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Proton block of proton-activated TRPV1 current
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The TRPV1 cation channel is a polymodal nociceptor that is activated by heat and ligands such as capsaicin and is
highly sensitive to changes in extracellular pH. In the body core, where temperature is usually stable and capsaicin
is normally absent, H' released in response to ischemia, tissue injury, or inflammation is the bestknown endoge-
nous TRPV1 agonist, activating the channel to mediate pain and vasodilation. Paradoxically, removal of H" elicits
a transient increase in TRPV1 current that is much larger than the initial H*-activated current. We found that this
prominent OFF response is caused by rapid recovery from H' inhibition of the excitatory current carried by
H*-activated TRPV1 channels. H" inhibited current by interfering with ion permeation. The degree of inhibition
is voltage and permeant ion dependent, and it can be affected but not eliminated by mutations to acidic residues
within or near the ion selectivity filter. The opposing H*-mediated gating and permeation effects produce complex
current responses under different cellular conditions that are expected to greatly affect the response of nocicep-

tive neurons and other TRPV1-expressing cells.

INTRODUCTION

TRPV1 ion channel is a polymodal nociceptor (Caterina
et al., 1997; Tominaga et al., 1998; Jordt and Julius, 2002;
Yang et al., 2015). Its activation by capsaicin and heat
has attracted intensive attention (Clapham, 2003; Zheng,
2013). Nonetheless, in the body core where TRPV1 is ex-
pressed in many organs and tissues, temperature is sta-
ble and capsaicin is normally absent. Extracellular H*
serves as the best-known endogenous agonist for TRPV1
(Tominaga et al., 1998; Julius and Basbaum, 2001). Pro-
ton release upon ischemia, tissue injury, and inflam-
mation, which has been indicated to activate TRPV1
(Hoover, 1987; Oroszi et al., 1999; Hu et al., 2002), is sug-
gested to play important roles in inducing vasodilation
(to mitigate ischemia) and producing pain (to signal tis-
sue damage) (Bevan and Geppetti, 1994). Itis thus both
physiologically significant and biophysically intriguing to
understand how TRPVI sensitively responds to <10-fold
changes in extracellular H' concentration that generally
occur during ischemia and inflammation (Stevens et al.,
1991; Pan et al., 1999).

TRPV1 is a member of the tetrameric cation channel
superfamily. Its molecular structure has been revealed
at near-atomic resolutions by cryo-electron microscopy
(Cao et al., 2013; Liao et al., 2013). The channel com-
plex closely resembles a voltage-gated potassium chan-
nel (Long et al., 2007), with the four subunits arranged
symmetrically around a central ion permeation pore
formed mainly by S6 and the pore-loop region (Zheng
and Ma, 2014). Interestingly, the ion selectivity filter
sequence of TRPV1 (TIGMGD) is very similar to that of
highly potassium-selective channels (typically TVGYGD),
even though TRPV1 is a nonselective cation-permeable
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channel. There are numerous acidic residues in the outer
pore region as well as the peripheral extracellular loops
that may serve as potential protonation sites for channel
gating. Among them, mutations to E601 and E649
(amino acid numbers according to mouse TRPV1 used
in the present study) were found to have dramatic effects
on H-induced channel activation (Jordt et al., 2000),
although mutations to many other residues including
nontitratable residues could also alter or even eliminate
H*induced channel activation (Welch et al., 2000; Wang
etal., 2010; Aneiros et al., 2011; Boukalova et al., 2013).
It thus remains unclear how extracellular H" promotes
TRPV1 activation gating.

As expected from allosteric coupling, the response of
TRPV1 to H' can be strongly influenced by the presence
of other gating stimuli such as voltage, heat, capsaicin, and
intracellular Ca?t (Tominaga et al., 1998; Ryu et al., 2003;
Aneiros et al., 2011). In this study, we demonstrated that
even in the absence of these confounding factors, H in-
duced complex responses from TRPV1. We observed that
H" exhibited two opposite effects: it potently activated
the channel but at the same time inhibited ion perme-
ation in a concentration- and voltage-dependent man-
ner. Our results suggest that inhibition of permeation is
achieved by H" binding inside or near the ion-conduct-
ing pore. The combination of the potentiating gating ef-
fect and the inhibitory permeation effect yielded complex
current responses from TRPV1 under different record-
ing conditions that are expected to greatly influence phys-
iological and pathological behaviors of the host cells.
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MATERIALS AND METHODS

cDNA constructs and cell transfection

Mouse TRPV1 c¢DNA fused with enhanced YFP cDNA at the
C terminus (Cheng etal., 2007) was used in the present study. Point
mutants were generated using the QuickChange II Site-Directed
Mutagenesis kit (Agilent Technologies). HEK293T cells were cul-
tured in a DMEM medium supplemented with 10% FBS, 1% peni-
cillin/streptomycin, and 1% (vol/vol) nonessential amino acids
at 37°C with 5% CO,. Cells were passaged 18-24 h before trans-
fection by plating onto glass coverslip. Transient transfection was
conducted 18-24 h before patch recording using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.

Electrophysiology

Macroscopic and single-channel currents from TRPV1-expressing
cells were recorded in whole-cell or outside-out configuration
using an amplifier (EPC10; HEKA) controlled with PatchMaster
software (HEKA). Patch pipettes were pulled from thin-wall boro-
silicate glass (A-M Systems) and fire-polished to a resistance of
~2 M(). For whole-cell recordings, the capacity current was mini-
mized by amplifier circuitry, and the series resistance was com-
pensated by 30-65%. Membrane potential was held at 0 mV from
which steps to various voltages were used. For the ramp protocol,
the membrane potential was first stepped from 0 to —250 mV
and then ramped up to 250 mV in 100 ms. Data were filtered at
2.25 kHz and sampled at 12.5 kHz. All recordings were performed
under room temperature (~24°C). Temperature variation was
<1°C as monitored by a thermometer.

Solutions

During the course of the present study, we observed a prominent
endogenous current when cells were challenged by a low pH solution
(Fig. S1). This endogenous current was strongly outward rectifying
and exhibited chloride dependence. Replacing chloride with gluta-
mate almost completely eliminated this current (Fig. S1). Therefore,
for all experiments used to obtain quantitative measurements, chlo-
ride in the solution was replaced with glutamate. Symmetrical bath
and pipette solutions were used, except that the pH level of extra-
cellular solution was adjusted according to experimental needs. An
agar bridge was used when needed. To prevent rapid inactiva-
tion, all experiments were done in Ca®*-free solutions containing
0.2 mM EGTA. For solutions at pH 7.2 to 6.0, HEPES was used as
the H" buffer, whereas for solutions at pH 5.5 to 4.0, MES was used.
The compositions of four different solutions are shown in Table 1.

Rapid solution switching

A rapid solution changer (RSC-200; Biological Science Instru-
ments) was used for normal solution switching. This method was
preferable in that switching among many solutions could be accom-
modated, and there was no mixing of these solutions throughout
the perfusion system. For experiments requiring a higher solution
switching speed, a solution-switching system based on a pulled

O-glass capillary driven by a step motor (Perfusion Fast-Step;
model SF-77B; Warner Instruments) was used. This approach al-
lowed switching between two solutions in <1 ms (Zheng and Sig-
worth, 1997). As was done previously, the rate of solution
switching was measured by monitoring the time course of change
in liquid junction potential between the pipette solution and the
perfused solutions. The transition time from 10 to 90% change in
junction potential was 0.8 ms in a typical experiment.

Data analysis
The H' concentration-response relationship was fitted to the Hill
equation:

L-L.  [xI
Lvax EC,5 + [X]n ’

where I, is the total or OFF response current in the presence of
extracellular H" at concentration [x]; I,,i, and I, are the current
amplitude at neutral pH (7.2) and at that of the maximal current
amplitude, respectively; ECs is the H' concentration at which ac-
tivation is half-maximal; and n is the Hill coefficient. Although at
pH 7.2 there was a finite concentration of free H', the error in L,
associated with this is negligible (for example, causing an estimated
0.7% shift to the pKa value).

The G-V relationship was constructed from steady-state currents
clicited by voltage steps. G-V and inhibition—-voltage relationships
were fitted to a single-Boltzmann function:

G 1 o 1
= o or Inhibition = —
Gmax 1+ C*E(V*Vhau') 1+ eﬁ(V*Vhau )

where G/G,,. is the normalized conductance, Inhibition is the
percentage of inhibited conductance, q is the equivalent gating
charge, V¢ is the half-activation or half-inhibition voltage, T is
temperature, R is the gas constant, and F is the Faraday’s constant.

Single-channel conductance was estimated from all-point histo-
grams constructed from current events recorded using the out-
side-out configuration at 80 mV. A double-Gaussian function was
used for fitting of the histograms. From the positions of the Gauss-
ian peaks, the closed- and open-current levels were identified.
Single-channel current amplitude and the corresponding conduc-
tance were calculated.

All statistical values are given as mean + SEM for the number of
measurements indicated (7). Statistical significance was deter-
mined using the Student’s ¢ test, and indicated as follows: *, P <
0.05; **, P < 0.01; ##*% P < 0.001.

Online supplemental material

Fig. S1 shows H'-induced endogenous currents that could be
eliminated by replacing chloride with glutamate in the recording
solutions. The online supplemental material is available at http://
www.jgp.org/cgi/content/full/jgp.201511386,/DC1.

TABLE 1
Composition of solutions used in this study
No. Sodium chloride ~ Magnesium chloride  Potassium chloride Sodium glutamate HEPES or MES EGTA
monohydrate
I 130 0 0 0 3 0.2
I 30 100 0 0 3 0.2
111 0 0 130 0 3 0.2
v 0 0 0 130 3 0.2

All values indicate the final concentration (mM) after adjustment of the pH level. For Solutions I, II, and III, pH was adjusted by hydrochloric acid or
sodium hydroxide, whereas for Solution IV, pH was adjusted by L-glutamic acid or sodium hydroxide.
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RESULTS

Steady-state activation of TRPV1 by extracellular H*

We overexpressed mouse TRPV1 in HEK293T cells and
compared channel currents at low and high extracellu-
lar H' concentrations by patch-clamp recording in the
whole-cell configuration (Fig. 1). At the normal physio-
logical pH level, depolarization beyond 0 mV weakly acti-
vated the channel, with the half-activation voltage, Vs,
estimated at 129.9 + 20.2 mV (n = 4; Fig. 1, A, left, and C).
Raising H" concentration substantially increased channel
open probability and the current amplitude (Fig. 1 A,
right), and shifted V,,» to lower voltages (Fig. 1 C), re-
flecting a strong potentiation effect of H" on the gating of
TRPVI. At pH 5.0, the V , value was reduced to —93.2 +
36.5 mV (n = 4), a level below the resting membrane
potential of most cells. Both an increase in amplitude
and a shift in V; » could be clearly observed using a volt-
age-ramp protocol (Fig. 1 B). Therefore, extracellular

A pH
6.5 6.0 5.5 5.0

Figure 1. Extracellular H' strongly activates TRPV1.
(A) Representative whole-cell patch-clamp current
traces recorded in Solution I in response to voltage
steps at pH 7.2 (left) and pH 5.0 (right). Voltage
steps were applied from a holding potential of
0 mV to various membrane potentials from —200 to
300 mV in 20-mV intervals. Dotted lines indicate
zero current level. (B) Representative outside-out
patch-clamp current traces recorded in Solution I

pH c S in response to voltage ramps at different pH lev-
1.0 -

5.0 7 els. Voltage ramps from —250 to 250 mV in 100 ms

0.8+ " pH were applied from a holding potential of 0 mV.

5.5 3 0.6- 7.2 (C) H'-dependent shift of the G-V relationship.

£ Different symbols represent separate recordings,

% 0.4- 6.0 whereas their colors match those of the pH levels.

6.0 5.5 Superimposed are fits of a Boltzmann function

6.5 0.2 50 with the following Vi, and q values: pH 7.2, 129.9

72 0.0 == 4 mV and 0.5 €y (n=4); pH 6.5, 99.1 mV and 0.5 e,

400 -200 0 200 400 (n=3); pH 6.0, —6.1 mV and 0.4 ¢, (n=3); pH 5.5,

—33.3mVand 0.4 ¢, (n=5); pH 5.0, —93.2mV and
0.3 ey (n=4).

H' strongly potentiates TRPV1 and is able to cause chan-
nel activation in a resting neuron in the absence of other
activation stimuli.

Response of TRPV1 to changes in extracellular

H* concentration

The temporal response of TRPV1 to changes in H'
concentration was recorded at a constant voltage of
40 mV. Switching from a neutral pH solution to an
acidic solution caused the channel to activate (Fig. 2 A).
The current amplitude increased in a H' concentration-
dependent manner at the pH range from 6.5 to 5.5; at
even lower pH levels, the current amplitude started to
decrease. As expected for a ligand-driven process, the
current rising rate was H" concentration dependent
(Fig. 2 B), whereas upon switching back to the neutral
pH solution, the current decline rate was concentration
independent, with an estimated time constant at 100 +
3 ms (Fig. 2 C).

Figure 2. H" activates TRPV1 in a concentration-
dependent manner. (A) Representative outside-out
patch-clamp current traces at 40 mV in Solution
IV in response to various pH levels from pH 6.5
to pH 4.5 (indicated by a bar on the top). Dotted
lines indicate zero current level and the peak cur-

rent level. Time constants of the current rising

B 0.8 ¢ 0.8
06 206
z i o
o 04 : G 04
> -
© 0.2 P 802 ]
00 T T T T T 00 T T T T T
6.5 6.0 55 5.0 4.5 6.5 6.0 55 5.0 45
pH pH

phase (B) and the current decline phase (C) are
plotted against the extracellular pH level. n = 6
each. Error bars indicate mean + SEM.
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A striking feature of H-induced TRPV1 activation is
that upon removal of the acidic solution, there was a
large transient increase in current amplitude (Fig. 2 A).
This prominent OFF response also increased in a H'
concentration-dependent manner, reaching its peak at
pH 5.0. Note that the OFF response peaked at a lower
pH level than the steady-state current did. Furthermore,
unlike the steady-state current, the OFF response only
slightly dipped from its peak level when the pH level was
further decreased (see also Fig. 4). The existence of a
large OFF response and its distinct pH dependence from
the steady-state current illustrated the complexity of the
TRPVI response to H'.

Rapid solution switching revealed two

H*-induced processes

The transient OFF response rose rapidly at the solution-
changing rate and declined at a rate of ~10s™" (Fig. 2 C).
Therefore, to accurately record the amplitude of the
OFF response, the solution-switching speed had to be
fast. We set up a rapid solution-switching system using a
step motor—controlled ®-glass capillary (Fig. 3 A). It
permitted switching between a pair of solutions in <1 ms
(Fig. 3, B and C). Using this approach, we were able to
accurately follow both H'-induced activation and the
OFF response (Fig. 3, D and E). The speed of the OFF
response rising phase was found to be still determined
by the solution-switching rate and could not be resolved
under our experimental condition; however, the decline
phase was perfusion and concentration independent
and could be reliably measured (Fig. 3 E).

We analyzed the complex H'-induced response in two
ways (Fig. 3 D). The peak OFF response was defined as
I;, and the difference between the peak OFF response
and the steady-state current, e.g., the rising phase of the
OFF response, was defined as I,. As shown in Fig. 4, the
two currents exhibited distinct pH dependence. Fitting
of the concentration dependence to a Hill equation re-
vealed an apparent pKa value of 6.5 for the peak OFF
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Figure 3. A rapid solution-switching method
allows reliable recording of the OFF response.
(A) Schematic diagram of rapid solution switch-
ing. (B) Representative current-clamp record-
ing using solutions that had different junction
potentials. (C) Example of solution-switching
speed measured from the region indicated by the
box in B. (D) Representative outside-out patch-
clamp current induced by Solution IV at pH 4.5.
(E) Expanded presentation of the OFF response
) marked by the box in D. The red dotted trace
represents a single-exponential fit with a time
constant of 0.10 + 0.01 s™' (n=6).

response, I;. The peak response was also highly sensitive
to changes in H' concentration, with a Hill slope of 1.6 +
0.5 (n=6) that indicates the binding of more than one
H' ion. In comparison, the rising phase of the OFF re-
sponse, Iy, exhibited a much lower pKa value of 5.7, sug-
gesting that a much weaker binding of H" gave rise to
the OFF response. It also had a much shallower H' con-
centration-dependent curve, with a Hill slope of 0.9 +
0.1 (n = 6) that was consistent with binding of a single
H" ion. Therefore, the OFF response revealed that H"
induced two distinct processes in TRPV1.

Single-channel recordings revealed both gating

and permeation effects of H*

To better understand how TRPV1 responded to H', we
conducted single-channel recording from outside-out
patches in different pH solutions (Fig. 5 A). We ob-
served that as the pH level dropped, the channel spent
much longer times in the open state, consistent with the
potentiation effect on gating. Similar to previous findings
(Liu et al., 2009), the single-channel current amplitude
gradually decreased upon an increase in H' concentration

1.0
0.8
0.6+
0.4+
0.2+
0.0+

I/Imax

0.1 1 10
H" concentration (uM)

Figure 4. The OFF response reveals two distinct H-induced pro-
cesses in TRPVI. The total OFF response current (I, red squares)
and the rising phase of the OFF response (Iy, blue circles) were
quantified in Solution IV. Curves represent fits of a Hill equation
with the following EC;, and slope factor values: total current (1),
0.3 pM, pH 6.5, and 1.6; rising phase current (I,), 1.9, pH 5.7, and
0.9. n =6 each. Error bars indicate mean + SEM.
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(Fig. 5, A and B), reducing conductance by about one
third when the pH level reached 5.0 (Fig. 5 C). From
the pH dependence of single-channel conductance, the
apparent pKa value associated with H' inhibition of
conductance was estimated to be 5.7 (Fig. 5 D). It is no-
ticed that this pKa value coincides with the pKa value of
the OFF response (Iy). Single-channel recordings thus
revealed that H' has two opposite effects on TRPV1: it
strongly potentiates gating of the channel; however,
when the channel opens, it inhibits ion permeation.
The opposite gating and permeation effects of H' pro-
vide a natural explanation for the transient OFF response
observed in macroscopic currents. When H' activated
TRPV1, the open-channel current was instantly reduced
by H' inhibition of permeation. Upon removal of H', the
channel first recovered from permeation inhibition, yield-
ing an increase in current amplitude that was the OFF
response. The H'-gating effect was reversed more slowly,
leading to the decline of the OFF response. The whole
process can be represented by the following scheme:

(fast) (slow)

Cy 2 C,3 >0 ..
i H‘*/— l H“'\n/H (fast)
o

(Scheme 1)

According to Scheme 1, there are two types of H'-bind-
ing steps (and hence two pKa’s). The first H-binding
step produces the gating effect (horizontal transitions),
whereas the second H™-binding step produces inhibition

of permeation (vertical transition). An important predic-
tion of this scheme is that to produce the asymmetrical
OFF response seen in macroscopic currents, the O'->O
transition and the O—C; transition must occur at differ-
ent rates, one being faster than the solution-switching
rate and the other being comparable to the decline rate
of the OFF response. As described in the next section, we
observed that recovery from H-induced permeation in-
hibition is the rapid transition. Therefore, the reversal of
H'-induced activation must be a slow process, reflecting a
substantial energy barrier for the transition.

H* inhibition of macroscopic current

Our study so far has revealed strong permeation inhibi-
tion by H' that, according to Scheme 1, is produced by a
H'-binding step distinct from the H'-binding step that
leads to channel activation. If this is the case, it is ex-
pected that when the channel is brought into the O state
by an activation stimulus other than H', the current
should also be inhibited by H". We were able to confirm
this prediction by the experiment shown in Fig. 6, in
which channels were first activated by capsaicin after
which solutions at different pH levels were applied to the
cell. The open-channel currents were concentration-de-
pendently inhibited by H'. We noticed that in this experi-
ment, both the onset and recovery of H' inhibition were
rapid. Interestingly, H" inhibition was much more promi-
nent in the inward current measured at —80 mV than in
the outward current measured at 80 mV, suggesting that
H'" inhibition is a voltage-dependent process.

Voltage dependence of H* inhibition

We followed up the observation shown in Fig. 6 and
conducted detailed tests of the voltage dependence of
H" inhibition. A pH-5.0 solution was applied at different

Figure 5. Single-channel recording reveals two
opposing effects of H on TRPV1. (A) Represen-
tative single-channel current traces recorded in
outside-out configuration at 80 mV in Solution I

at the indicated extracellular pH levels. The
presented current traces were further processed

by a digital filter to a final cutoff frequency

Counts

of 0.41 kHz. (B) All-point histogram of single-
channel events at the indicated pH levels. The
superimposed curve represents a fit of a double-

Gaussian function. (C) Box-and-whisker plot

0 . 5 10 of single-channel conductance versus the cor-
Amplitude (pA) . .

c ek responding pH level. The whisker top, box top,
160 — 100 line inside the box, box bottom, and whisker bot-
@ 140 2 90 tom represent the maximum, 75th percentile,
@ = 3 median, 25th percentile, and minimum value of
c 120 EI . 80 each pool of conductance measurements, re-
§ 100 (. % 70 spectively. n = 5-11. %, P < 0.05; *%, P < 0.001.
T 80 == E 60 (D) Inhibition of conductance is plotted against
3 60 the extracellular H* concentration. Superim-
50, . r r . . posed is a fit of a Hill function, with the follow-
72 65 60 55 50 0 % 4 6 8 10 ing parameters: ICs, 2.2 pM; slope factor, 0.2.

pH H" concentration (uM) n=5-11. Error bars indicate mean + SEM.
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voltages in both whole-cell and outside-out recordings
(Fig. 7, A and B, respectively). In both cases, we observed
obvious OFF responses. Furthermore, at more negative
voltages, the OFF response was much larger compared
with the steady-state current. The ratio I,/I; demonstrated
clearly voltage dependence (Fig. 7 C). From a Boltzmann
fit of the voltage dependence, we obtained the appar-
ent charge associated with H" inhibition. The estimated
value, at 0.48 ey, is equivalent to moving a H" ion half-
way into the transmembrane electric field from the ex-
tracellular side. The voltage-dependent inhibition and
the apparent charge are in close agreement with those
observed previously from the rat TRPVI single-channel
currents (Liu et al., 2009).

As an alternative way to confirm voltage dependence
of H' inhibition, we recorded H*-induced reduction of
capsaicin-activated current at different voltages (Fig. 8).
Again, H" inhibition was found to be voltage depen-
dent, being more prominent at negative voltages. Based
on a fit of a Boltzmann function to the voltage depen-
dence, the apparent charge was estimated to be 0.75 e,.

Inhibition of TRPV1 current by intracellular H*

The voltage dependence of current inhibition by H',
together with its independence of H™-induced channel
activation, suggests the possibility that H" might inter-
fere with permeant ion in the pore to slow down ion

A pH
wrt 7.2 6.5 6.0 55 50 45
CAP (10 uM) O CITT 7 T I ] —

2nA

B 100 4

m+80 mV

80 B-80 mV

40 -

Inhibition (%)

20 -

6.5 6.0 5.5 5.0 4.5
pH

Figure 6. H" inhibition of macroscopic current. (A) Representa-
tive current traces from whole-cell recording at 80 mV (black) and
—80 mV (red) using Solution IV. Extracellular H" inhibits cur-
rent induced by a saturating concentration of capsaicin (10 pM)
in a pH-dependent manner. Dotted line indicates zero current
level. (B) Percentage of current inhibition at different pH levels
at 80 mV (black) and —80 mV (red). n = 5 each. Error bars indi-
cate mean + SEM.
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conductance. If this is the case, one would expect that
intracellularly applied H' should also affect ion perme-
ation. We found that indeed intracellular H" was able to
substantially inhibit single-channel conductance, reduc-
ing its amplitude by 68.4 + 2.3% (n =5) at 80 mV when
the H' level was changed from pH 7.2 to pH 5.0 (Fig. 9 A).
The H' concentration dependence indicated an appar-
ent pKa of 1.4 + 0.5 (n=>5), pH 5.9, very similar to the
apparent pKa value estimated with extracellular H'.
Macroscopic current recording confirmed the strong
intracellular H' inhibition, which was found again to be
independent of H'-induced activation that occurs only
from the extracellular side (Fig. 9, B and C). Interestingly,
from the voltage dependence it was estimated that the
apparent charge associated with intracellular H" inhi-
bition is 0.49 + 0.02 e, (n = 4) (Fig. 9 D), a value that
complements well the apparent charge associated with
extracellular H". It is also noteworthy that H" inhibition
from the intracellular side was facilitated by depolariza-
tion, whereas H' inhibition from the extracellular side
was facilitated by hyperpolarization. These observations
indicate that the same binding site might be involved
no matter which side H" was applied.

The OFF response of Mg?*-induced TRPV1 current
Previously, we observed that extracellular Mg**, a TRPV1
agonist (Ahern et al., 2005), can also inhibit open-channel

A pH 5.0 B pH 5.0

[ e—

200 pA

L

(mV) 0.5

N

O.ij_—L +100
B S
I

Voltage

1nA
(2]

+60
+40

i
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Figure 7. Voltage-dependent H" inhibition. Representative cur-
rent traces from whole-cell recording in Solution I (A) and out-
side-out patch recording in Solution IV (B) at various voltages
and pH 5.0. (C) The ratio Iy/I; measured from outside-out patch
recordings in Solution IV exhibits voltage dependence. The su-
perimposed curve represents a fit of a Boltzmann function with
26.6 mV for Vi, and 0.48 e, for q. n = 5-9. Error bars indicate
mean + SEM.



A pH7.2 5.0 7.2
< Voltage (mV)
i +120
S 7s +80
+60
B 100
< 80
=
c 60
kel
3 40
£
£ 20
0 T T T T T
-100 -50 O 50 100

Voltage (mV)

Figure 8. Voltage-dependent inhibition of capsaicin-activated cur-
rent. (A) Representative currents from outside-out patch record-
ing at various voltages in Solution IV. Arrows indicate the time
when capsaicin (3 pM) was applied. Dotted line indicates zero
current level. (B) The percentage of current inhibition at pH 5.0
is plotted against voltage. The superimposed curve represents a fit
of a Boltzmann function with 48.7 mV for V,r and 0.75 e, for q.
The dotted curve represents the Boltzmann fit as shown in Fig. 7 C.
n=2-7. Error bars indicate mean + SEM.

current, which we attributed to Mg** block of ion per-
meation by moving into the channel pore as a permeant
ion (Cao etal., 2014; Yang et al., 2014). Hence, like H',
Mg*" also exhibits dual gating and permeation effects.
In the present study, we showed that, as anticipated,
Mg* could also produce a large OFF response when ap-
plied to TRPV1 (Fig. 10). The Mg*-induced OFF response
appeared very similar to that induced by H', except that
much higher Mg2+ concentrations (in the millimolar
range, comparing to the micromolar range for H) were
needed to both activate the channel and to inhibit ion

B +80 mV

permeation. The Mg*-induced OFF response also ex-
hibited strong voltage dependence. Importantly, the ap-
parent charge associated with the Mg** OFF response
was estimated to be 0.91 e;, roughly double the appar-
ent charge estimated in the same way for the monova-
lent cation H".

Interaction between H* and permeant ions

Both the rapid onset (and reversal) and the voltage de-
pendence suggested that H" inhibition of permeation is
likely caused by H' binding inside the pore to interfere
with the passage of permeantions. If this is the case, itis
anticipated that permeant ions would in turn exert an
influence on H' binding. Therefore, we compared H*
inhibition in the presence of different permeant ions.
We found that indeed the percentage of current inhibi-
tion varied slightly when the permeant ion was changed
from Na® to K* (Fig. 11 A). Although the inhibition it-
self remained voltage dependent, the difference in per-
centage of inhibition between Na' and K' could be
detected at several voltages (Fig. 11 B).

Based on all the observations presented so far, we con-
clude that, when H" is present in the extracellular solu-
tion, it binds and unbinds rapidly at a site ~50% into
the electric field along the ion permeation pore with an
apparent affinity of 1.9 = 0.5 pM (pKa of 5.7). This

“-binding event, which causes inhibition of TRPV1 cur-
rent, is distinct from the H'-binding event(s) that leads
to channel activation.

Mutations of acidic residues E637 and D647 did not
prevent H" inhibition

It was previously reported that a double mutation of ti-
tratable residues E636 and D646 completely prevented
voltage-dependent inhibition of the conductance of rat
TRPV1 by H" (Liu et al., 2009). Cryo-EM structures of
TRPV1 (Cao etal., 2013; Liao et al., 2013) revealed that

v
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Figure 10. The OFF response of Mg*-induced TRPV1 current.
(A) Representative currents from outside-out patch recording
in Solution II (containing 100 mM Mg®) at various voltages.
(B) The ratio Io/I; exhibits voltage dependence in Mg*-induced
inhibition. The superimposed curve represents a fit of a Boltzmann
function with 56.3 mV for Vi, and 0.91 e, for q. n = 3-6. Error
bars indicate mean + SEM.

E636 is located on the pore helix, whereas D646 is located
at the entrance of the ion selectivity filter (Fig. 12 A).
The distance between E636 residues on subunits across
the pore is 21.3 A in the closed state and 22.5 A in the

< <
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Figure 11. Interaction between H' and permeant ions. (A) Rep-
resentative currents from outside-out patch recording at pH 5.0
using different permeant ions, Na* (left, Solution I) or K" (right,
Solution III), at various voltages. (B) The ratio I,/I, exhibits per-
meant ion dependence. n=5 each. ¥, P < 0.05; **, P < 0.01. Error
bars indicate mean + SEM.

154 Proton-induced TRPV1 OFF response

toxin-bound state (measured from the hydroxyl group),
and the corresponding distance between D646 residues
is 14.7 A in the closed state and 8.6 A in the toxin-bound
state. To determine whether one of these two titratable
residues may form the binding site for H" inhibition
of mouse TRPV1 channel used in this study, we exam-
ined E637Q and D647N singular mutations as well as
E637Q/D647N double mutation.

The H' effect on permeation was measured from
capsaicin-activated current in the presence of varying
concentrations of H" at both negative and positive volt-
ages. We observed that capsaicin-induced current from
D647N was inhibited effectively by H* at 80 mV and
even more effectively at —80 mV, like the wild-type chan-
nel (Fig. 12 B). For example, at pH 5.0, H" inhibited the
wild-type channel current by 26.1 = 3.0% (n = 5) at
80 mV and 66.6 + 3.3% (n=>5) at —80 mV (Fig. 6); under
the same condition, inhibition of D647N current was
16.8+0.7% (n=4) at 80 mV and 44.1 £ 5.6% (n=4) at
—80 mV (Fig. 12 B). The inhibition was H" concentra-
tion dependent, ranging from 1.7+ 0.2% (n=4) atpH 6.5
to 25.1 £ 1.3% (n=4) at pH 4.5 (measured at 80 mV),
which was also like the wild-type channel. Therefore, both
the concentration-dependent property and the voltage-
dependent property of H" inhibition were preserved in
D647N mutant channel.

A Closed

Open (DKTx)

B
D647N
pH
cap 7.2 6.56.05.55.04.5 100
(1oumy O O oW W ] m+80 mV
<8 Tmeomv
= 60
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E 40
....................................................... £20
K 0
~ 6.5 6.0 5.5 5.0 45
20 s| pH

Figure 12. Concentration- and voltage-dependent inhibition of
D647N current by H'. (A) The cryo-EM pore structures of TRPV1
in the closed (left; Protein Data Bank accession no. 3J5P) and
double-knot toxin DkTx-bound (right; Protein Data Bank acces-
sion no. 3]5Q) states. Only two of the four subunits are shown.
Dotted lines indicate the distances between the hydroxyl groups
of E637 and D647. (B) Representative current traces induced by
10 pM capsaicin from whole-cell recording at +80 mV in Solution IV
containing different concentrations of H* (left) and the percent-
age of current inhibition (right). Dotted line indicates zero cur-
rent level. n = 4. Error bars indicate mean + SEM.
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Similar observations were made from E637Q. This
mutant channel exhibited an interesting change in cap-
saicin-induced activation, in that the activation process
was extremely slow (Fig. 13 A). Nonetheless, current from
E637Q was effectively inhibited by H' in a concentration-
and voltage-dependent manner. The percentage of inhibi-
tion was again very close to that of the wild-type channel
at all H" concentrations and voltages. Furthermore, we
found that when both E637 and D647 were mutated to a
nontitratable residue, the mutant channel was still sensi-
tive to H' inhibition. The E637Q/D647N double mu-
tant inherited the slow capsaicin activation behavior of
E637Q (Fig. 13 B). We found that, like in the wild-type
channel, E637Q), and D647N, H' effectively inhibited the
current from E637Q/D647N double mutant in a concen-
tration- and voltage-dependent manner.

To further examine the property of H' inhibition in
the mutant channels, we estimated the apparent pKa values
for H inhibition from the concentration dependence in
reducing the capsaicin-induced currents, which were com-
pared with that of the wild-type channel. As summarized in
Fig. 14, all four channel types exhibited comparable volt-
age dependence in that inhibition was much stronger at
—80 mV than at 80 mV. All channel types exhibited H" con-
centration dependence in inhibition, with the estimated
pKa values at 80 mV varied from 5.6 (wild type) to 4.9
(D647N and E637Q/D647N) and 4.8 (E637Q). Similar
variability was observed at —80 mV. These results indicate
that mutations at these two positions affected the binding
affinity of H'. Nonetheless, titration of the two acidic
residues is not required for inhibition of permeation.

6.5 6.0 55 5.0 4.5

Figure 13. Mutations E637Q and E637Q/
D647N do not prevent H' inhibition. Represen-
tative current traces of E637Q (A) or E637Q/
D647N (B) from whole-cell recording in Solu-
tion IV at +80 mV (left) and the percentage of
current inhibition (right). Dotted lines indi-
cate zero current level. n = 6 each. Error bars

pH indicate mean + SEM.

To further confirm that H* could indeed inhibit cur-
rent from the E637Q/D647N double mutant, we per-
formed single-channel recordings using Na* as the major
permeant ion (Fig. 15). We found that the double mu-
tation reduced single-channel conductance to 53.5 +
0.7 pS (P <0.001 compared with wild type; n=5). A sim-
ilar reduction in single-channel conductance was also
observed in the previous study using K as the major per-
meant ion (Liu et al., 2009). Nonetheless, when the re-
cording pH level was dropped to 5.0, we found that the

>
w

1004 1 00-| WT
E637Q
804 80+ D647N
) o E637Q+D647N
£ 60+ £ 60-
3 3
£ 40- £ 404
204 204
0 i T T T T o % T T T T
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H"concentration (M) H'concentration (MM)

Figure 14. Summary of H'-dependent inhibition of currents
from wild type, E637Q, D647N, and E637Q/D647N in whole-
cell configuration using Solution IV at 80 mV (A) or —80 mV (B).
Curves represent fits of a Hill equation with the following ECs,
and slope factor: (A) Wild type, 2.3 pM, pH 5.6, and 0.9; E637Q,
16.8 pM, pH 4.8, and 0.6; D647N, 34.6 pM, pH 4.9, and 0.5;
E637Q/D647N, 13.2 pM, pH 4.9, and 0.8. (B) Wild type, 1.7 pM,
pH 5.8, and 1.0; E637Q, 0.5 pM, pH 6.3, and 0.2; D647N, 1.4 pM,
pH 5.9, and 0.4; E637Q/D647N, 37.7 pM, pH 4.4, and 0.4. n = 4-6.
Error bars indicate mean + SEM.
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single-channel conductance of the E637Q/D647N dou-
ble mutant was significantly reduced, to 41.5 + 1.6 pS
(P <0.005; n=4).

Highly variable TRPV1 responses to H" under

different conditions

The opposing effects of H" on gating and permeation
greatly complicate the response of TRPV1 to changes in
extracellular H' concentration. To better appreciate
how this complexity may affect the behavior of sensory
neurons, we recorded responses of the exogenously ex-
pressed TRPV1 to varying pH levels at two conditions
(Fig. 16). In the first condition, a sub-activating concen-
tration of capsaicin (10 nM) was present to roughly mimic
aresting neuron at physiological temperature (Fig. 16 A).
We observed that increasing H" concentration first elic-
ited a larger and larger steady-state current response.
However, as the H" concentration kept increasing, the
steady-state current started to decline; the OFF response,
on the other hand, increased further and then remained
at the maximal level. Varying the recording voltage would
further change the shape of these current responses.
Nonetheless, the overall effect of H" was to elicit an ex-
citatory current.
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Figure 15. Single-channel recordings confirm
H" inhibition of E637Q/D647N mutation chan-
nels. (A) Representative single-channel current
traces recorded in outside-out configuration at
80 mV in Solution IV at the indicated extra-
cellular pH levels in the presence or absence
“‘ of capsaicin. The presented current traces were
processed by a digital filter to a final cutoff fre-
H‘”h‘.‘h quency of 0.41 kHz. (B) All-point histograms of
single-channel events at the indicated pH levels.
The superimposed curve represents the fit of a
double-Gaussian function. n = 3-5.

4 6

When we switched to another experimental condition
by using a saturating concentration (3 pM) of capsaicin
to mimic an already excited neuron, we observed very
different current responses (Fig. 16 B). Increasing H*
concentration was seen to gradually reduce the steady-
state current. Upon removal of the H'-containing solu-
tion, the OFF response brought the current back to the
maximal level. In other words, under this condition, the
presence of H' exhibits an inhibitory effect on the excit-
atory current, whereas the removal of H" produces a
stronger transient excitatory current. These observations
highlight that under physiological or pathological condi-
tions, a cell may respond to changes in extracellular H*
differently depending on the state of the cell membrane
and the state of the TRPV1 channel. Full appreciation
of the nature of these complex responses requires de-
tailed molecular understanding of interactions between
H" ions and the channel.

DISCUSSION

Results from the present study demonstrate that extra-
cellular H" is a dual regulator for TRPV1: it potentiates
activation gating but strongly inhibits permeation of the

156 Proton-induced TRPV1 OFF response

Figure 16. Variable TRPVI responses to H under
different conditions. Representative outside-out
patch current traces at 40 mV in Solution I contain-
ing 10 nM (A) or 3 pM (B) capsaicin in response to
H™ at different concentrations. The trend lines in-
dicate gating (red) and permeation (blue) effects
of H on TRPV1.
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open channel. A combination of these two dynamic effects
produces a prominent OFF response that phenotypi-
cally resembles the transient current of hERG channels
(Bers, 2001). For hERG channels, equilibria among the
closed, open, and inactivated states are strongly volt-
age dependent. The transient current is produced by a
unique combination of these voltage-dependent transi-
tions between the conducting (open) state and two non-
conducting (closed and inactivated) states (Smith et al.,
1996). Depolarization moves the channel quickly from
the closed state through the open state to the inactivated
state; repolarization brings the channel out of the inac-
tivated state and generates a transient current that car-
ries out the channel’s critical roles, such as controlling
the duration of cardiac action potential. For TRPV1, the
transient OFF response is produced by a combination
of a H'-potentiating effect on gating and an inhibitory
effect on permeation. The relative contribution of H'-
induced steady-state current and the OFF response
current to membrane excitability of TRPVI-expressing
neurons is expected to depend on both the state of the
cell and the state of the channel, as demonstrated in
Fig. 16. For example, given the strong voltage depen-
dence of H" inhibition and weak voltage dependence of
TRPV1 gating, a neuron in the resting state at body tem-
perature may respond to a brief H" challenge mostly by
the OFF response. The anticipated complex current re-
sponse needs to be carefully considered in the situation
of stroke and subsequent reperfusion; indeed, reports
show that reperfusion injury of ischemic tissues consti-
tutes a major medical issue (Carden and Granger, 2000;
Wu and Grotta, 2013). Consistent with observations of
the present study, both potentiating and inhibitory ef-
fects of H" were observed on currents recorded from
capsaicin-sensitive trigeminal neurons (Baumann and
Martenson, 2000).

In terms of molecular mechanism, results of the pres-
ent study suggest that the inhibitory effect of H" on TRPV1
ion permeation is produced by H' entering the ion per-
meation pore, moving about halfway into the transmem-
brane electric field where it interferes with permeant
ions. These observations argue that binding of H' is
likely supported by ion coordination inside or very near
the ion permeation pathway. In agreement with this
view, we observed that different permeant ions could
also affect H" inhibition. For BK channels, it was found
that H" inhibits single-channel conductance by directly
competing with K’ for the same permeant ion-binding
site(s) (Brelidze and Magleby, 2004). A previous study
investigating this issue in TRPV1 showed that increasing
K" concentration could not prevent H' inhibition, argu-
ing against direct competition between H' and perme-
ant ion for the same binding site (Liu et al., 2009). Given
all these observations, it seems that H" may bind to sites
close to permeant ions to exert an electrostatic influence.
One such example is found in cyclic nucleotide—gated

channels, for which binding of H* to glutamate residues
at the pore entrance (with a pKa of 7.6) causes reductions
in single-channel conductance (Root and MacKinnon,
1994). Because both binding and unbinding are at a
millisecond time scale with ?H,O in the solution, switch-
ing between multiple conductance levels as a result of
titration of the glutamates could be directly observed
with single-channel recording. If a similar process oc-
curs in TRPV1, H" unbinding (and binding) could be
extremely rapid—beyond the temporal resolution of
the patch-clamp recording—to yield reduced current
amplitudes that reflect the weighted average of currents
in the H-bound and unbound states. Alternatively, H"
unbinding could be extremely slow to keep the conduc-
tance at a stable reduced level. The latter case can hap-
pen if the H™-bound state is stabilized by electrostatic
interactions or hydrogen bond formation. Indeed, in
the cryo-EM structures (Cao et al., 2013; Liao et al.,
2013), multiple titratable residues could be seen in
the vicinity of the permeation pathway. Although we were
originally attracted to this hypothesis, results from the
present study showed that mutations of two negatively
charged residues closest to the permeation pathway, E637
and D647N, did not eliminate the inhibition effect of H*.
Therefore, it remains to be determined where H' binds
to produce current inhibition.

In the present study, we found that the E637Q/D647N
double-mutant channel could no longer be directly ac-
tivated by H" (not depicted), but the channel conduc-
tance could still be inhibited by H". Lack of H™-induced
activation was also observed in rat TRPV1 channel when
the two residues were mutated (Liu et al., 2009). In
both cases, capsaicin was used to open the channel so
that the H' effect on permeation could be examined. It
was further observed that mutation to a nontitratable
residue (V538L in rat TRPV1) also prevented H' gating
without eliminating H" inhibition (Liu et al., 2009).
These observations, together with our observation that
intracellular H" could also inhibit permeation, argue
that H" inhibition of conductance and H' potentiation
of activation gating are separate events. Distinct mecha-
nistic bases for H' effects on gating and permeation are
the reason that the channel exhibits the OFF response.
This conclusion will provide important guidance for fu-
ture study of H" activation of TRPVI.

Because TRPV1 is a polymodal nociceptor, the gating
effect of H" is expected to be substantially affected by
the presence of other activation stimuli. Results from
the present study demonstrate that the permeation ef-
fect of H' further greatly complicates the situation. Not
only is the steady-state response reduced by the H' in-
hibitory effect in a concentration- and voltage-depen-
dent manner, but removal of H" could yield a large
transient current that is again sensitive to H' concentra-
tion and voltage. The strong voltage dependence of
H" inhibition is expected to substantially affect how a
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sensory neuron or other TRPVI-expressing cells respond
to H, which will depend on whether the cell is in the
resting state or excited state. The present study focused
on the permeation effect of H" on TRPVI current. Be-
cause the OFF response is produced by a combination
of allosteric gating and inhibition of permeation, future
study is needed to better understand the characteristics
and molecular mechanism of the H'-gating effect.
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