
this ratio significantly decreased when a pressure pulse
was applied between the two voltage steps (Fig. 5 E, P <
0.0001), indicating that membrane stretch causes an ac-
celeration of channel activation that persists in the ab-
sence of the pressure pulse. In addition, we found that
electrical co-stimulation is not required to achieve
membrane stretch—induced facilitation of channel acti-
vation (Fig. 5 E).

When Hvl was stimulated with three consecutive de-
polarizations (R, P,and T), as shown in Fig. 5 (D and F),
the pressure pulse delivered with the second depolar-
ization induced faster channel activation during the
third depolarization as compared with the first depolar-
ization (T,r < T,r, P < 0.0001). Remarkably though,
channel activation elicited by the third pulse (T) was
also faster than the activation elicited by combined elec-
trical and mechanical stimulation (second pulse [P];
Tor < Tap < Tur; Fig. 5 F, purple open diamonds; P <
0.001). The simplest explanation for this hysteretic be-
havior is that when the channel closes at the end of the
second depolarization, it does not go back to the origi-
nal closed state, but to a nonconducting facilitated state
from which it is easier to transition to the open state.
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D indicate different components of the effect of
mechanical stimulation on Hv1 activation.

We asked whether the facilitated state would slowly
revert to the normal closed state in the absence of me-
chanical stimulation. We applied the double three-pulse
protocol shown in Fig. 5 F in which the first set of pulses
(control) is used to induce facilitation, and the second
set is used to assess the recovery from the facilitated
state after a time interval At. Facilitation was estimated
as an acceleration of channel activation during the sec-
ond and third depolarizations compared with the first
depolarization (reduction in normalized 7, within each
set of pulses). With the shortest interval (At = 1 s;
Fig. 5 F, left, light gray filled circles), the recovery of fa-
cilitation was partial, as mechanical stimulation could
still accelerate activation in the second pulse (T,p < T,g,
P < 0.001), but no further acceleration was observed in
the third pulse (T, = T,p, P> 0.05). Similar results were
obtained with a At of 60 s (Fig. 5 F, left, gray filled
squares). To observe full recovery of facilitation, an ex-
tension of At to 300 s was required (Fig. 5 F, left, black
filled diamonds and control purple open diamonds al-
most superimposable).

The finding that facilitation within individual sets of
pulses can be completely recovered after 300 s suggests
that the effect of mechanical stimulation on channel ac-
tivity is fully reversible. If this were the case, we would
also expect T, to completely recover within 300 s to its
original value (T,rac-300s)/Tar(Conwoy = 1). SO we mea-
sured the ratio T, r(ay/TaR(Conuony at At =1, 60, and 300 s
(Fig. 5 F, right, black columns) and compared it with
the value expected for complete recovery (Fig. 5 F,
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Figure 4. Effects of brief mechanical stimula-
tion on HV1NCysp activation. (A) HvINCysp cur-
rent was elicited by membrane depolarization
as in Fig. 2 B and measured in the absence of
mechanical stimulation (black) and in the pres-
ence of a brief pulse of negative pressure in the
pipette (red). The pulse was delivered when the
fraction of open channels generated by volt-
age-dependent activation was still small. See
Materials and methods for details. (B) Enlarged

view of current traces (l) enclosed in the blue
rectangle in A. Pressure traces recorded during
stimulation are also shown (P). (C) Hv1 currents
were measured as in A, but with the mechanical
stimulus delivered when voltage-dependent ac-
tivation had produced a larger fraction of open
channels. (A and C) Inset bar chart indicates the
mean relative increase in current measured at the
end of the pulse (EP) and the mean residual in-
crease in current measured at the end of the de-
polarization step (ED). Error bars are SEM (n = 5).
(D) Enlarged view of current traces (I) enclosed in
the blue square in C and corresponding pressure
traces (P). There was no difference in isochronal
current at the end of the two traces in A and C
(black arrowheads, ED = 0). Red, blue, and gray
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right, purple columns). At the shorter Ats, channel ac-
tivation was still faster than the control (T,r(ay/Tar(Con-
woy < 1, P <0.01), indicating that the accelerating effect
of the mechanical stimulation had not yet reversed. In
contrast, at At = 300 s, channel activation was no longer
accelerated (T,r(ac=3005)/ TaR(Controny = 15 Fig. b F, right).
Although the T, r(ac=3005)/ TaRr(Control Tatio Was not signifi-
cantly higher than 1 (P > 0.05), we cannot rule out the
possibility of an additional process that slows down
channel activation after the accelerating effect of me-
chanical stimulation has subsided. Nonetheless, based
on these results and the complete recovery from facili-
tation within individual set of pulses reported above, it
is reasonable to conclude that the effect of membrane
stretch on Hvl activation is reversible.

Together, these measurements show that the mechan-
ical stimulus causes dimeric Hvl to accelerate its volt-
age-dependent activation and to switch to a facilitated
state from which the channel can open more easily.
Switching to the facilitated state does not require mem-
brane depolarization, and the channel can stay facili-
tated for minutes after the mechanical stimulus is
terminated. The mechanical stimulus causes similar ef-
fects in monomeric Hvl (Figs. 2 and 4). But, in the mo-
nomeric form, the channel can return to the
nonfacilitated state more rapidly, as indicated by the
lack of poststimulation current enhancement in
Fig. 4 (A and C).

The fast on and off kinetics of the proton current in
response to brief pressure pulses and the minimal de-
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arrowheads in B and D indicate different compo-
nents of the effect of mechanical stimulation on
Hv1 activation.

lays between the changes in pressure and the changes
in current (Figs. 3 and 4) indicate that the slack in the
system is negligible. We cannot completely exclude that
the long-lasting facilitation observed in dimeric Hvl is
caused by residual membrane tension persisting after
the termination of the pressure pulse. However, the fact
that we do not observe poststimulation current en-
hancement in monomeric Hvl (Fig. 4) is more consis-
tent with facilitation being a property of the channel
rather than the membrane.

Hv1 activation by membrane stretch in the presence of
a transmembrane pH gradient

Hvl requires strong and sustained depolarizations to
open in the absence of a transmembrane pH gradient.
The V, 5 of the activation curve has been reported to be
between 50 and 65 mV when ApH,, = pH, — pH; = 0
(Ramsey et al., 2006; Sasaki et al., 2006; Tombola et al.,
2008). However, the channel is known to open at less
depolarized potentials when the intracellular pH is
lower than the extracellular pH (ApH,, > 0; Cherny et
al.,, 1995; Ramsey et al., 2006; Sasaki et al., 2006; Villalba-
Galea, 2014). Because we found that membrane stretch
can facilitate Hvl activation even in the absence of
membrane depolarization, we asked whether mechani-
cal stimulation alone could result in channel opening
in the presence of a favorable ApH,,. To test for this
possibility, we recorded Hvl currents from inside-out
patches exposed to intracellular and extracellular solu-
tions of different pH (pH; 6.0 and pH, 7.5; Fig. 6). The
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Figure 5. Long-lasting effect of membrane stretch on Hv1 activation does not require membrane depolarization and is slowly
reversible. (A) Hv1 proton current elicited by consecutive depolarization steps R (reference) and T (test) in the absence of mechani-
cal stimulation (pH; and pH, 6.0). Changes in kinetics of activation between the first and second depolarization are quantified by the
ratio t,1/t.r reported in E. (B) Hv1 current measured as in A with mechanical stimulation (negative pressure) delivered at holding
membrane potential between T and R pulses. (C) Hv1 current measured as in A with an additional depolarization step (P) between
the reference and test pulses. (D) Hv1 current measured as in C with mechanical stimulation delivered during the depolarization
step (P) between T and R pulses. (E) Box plot comparing 7, 1/7.z values measured under the voltage and pressure protocols shown
in A-D. 1,1/t.r < 1 indicates accelerated activation kinetics during the T pulse compared with the R pulse. Boxes indicate median
+ SD. Whiskers show 5th and 95th percentiles. Asterisks indicate statistically significant difference: ***, P < 0.0001. (F) Recovery from
membrane stretch-induced acceleration of Hv1 activation. Hv1 was first activated with a combined voltage/pressure protocol as in
D. (left) T, Top, and 1,7 parameters were measured and normalized, using 7, as reference. After the time interval At, the combined
voltage/pressure protocol was applied again, and the normalized t, values were recalculated. The protocol was applied only once
per patch. Light gray circles (At = 1 s): n = 4. Gray squares (At = 60 s): n = 5. Black diamonds (At = 300 s): n = 7. Error bars are SEM.
(right) Bar chart showing the recovery of 1,r over time after mechanical stimulation (black columns). The reference values corre-
sponding to full recovery are shown as purple columns. Error bars are SEM. Asterisks indicate statistically significant difference: *, P <
0.01. The normalized t,p and 1,1 values in the left panel corresponding to a particular At (z,p(At)/7.r(At), and T, 1(At)/7.r(Al)) can be
renormalized relative to t, g(control) using the corresponding t.r(At)/t,r(control) ratios from the right panel as multiplication factors.

membrane potential was maintained to a negative value
(=30 to —20 mV), close to the channel activation thresh-
old. Under these conditions, the channel was closed
(Fig. 6 B, black trace), but opened upon stimulation
with a pressure pulse (Fig. 6, B [red trace] and C). The
complete absence of stretch-induced currents in nonin-
jected cells (Fig. 6 C, NI) indicates that measured cur-
rents are from Hvl and not from endogenous
stretch-activated channels.

Models of Hv1 mechanosensitivity

We then set out to determine the simplest kinetic model
that could reproduce the main features of Hvl mecha-
nosensitive activation. We started with a basic two-state
scheme (C < O; Fig. S1) in which the forward and back-
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ward rates are modulated by membrane tension such
that their g(V) curve would hyperpolarize with elevated
membrane tension, as per Fig. 1 F. This aspect is essen-
tially as for Kv channels with a mechanosensitive V-de-
pendent transition (Morris et al., 2015). The model was
able to mimic the increase in Hvl-mediated proton con-
ductance elicited by pulses of negative pressure deliv-
ered at membrane potentials close to the activation
threshold (Figs. 6 and 7 A) but could not reproduce the
more complex features observed when Hvl was exposed
to short mechanical stimuli in the presence of stronger
membrane depolarization (Figs. 3 and 7 C). Thus, we
added asecond tension-modulated V-dependent closed-
open pair (G, « O,) to the basic scheme (Fig. S1). In
the resulting four-state model, the mechanical stimulus
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a pH gradient. (A) Schematic repre-

100 sentation of dimeric Hv1 opened by
80 4 membrane stretch (red arrows) when
ApH,, = pH, — pH; > 0. (B) Proton cur-

60 rents were recorded at a membrane
40 4 potential sufficiently negative to pre-
vent voltage-dependent channel ac-

20 tivation in the absence of mechanical
04 stimulation (between —-30 and -20
-I_'l" :_'I" mV; black). The current was then re-

NI Hv1 corded again at the same voltage but

in the presence of negative pressure
in the pipette (red). At the end of the

pressure step, the voltage was changed to —80 mV. (C) Quantification of the proton current elicited by negative pressure stim-
ulation under conditions described in B. Membrane patches from noninjected cells (NI) displayed no stretch-induced currents.
Error bars are SEM (n = 5 for NI, n = 11 for Hv1). Asterisks indicate statistically significant difference: ***, P < 0.0001.

affects the C < O transition as in the two-state model,
but also facilitates access to conformations C, and O,,.
The conductance of the O, state is ~25% larger than
the conductance of the O state to allow for the sharp
increase and decrease in total proton conductance
when the mechanical stimulus is turned on and off, re-
spectively (Fig. 3, B and D, blue arrowheads; and
Fig. 7 C). For simplicity, the rates of the C, < O, transi-
tion were set to be the same as for the C < O transition,
and the mechanical stimulus was assumed to affect the
two transitions to the same extent. In addition, the for-
ward and backward rates in the fast C & C,and O < O,
transitions were chosen to be equal, explaining why O
and O, rise together in Fig. 7 B. The four-state model
was able to replicate all of the short-lasting effects of
mechanical stimulation on dimeric and monomeric
Hvl (Figs. 3, 4, and 7, C and D; and Tables S1 and S3).

The long-lasting increase in proton conductance ob-
served after mechanical stimulation of Hvl wild type
(Fig. 3, A and C, black arrowheads) could not be prop-
erly simulated with the four-state model (Fig. 7 C, black
curve). Hence, we added a third tension-modulated
V-dependent closed-open pair (C,, < O,;,), increasing
the total number of states to six (unitary conductance
of O, same as O,). The mechanical stimulus was as-
sumed to increase the C,, — O, rate twice as much
as the C - O and C, — O, rates. The transitions con-
necting C,, to G, and O, to O, were set to become
very slow (rates &~ 0) in the absence of the mechanical
stimulus. This restraint, in combination with a poststim-
ulus deceleration of the C, - C and O, — O transi-
tions (Table S2) led to an accurate simulation of the
long-lasting Hvl facilitation induced by membrane ten-
sion (Fig. 7 C, purple curve).

This approach of stepwise increasing modeling com-
plexity allows us to conclude that the four- and six-state
models are the simplest models that accurately simulate
the observed effects of mechanical stimulation on mo-
nomeric and dimeric Hvl, respectively. A possible struc-
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tural interpretation for the requirement of two extra
states for the dimer is reported in the Discussion.

DISCUSSION

Hvl is expressed in cells that do not normally change
their membrane potential to the extent required to
fully activate the whole channel population, especially
in the absence of a favorable transmembrane pH gradi-
ent. Although Hvl can experience favorable ApH,, in
phagocytes during the respiratory burst (DeCoursey,
2013), similarly favorable conditions are unlikely to
occur in other cells, where homeostatic mechanisms
prevent substantial intracellular acidification, e.g., B
lymphocytes (Marches et al., 2001; Capasso et al., 2010)
and basophils (Musset et al., 2008), or where the intra-
cellular pH can be higher than the extracellular pH,
e.g., osteoclasts (Nordstrom et al., 1995; Mori et al.,
2003) and sperm cells (Lishko et al., 2010; O’Hanlon et
al., 2013). As aresult, itis unlikely that the channel’s full
activation can be produced by membrane depolariza-
tion alone under physiological conditions.

Besides ApH,,, little is known about the physical or
chemical factors that modulate Hvl gating. Changes in
temperature are known to affect Hvl activation (De-
Coursey and Cherny, 1998; Kuno et al., 2009; Fujiwara
and Okamura, 2014), and protein modifications, such
as phosphorylation (Morgan et al., 2007; Musset et al.,
2010a), or alternative protein initiation (Hondares etal.,
2014) can produce Hvl channels with faster activation
kinetics. However, these stimuli operate on a time scale
different than voltage gating and are not specific to
membrane compartments exposed to mechanical forces.

Facilitation of Hvl activation by membrane stretch oc-
curs within the time scale of voltage gating and allows the
channel to rapidly open under the moderate depolariza-
tion conditions typically found in cellular compartments
physiologically exposed to mechanical forces, such as the
apical membrane of airway epithelial cells and the tail of
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Figure 7. Modeling mechanosensitive responses of Hv1 proton channels via two-, four-, or six-state kinetic schemes. Simula-
tions of time courses of normalized proton conductance (G/G,,..(t)) in response to increase in membrane tension for dimeric (A-C)
and monomeric Hv1 (D). The kinetic schemes used for the simulations are shown in Fig. S1. Parameter values are in Tables S1, S2,
and S3. Note that dimer kinetics are ~10 times slower than monomer kinetics. (A and B) Simulation of Hv1 WT at V,, near the foot of
its G-V curve ("—20 mV", see Fig. 6). B shows how the O (blue) and O, (green) states contribute to the total conductance in the four-
state model. Insets show the changes in state probabilities at the onset and offset of the pressure pulse. (C) Simulation of Hv1 dimer
at V,, near the top of the G/V curve (“+80 mV"; see data traces in Fig. 3). Inset shows an enlarged view of the currents predicted
by the three models during the pressure pulse. (D) Simulation of Hv1NCysp at V,, = 80 mV (see data traces in Fig. 4). Inset in the top
panel shows an enlarged view of the currents predicted by the two- and four-state models during the pressure pulse. Instantaneous
onset and offset of increased membrane tension (in response, experimentally, to applied pipette aspiration, i.e., “Pressure on") is
assumed. Asterisks in A and B indicate a step to V4 simultaneous with Pressure off, as in some experiments.

sperm cells. In cases where Hvl activation is already
primed by other stimuli (e.g., ApH,,), additional stimula-

proton channel activation in the microglia was found to
increase neuronal death in a mouse model of ischemic

tion by membrane stretch can render the channel hyper-
active. Proton currents measured in microglial cells
under conditions mimicking neuronal damage were pre-
viously found to be potentiated by cell swelling induced
by intracellular acidosis or hypotonic stress (Morihata et
al., 2000). Stroke-induced brain damage is associated
with cell swelling (Mongin, 2007; Song and Yu, 2014)
and acidosis (Siesjo et al., 1996; Xiong et al., 2004), and
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stroke (Wu et al., 2012). When microglial cells are ex-
posed to acidosis, the ensuing cell swelling may cause the
plasma membrane to stretch, at least transiently, trigger-
ing Hvl transition to the facilitated gating mode. Microg-
lia cells could use this mechanism to increase proton
extrusion and counteract intracellular acidification
(Morihata et al., 2000). However, Hvl hyperactivation
would also increase the production of toxic ROS (Wu et
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al., 2012), as a result of the electrochemical coupling be-
tween the channel and NOX, ultimately leading to en-
hanced neuronal death (Fig. S2).

Voltage-gated potassium and sodium channels are
known to be sensitive to mechanical stimulation, as their
activation by membrane depolarization is modulated by
membrane stretch (Laitko et al., 2006; Beyder et al.,
2010; Schmidt et al., 2012; Hao et al., 2013). However,
whether the effect of membrane stretch is mediated by
their four VSDs or their pore domain is a subject of de-
bate (Tabarean and Morris, 2002; Schmidt et al., 2012;
Morris et al., 2015). Because the Hvl channel lacks the
pore domain and has a dimeric, rather than tetrameric,
structural organization, it represents a simpler model to
study how mechanical forces affect VSDs. Here, we find
that the Hvl VSD is intrinsically sensitive to membrane
stretch, and that the allosteric coupling between the two
VSD subunits modulates the effect of the mechanical
stimulus on voltage-dependent activation. We also find
that the effect has multiple components, some of which
revert quickly, whereas others revert slowly and possibly
not completely. As a result, the rate of channel activation
by membrane depolarization depends on whether the
channel has been previously exposed to membrane
stretch, a hallmark of mechanical hysteresis.

A previous study on bacterial stretch-activated ion
channels proposed that wetting and dewetting of a hy-
drophobic region in the permeation pathway can play a
major role in defining the thermodynamics and kinetics
of mechanosensitive channel gating and can be the ori-
gin of hysteretic behavior (Anishkin et al., 2010). The
hydration/wetting of the core of the Hvl VSD appears to
be an important requirement for proton conduction
(Freites et al., 2006; Ramsey et al., 2010; Wood et al.,
2012), and water penetration into the core of the chan-
nel’s transmembrane module is believed to change con-
siderably upon channel opening (Chamberlin et al,,
2014, 2015; Hong et al., 2014), especially in the proxim-
ity of the VSD charge transfer center or hydrophobic
plug (Tao et al.,, 2010; Lacroix et al., 2014; Takeshita et
al., 2014). So one possible origin for Hvl mechanosensi-
tivity could reside in changes of VSD wettability induced
by membrane stretch, which would result in changes in
the thermodynamic and kinetic properties of voltage-de-
pendent gating (Fig. S3 A). Voltage-dependent opening
in Hvl has been proposed to involve conformational
changes in the intracellular portion of the VSD, leading
to an expansion of the intracellular vestibule (Hong et
al.,, 2013; Mony et al., 2015). Thus, another possible
source of mechanosensitivity could derive from alter-
ations in protein-lipid interactions in the proximity of
the intracellular vestibule. Membrane stretch could
cause a stabilization of the expanded vestibule resulting
in a facilitation of channel opening (Fig. S3 B).

The difference in long-lasting facilitation observed in
dimeric versus monomeric channels can be explained by
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a distinct tension-dependent transition in the dimer
complex, corresponding to the C,, «< O, transition in
our model (Fig. S1). The simplest interpretation for this
additional transition is a tension-dependent alteration of
the dimer interface that cannot occur in the monomer
(Fig. S4). The two Hvl subunits are held together at the
cytoplasmic CCD (Koch et al., 2008; Lee et al., 2008;
Tombola et al., 2008; Li et al., 2010; Fujiwara et al., 2012),
but they also interact inside the membrane (Li et al,,
2015). The transmembrane VSD-VSD interface is more
likely to be sensitive to membrane stretch than the CCD.
The S4 helices of the two subunits were previously found
to be part of the VSD-VSD interface and to form a con-
tinuous structural unit with the CCD (Fujiwara et al.,
2014). The outer ends of the S1 segments were also
found to participate in the dimer interface (Lee et al.,
2008; Qiu et al., 2013; Hong et al., 2015), suggesting that
the S4-S4 unit partially unwinds toward the extracellular
side of the membrane (Hong et al., 2015). Membrane
stretch could change the extent of this unwinding, conse-
quently affecting the S4 movement associated with gat-
ing. Further studies will be necessary to test this possibility
and other tension-induced changes in dimer interface.
Nonetheless, the kinetic characteristics of the G, and
O,, states (Table S2) suggest that, in the absence of a
mechanical stimulus, the dimer interfaces interconvert
atarate thatis more than one order of magnitude slower
than voltage gating (Fig. S4).

In conclusion, our finding that mechanical stimulation
significantly enhances Hvl activity by acting on the chan-
nel’s VSDs provides a simple explanation for the phe-
nomenon of proton current potentiation observed in the
microglia after cell swelling induced by intracellular aci-
dosis or hypotonic stress (Morihata et al., 2000). We thus
propose that membrane stretch is one of the co-stimuli
required to open Hvl under the moderate depolariza-
tion conditions typically found in nonexcitable cells.
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