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Transient receptor potential melastatin 2 (TRPM2) channel
fulfills an important role in oxidative stress signaling in immune
and other cells, to which local extracellular acidosis is known to
occur under physiological or pathological conditions and
impose significant effects on their functions. Here, we investi-
gated whether the ADP-ribose-activated TRPM2 channel is a
target for modulation by extracellular acidic pH by patch clamp
recording of HEK293 cells expressing hTRPM2 channel.
Induced whole cell or single channel currents were rapidly
inhibited upon subsequent exposure to acidic pH. The inhibi-
tion in the steady state was complete, voltage-independent, and
pH-independent in the range of pH 4.0–6.0. The inhibition was
irreversible upon returning to pH 7.3, suggesting channel inac-
tivation. In contrast, exposure of closed channels to acidic pH
reduced the subsequent channel activation in a pH-dependent
manner with an IC50 for H� of 20 �M (pH 4.7) and rendered
subsequent current inhibition largely reversible, indicating dif-
ferential or state-dependent inhibition and inactivation. Ala-
nine substitution of residues in the outer vestibule of the pore
including Lys952 and Asp1002 significantly slowed down or
reduced acidic pH-induced inhibition and prevented inactiva-
tion. The results suggest that acidic pH acts as a negative feed-
back mechanism where protons bind to the outer vestibule of
the TRPM2 channel pore and inhibit the TRPM2 channels in a
state-dependent manner.

TRPM23 is member of the melastatin subfamily of transient
receptor potential proteins (1–4) and forms Ca2�-permeable
cationic channels that are gated by intracellular ADPR or struc-
turally related molecules (5–8). Substantial TRPM2 channel
activation also occurs under oxidative stress. H2O2 opens the
channels via ADPR-independent and or -dependent mecha-
nisms (9–11). Intracellular Ca2� strongly facilitates ADPR-in-
duced channel activation or activates the channels (12–15).
Previous studies have documented functional TRPM2channels
in neurons (16–19) andmicroglia in the brain (20–21), pancre-
atic �-cells (22–25), endothelial cells (26), and immune cells

such as monocytes and lymphocytes (4, 8, 11, 27–33). Some of
these studies have provided further evidence that TRPM2
channels mediate Ca2� influx that is essential in production of
cytokines and other inflammatorymediators bymonocytes and
increase in endothelial permeability in response to oxidative
stress (26, 31, 32), and insulin secretion from pancreatic �-cells
elicited by high levels of glucose (25). The functional role of the
TRPM2 channels in the brain, despite abundant expression, is
less clearly defined. Nonetheless, evidence has emerged to sup-
port that the TRPM2 channels may mediate neuronal death
evoked by oxidative stress, amyloid �-peptide, and tumor
necrosis factor-�, pointing to a potential role in the pathophys-
iology such as Alzheimer’s diseases (16–17, 19, 34).
Extracellular acidification occurs around neurons undergo-

ing intensive neuronal activity (35) and particularly at sites of
infection and injury (36–38). It is unclear but important to
know whether the TRPM2 channels present at such cellular
settings are modulated by extracellular acidic pH, like many
other ion channels (39–43). Here, we provide evidence that
extracellular acidic pH imposes strong inhibition of theTRPM2
channel in a state-dependent manner.

MATERIALS AND METHODS

Clones, Cells, and Molecular Biology—The cDNA encoding
the human TRPM2 (hTRPM2) was kindly provided by Dr.
A.M. Scharenberg (University ofWashington, Seattle,WA) (4).
Human embryonic kidney (HEK) 293 cells were used to tran-
siently express wild-type (WT) and mutant channels. Tetracy-
cline-inducibleHEK293 cells stably expressing theWTchannel
were used in some experiments. Cell culture, transfection, and
induction were described previously (13–14). Mutations were
introduced by site-directed mutagenesis and confirmed by
sequencing. Chemicals and reagents usedwere purchased from
Sigma except otherwise indicated.
Patch Clamp Recording—Whole cell and single channel cur-

rent recordings were performed using an Axopatch 200B
amplifier at room temperature as described previously (14,
44–46). Cells were held at�40mV except otherwise stated. To
record ADPR-induced currents, voltage ramps with 1-s dura-
tion from �120 mV to 80 mV were applied every 5 s. The cur-
rents at �80 mV denoted by circles in figures and the current-
voltage (I-V) curves were obtained from the current responses
to voltage ramps. In some experiments, cells were held con-
stantly at �40 mV or 40 mV to record the inward and outward
currents (see Fig. 2). Single channel recordings were carried out
in outside-out configuration using glass pipettes of 8–10 M�
and at�80mV.Data were acquired at 4 kHz and filtered offline
at 50 Hz. Intracellular solution contained 147 mM NaCl, 0.05
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mMEGTA, 10mMHEPES, 1mMATP, and 1mMADPR, pH 7.3.
Extracellular solution contained 147mMNaCl, 2mMKCl, 1mM

MgCl2, 2mMCaCl2, 10mMHEPES, and 13mMglucose. The pH
values of extracellular solutions were adjusted with concen-
trated HCl. The relative permeability of Na� and Ca2� is close
to 1 (46), and thus the currents were predominantly carried by
Na� in the present study.
Two main protocols were used to study the effects of extra-

cellular acidic pH. In the first protocol the patched cells were
exposed to acidic pH after the currents were induced in pH 7.3
solution (e.g. see Figs. 1 and 5A). In the second protocol, imme-
diately after cell-attached configuration was established in pH
7.3 solution, the patched cells were exposed to acidic pH for�2
min. In some experiments, the exposure to acidic pH continued
for 1–2 min after whole cell configuration to allow dialysis of
ADPR and channel activation in acidic pH solution (see Fig. 3).
In some other experiments, exposure to acidic pH stopped
immediately (�10 s) or 1 min before whole cell configuration
and channel activation in pH 7.3 solution (see Fig. 4). For any
residual currents at the end of each recording, N-(p-amylcin-
namoyl)anthranilic acid (ACA) (20 �M) (Calbiochem) (47) or
acidic pH 4.0 solution was applied. The cells, where the ADPR-
induced currents showed complete inhibition by ACA or pH
4.0, were used in analysis. Changes of extracellular solutions
and application of ACA were performed by using a RSC-160
system (Biologic Science Instruments) with a solution change
time of �300 ms (48).
Data Analysis—All results, where appropriate, are presented

as mean � S.E. The inhibition rate was estimated by determin-
ing the times required to reach 90% inhibition (t90%). The
smooth curve in Fig. 3C represents the least squares fit to the
Hill equation, I/I0 � l00/(1�([H�]/IC50)n), where I is the peak

current in the indicated acidic pH
solutions expressed as a percentage
of the mean currents in parallel
experiments using pH 7.3 solution,
IC50 is the [H�] inhibiting half of
the maximal currents, and n is the
Hill coefficient. The steady-state
whole cell currents in Fig. 6D in
the indicated acidic pH solutions
were expressed as percentage of the
stable currents in pH 7.3 solution
before solution change. Single chan-
nel events were displayed as all-
point histograms, and single chan-
nel conductance were estimated
based on the resolvable unitary cur-
rents as illustrated in Fig. 5,A andC.
Curve fitting was performed using
Origin software and statistical tests
using Student’s t test with p � 0.05
to be significant.

RESULTS

Effect of Extracellular Acidic pH
on Open TRPM2 Channels—Whole
cell recordings were made to mea-

sure ADPR-induced currents in HEK293 cells expressing
hTRPM2 channel. ADPR (1 mM) applied via the intracellular
solution induced currents of several nA at �80 mV with the
typical TRPM2 channel properties, such as linearity of I-V
curves and strong sensitivity to inhibition by ACA (Fig. 1A) as
reported previously (14, 44–46). To test the potential for mod-
ulation of the TRPM2 channel by acidic pH, we first examined
the effect of changing to pH 4.0–6.5 on the open channels. The
currents that had been induced in pH 7.3 solution were inhib-
ited rapidly and completely upon exposure to pH 4.0–6.0 (Fig.
1, B–F). The time required for the inhibition to reach steady
statewas progressively prolonged from�10 s in pH4.0 solution
to �120 s in pH 6.0 solution (Fig. 1, B–F). Unexpectedly, the
currents were not recovered even after several minutes of reex-
posure to pH 7.3 (Fig. 1, B–F), with an exception of partial
recovery from the effect of pH 5.5–6.0 observed in �10% of
cells. Exposure to pH 6.5 led to slow inhibition that failed to
reach steady state over a period of �5 min, which prevented
analysis because of concomitant nonspecific current run-down
(data not shown). Nevertheless, the data suggest that open
channels are profoundly inhibited by extracellular acidic pH.
Time courses or kinetics of inhibition were investigated for

currents induced at constant membrane potentials of �40 mV
or �40 mV. The kinetics of inhibition and the amplitude of the
steady-state inhibition of pH 4.5 were similar for the inward
and outward currents (Fig. 2A). In contrast, there were differ-
ential effects of pH 6.0 on inward and outward currents, with a
prominent delay and slower effect on the outward currents
despite no difference in the steady-state inhibition (Fig. 2B).
The data indicate that the electric field or direction of ion per-
meation affects the action of moderate acidification. All the
above data taken together suggest that extracellular acidifica-

FIGURE 1. pH-independent and irreversible inhibition by extracellular acidic pH of open TRPM2 chan-
nels. ADPR-induced currents at �80 mV and the I-V relationship curves (at time points indicated by a and b) for
WT TRPM2 channels were recorded using 1-s voltage ramps of �120 mV to 80 mV applied every 5 s, in pH 7.3
before and after application of 20 �M ACA (A)or initially in pH 7.3 and then in indicated acidic pH solutions (B–F).
The arrow in each panel indicates the time point at which whole cell configuration was established. The
numbers of cells examined in each case are indicated in parentheses. ***, p � 0.001 compared with the currents
before and after application of ACA (A) or changes to acidic pH solutions (B–F). Error bars, S.E.
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tion inhibits open TRPM2 channels and induces a confor-
mational change in the channels leading to irreversible
inactivation.
Effects of Extracellular Acidic pH on TRPM2 Channels in

Closed State and Channel Activation—We next asked whether
extracellular acidic pHaffects closedTRPM2channels and sub-
sequent open channel activity. Such effects may have particular
relevance to TRPM2 channels of lysosomal membranes where
luminal (equivalent to extracellular) pH is highly acidic (24).
After establishment of the cell-attached configuration in pH
7.3, channels were exposed to pH 4.0–5.5 for �2 min before
breaking intowhole cell configuration to allowdialysis ofADPR
into the cells to activate the channels in the continuous pres-
ence of the acidic pH solution. As indicated in Fig. 3A and
shown in gray columns in Fig. 3B, ADPR-induced currents

immediately after breakthrough to
the whole cell configuration (time
point a) were undetectable in pH
4.0, strongly suppressed in pH 4.5,
slightly suppressed in pH 5.0, and
unaffected in pH 5.5 solution,
revealing a graded pH-dependent
effect on channel activation with an
IC50 at pH 4.7 (H� concentration of
20 �M) (Fig. 3C).
Currents in pH 4.5–5.5 solutions

were initially large and then quickly
declined in the continuous presence
of the acidic solutions (time point b
in Fig. 3A and black columns in Fig.
3B). However, the inhibition was
incomplete, as evidenced by resid-
ual current in pH 5.5 solution
(denoted by the dash-dot line in Fig.
3A). Moreover, the inhibition was
largely reversed upon returning to
pH7.3 (cf. hatched and gray columns
in Fig. 3B). The recovered currents
were completely and irreversibly
inhibited upon reexposure to pH
4.0–5.5 (time point d in Fig. 3A and
unfilled columns in Fig. 3B), as
occurred in the experiments of Fig.
1, B–F.
In cells exposed to pH 4.0 for 2

min in the whole cell configuration,
there was small recovery of current
upon returning to pH 7.3 (Fig. 3A).
We performed further experiments
in which the exposure duration was
shortened to 1 min or the cells were
returned to pH 7.3 immediately
after channel activation (�10 s) or 1
min before. As shown in Fig. 4, the
irreversible inhibition was progres-
sively reduced as the exposure
duration was shortened and did not
happen to the channels returned

to pH 7.3 before activation. Thus, the channel inactivation
depended strongly on the exposure duration to pH 4.0. This
slower effect is in striking contrast with the fast inactivation
(�30 s) of the open channels (Fig. 1B) or channels recovered in
pH7.3 solution (Figs. 3,A andB, and 4). The results suggest that
binding of extracellular protons to the closed channels induces
a conformational change that renders subsequently opened
channels less prone to inactivation.
State-dependent Inhibition of Single TRPM2 Channels by

Extracellular Acidic pH—To investigate inhibition of channels
by acidic pH further, we performed experiments in excised out-
side-outmembrane patches. The results are summarized in Fig.
5. Channel activity was first recorded in pH 7.3 solution. Acid-
ifying the extracellular solution to pH 5.5 resulted in almost
complete and irreversible channel inhibition (Fig. 5, A and B).

FIGURE 2. Voltage-dependent effects by extracellular acidic pH on inward and outward TRPM2 channel
currents. ADPR induced currents for WT TRPM2 channels at constant holding membrane potentials (HP) of
�40 mV (outward currents) or �40 mV (inward currents), first in pH 7.3 and then in pH 4.5 (A) or pH 6.0 (B). The
dotted lines indicate the baseline. The numbers of cells examined in each case are indicated in parentheses. ***,
p � 0.001 compared with the currents before and after exposure to the indicated acidic pH solutions. There is
no significant difference in the steady-state inhibition between inward and outward currents and an obvious
delay in reaching the steady-state inhibition of the outward currents in pH 6.0. Error bars, S.E.

FIGURE 3. TRPM2 channel activation and subsequent current inhibition in acidic pH solutions. A, ADPR-
induced currents at �80 mV for WT TRPM2 channels, using 1-s voltage ramps of �120 mV to 80 mV applied
every 5 s. Left, control experiment showing that the currents induced in pH 7.3 were rapidly and irreversibly
inhibited in pH 4.0. Center, cell exposed to pH 4.0 for 2 min (indicated by two arrowheads) after whole cell
configuration. After the current recovery was completed upon returning to pH 7.3, the cell was reexposed to
pH 4.0 followed by returning to pH 7.3. Right, similar recording made in pH 5.5, using the same protocols as in
pH 4.0. The arrow in each recording indicates the time point at which whole cell configuration was established.
The residual current in pH 5.5 is highlighted by the dash-dot line. B, summary of the currents in pH 4.0, 4.5, 5.0,
or 5.5 at four time points denoted by a, b, c, and d shown in A. The numbers of cells recorded in each case are
indicated in parentheses. ***, p � 0.001; **, p � 0.005; *, p � 0.05. C, pH dependence of channel activation in
acidic pH solutions, using ADPR-induced currents at time point a, expressed as percentage of the mean cur-
rents in parallel control experiments shown in B. The smooth curve represents the least-squares fit to the Hill
equation with an IC50 of pH 4.7 and Hill coefficient of 1.8. Error bars, S.E.
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Recordings made initially in pH 5.5 showed that there was
recovery of channel activity upon exposure to pH 7.3 and irre-
versible inactivation upon subsequent reexposure to pH 5.5
(Fig. 5, C and D). The results are consistent with those from
whole cell recordings. The single channel recordings also
revealed that the unitary currents were reduced from 4 pA in
pH 7.3 to 2.5 pA in pH 5.5 (Fig. 5), indicating that acidic pH
suppresses the single channel conductance by �40%.
Effects of Alanine Substitution of Candidate Proton-interact-

ing Residues on Acidic pH-induced Inhibition and Inactivation
of TRPM2 Channels—Histamine, glutamate, aspartate, and
lysine residues are potential effectors for protons (42 and refer-
ences therein). Eighteen such candidate residues are found in
the hTRPM2 channel pore region, including Lys952 at the extra-
cellular edge of the S5 (Fig. 6A). Each position was substituted
with alanine. Fig. 6B shows the mean ADPR-induced inward
currents for 10 of the mutants. R962A and R968A caused com-
plete loss of function, and current amplitudeswere significantly
reduced for K952A, K1005A, and K1007A. The other mutants
gave currents that were similar to those of the WT channel.
Nine other mutants, including the nonfunctional E960A and
D987A,whichwere previously reported (46), were further stud-
ied here in relation to acid sensitivity.
The 14 functional mutant channels were first exposed to pH

7.3 and then pH 4.5 or pH 5.5. The results are summarized in
Fig. 6, C and D. As with the WT channel, the inhibition by pH
4.5 was rapid and exceeded 95%, although there was slightly
smaller reduction for K952A, H973A, D1002A, and K1007A
(dotted bars in Fig. 6D). There were more obvious differences
when using pH 5.5, as illustrated in Fig. 6C. In cells expressing
the K952A and D1002A mutant channels, substantial inhibi-
tion did not occur in response to pH 5.5 over several minutes.
Residual currents were abolished by subsequent application of
the TRPM2 blocker, ACA (Fig. 6C). On average, the residual
currents expressed as percentages of the currents before expo-
sure to pH 5.5 were 14 � 2.8% and 39 � 5.9% for K952A and
D1002A, respectively (Fig. 6D); these values represent underes-
timates due to concomitant current rundown (Fig. 6C). On the
basis of the time required to cause 90% inhibition (t90%), H958A
(23� 6.4 s, n� 7; Fig. 6C), D964A (19.4� 3.5 s, n� 4; Fig. 6C),

K1005A (11.9 � 1.2 s, n � 5), and
R1017A (15.9 � 3.2 s, n � 3) accel-
erated, whereas H995A (106 � 21 s,
n � 4), E1010A (138 � 12 s, n � 5;
Fig. 6C), and D1012A (96 � 15 s,
n � 5; Fig. 6C) slowed down the
inhibition relative to the WT chan-
nel (50 � 4.5 s, n � 9; p � 0.01).
Furthermore, the inhibition was
partially reversible for K952A,
E1010A, and D1012A and com-
pletely reversible for D1002A and
E1022A (Fig. 6C). As summarized in
Fig. 6A, these results suggest that
several residues and particularly
Lys952 and Asp1002 are important
molecular determinants conferring
on the TRPM2 channel the sensitiv-

ity to inhibition by extracellular acidic pH.

DISCUSSION

We investigated functional modulation of ADPR-induced
TRPM2 channel currents by extracellular acidic pH and made
three important findings. First, the TRPM2 channels in the
open state are highly sensitive to inhibition by extracellular
acidic pH. The steady-state inhibition was complete, voltage-
independent, and pH-independent in the range of pH 4.0–6.0
(Figs. 1 and 2). The inhibition was also irreversible. We inter-
pret these results to indicate that extracellularH�uponbinding
to the open channels can induce conformational changes lead-
ing to channel inactivation.As discussed later, this ismost likely
via interacting with the outer vestibule of the pore. Thus, the
effect and mechanism bear some similarity with those previ-
ously reported for the TRPM5 (41) but completely differ from
those for the TRPM6 and TRPM7 channels (39, 40, 49, 50).
During preparation of this manuscript for publication, two

groups reported the effects of acidic pH mainly on the open
TRPM2 channels (51, 52). All three studies consistently dem-
onstrated strong inhibition but differ in four main aspects. The
first one is exemplified by the reversibility of the inhibition or
the acidic pH in which inactivation occurred: �pH 4.0 in the
first study by Du et al. (51), �pH 5.0 in the second study by
Starkus et al. (52), and �pH 6.0 in this study. This could be
explained at least in part by the experimental conditions,
including extracellular Ca2� concentrations (52), channel
(open or closed) states (Figs. 1, B–F, and 3, A and B) and expo-
sure duration (Fig. 4A). The second difference is about the volt-
age dependence of the inhibition. The first study shows the
steady-state inhibition to be voltage-independent (51). The sec-
ond study, however, suggests that both the steady-state inhibi-
tion and the kinetics of inhibition are voltage-dependent,
although the inhibition did not satisfactorily reach the steady
state (Fig. 1, C–E, in Ref. 52). Our results from examining inhi-
bition of the outward and inward currents (Fig. 2B) provide
unambiguous evidence to indicate that the kinetics of inhibi-
tion is voltage-dependent but the steady-state inhibition is not.
The apparent voltage dependence suggests to us differential influ-
ence of the direction of ion permeation on access and binding of

FIGURE 4. Exposure time-dependent inactivation of TRPM2 channels preexposed to extracellular acidic
pH in close state. A, ADPR-induced currents at �80 mV for WT TRPM2 channels, using 1-s voltage ramps of
�120 mV to 80 mV applied every 5 s. Left, a cell exposed to pH 4.0 for 2 min before whole cell configuration and
continued to be exposed to pH 4.0 for another 2 min (indicated by two arrowheads) after whole cell configu-
ration. When the current recovery was completed, the cell was reexposed to pH 4.0 followed by returning to pH
7.3. Left center, a similar recording in which the exposure time after whole cell configuration was shortened to
1 min. Right center, a similar recording in which the cell was returned to pH 7.3 for 1 min (indicated by two
arrowheads) before whole cell configuration. Right, a control recording showing ADPR-induced currents in pH
7.3. The arrow in each recording indicates the time point at which whole cell configuration was established.
B, summary of the maximal ADPR-induced currents recovered or induced in pH 7.3 (at time point denoted by
# shown in A). The column denoted by �10 s shows the currents from cells that were returned to pH 7.3
immediately before whole cell configuration. The numbers of cells recorded in each case are indicated in
parentheses. ***, p � 0.005 compared with parallel control experiments. Error bars, S.E.
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extracellular H� to the open channels. The third difference is
regarding the underlying mechanism. The first study concludes
that extracellularH� inhibits the open channels via binding to the
outer vestibuleof thepore (51),whereas the secondstudy supports
the notion that extracellular H� permeates through, and inhibits

intracellularly, the open channels
(52). Our results and particularly
those from site-directed mutagenesis
as discussed later strongly favor an
extracellular mechanism (51). The
last difference is with respect to the
effect of acidic pH on single channel
conductance. The present study (Fig.
5), as did the first study (51), showed a
reduction of �40% in single channel
conductance, whereas the second
study found that the single channel
conductance was reduced by �35%
for the native TRPM2 channels in
neutrophils but was unaltered for the
recombinant TRPM2 channel (52).
The second important finding

from this study is strong and dis-
tinctive influence of extracellular
acidic pH on channel activation and
subsequent inhibition. In response
to the same concentration of ADPR,
no currents were detectable in pH
4.0, but the currents in pH 5.5 were
not different from those in pH 7.3,
resulting in a pH-dependent effect
on channel activation, with an IC50
for H� of 20 �M (pH 4.7; Fig. 3C).
Exposure of the closed channels to
pH 4.0–5.5 had no effect on the cur-
rents subsequently induced in pH
7.3 (Fig. 4) or on the steady-state
current inhibition by acidic pH,
with an exception of pH 5.5 that
prevented complete inhibition (Fig.
3, A and B). However, surprisingly,
such exposure rendered the inhibi-
tion of the currents subsequently
induced in acidic pH solutions to be
highly reversible or the channel
inactivation slower and less effec-
tive (Figs. 3, A and B, and 4). This
strikingly contrasts with the fast
(�30 s) and irreversible inactivation
of the channels that were previously
activated in pH 7.3 (Fig. 1) or acti-
vated in acidic pH solution but sub-
sequently recovered in pH 7.3 (Fig.
3, A and B). These results were
reproducible at the single channel
level (Fig. 5). We suppose that all of
the results indicate that extracellu-
lar H� binds to the closed channels

in a reversible manner and that such binding makes the chan-
nels activated in acidic pH solution less prone to inactivation.
The third important finding is identification of several resi-

dues in the outer vestibule of the pore that are critically
involved in the inhibition by extracellular acidic pH. For

FIGURE 5. State-dependent effects of extracellular pH 5.5 on TRPM2 single channel activities. A, repre-
sentative outside-out recordings of the effect of extracellular pH 5.5 on ADPR-evoked single channel currents
previously induced in pH 7.3. Single channel events are clearly seen in the expanded traces, to which the scales
are applicable. The resolvable unitary currents at �80 mV were �4 pA and 2.5 pA in pH 7.3 and pH 5.5,
respectively. The asterisks indicate the noises introduced by solution changes or a brief time gap in recording.
B, all-point histograms of the current amplitudes from 10-s recordings in the indicated conditions as illustrated
in A. C, representative outside-out recording of the effects of extracellular pH 5.5 on ADPR-evoked single
channels, exposure of which to pH 5.5 started when the channels were in closed state (data not shown). Single
channel events are clearly seen in the expanded traces, to which the scales are applicable. The resolvable unitary
currents at �80 mV were �4 pA and 2.5 pA in pH7.3 and pH5.5, respectively. The asterisks indicate the noises
introduced by solution changes or a brief time gap in recording. D, all-point histograms of the current ampli-
tudes from 10-s recordings in indicated conditions as illustrated in C.
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instance, mutation to alanine of
Lys952 andAsp1002 strongly reduced
the steady-state inhibition and par-
tially or completely prevents chan-
nel inactivation (Fig. 6C-D). Signifi-
cant but less dramatic effects
resulted from mutation of His995,
Glu1010, Asp1012, and Glu1022 (Fig.
6C and “Results”). These residues
are presumably not involved in
Ca2� and Na� binding because
mutation of many of them had no
effect on their permeability (46).
Therefore, our results suggest that
the inhibition by extracellular acidic
pH results fromH� interactionwith
the outer vestibule of the pore. This
notion is consistent with the
reduced single channel conduct-
ance (Fig. 5). The reduction in the
sensitivity to inhibition by extracel-
lular Ca2� reported in the recent
two studies (51, 52), and the slower
and delayed inhibition of the Na�-
carrying outward currents by pH6.0
(Fig. 2A) may reflect competitive
binding for H� and Ca2�, or Na� in
the absence of Ca2�, to the outer
vestibule, because of close apposi-
tion of the Ca2�-binding residues
(e.g. Glu960 (46) with the H�-bind-
ing residues identified here such as
Asp1002. One of the two recent stud-
ies also examined by site-directed
mutagenesis 11 of the 18 residues
we did here and found that none
of their mutations reduced but
H958Q, D964N, and E994Q in-
creased the sensitivity to inhibition
by extracellular acidic pH (51). In
our study, H958A andD964A accel-
erated the inhibition (Fig. 5A).
Thus, despite differing in detail,
both studies implicate a possible
role for His958 and Asp964. The rea-
sons for the major discrepancy in
terms of mutational effects between
two studies are unclear but could
correlate with the different channel
conformations manifested by the
nature of inhibition, which was
strongly reversible in the previous
study (51) and completely irreversi-
ble in the present study.
We observed strong state-depen-

dent effects by acidic pH both at the
whole cell (cf. Figs. 1 and 3A) and
single channel levels (Fig. 5). Fig. 7

FIGURE 6. Effects of alanine substitution of the pore residues on TRPM2 channel function and inhibition
by extracellular acidic pH. A, diagram of membrane arrangement of a TRPM2 channel subunit. S1–S6, six
transmembrane segments; P loop, pore-forming domain; MHD I–IV, four TRPM homology domains; CC, coiled-
coil required for TRPM2 channel assembly; NUDT9-H, NUDT9 homology domain for ADPR binding. The 18
positions investigated in this study are highlighted. Effects of alanine substitution are as follows (see B–D):
complete of loss of channel function (Glu960, Arg962, Arg968, and Asp987 in hatched circles), strong reduction in
inhibition and reversible inhibition (Lys952 and Asp1002 in black circles), accelerated inhibition (His958 and Asp964

in dotted circles), and slowed down or reversible inhibition (His995, Glu1010, Asp1012, and Glu1022 in gray circles).
B, ADPR-induced currents for WT or the indicated mutants. The numbers of cells recorded in each case are
indicated in parentheses. ***, p � 0.001; **, p � 0.01 compared with WT. C, representative ADPR-induced
currents at �80 mV for WT or indicated mutants, using 1-s voltage ramps of �120 mV to 80 mV applied every
5 s. The recordings started in extracellular pH 7.3 and then in pH 5.5, before returning to pH 7.3. 20 �M ACA was
applied to abolish residual and or recovered currents. The arrow in each panel indicates the time point at which
whole cell configuration was established. The residual currents in pH 5.5 are highlighted by the dashed lines for
K952A and D1002A. D, steady-state residual currents in pH 4.0 (left) or pH 5.5 (right), expressed as percentage
of the currents in pH 7.3 before change to extracellular acidic solutions. The numbers of cells recorded in each
case are indicated in parentheses. The hatched bars denote p � 0.005, and the dotted bars indicate p � 0.05,
compared with WT. Error bars, S.E.
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illustrates one simple and unifying scheme. Given that the res-
idues contributing to the H� binding site we identified are
located in the outer vestibule, itmay be not totally unreasonable
to assume that theH� binding sites in the closed channels show
limited accessibility and lower affinity (state a). Conforma-
tional changes in the outer vestibule, accompanying channel
opening in pH 7.3, increase accessibility and binding affinity of
such sites (state b). Extracellular H�, when binding to the high
affinity sites (state c), results in reversible inhibition character-
ized by reduction in single channel conductance (state d) and
elicits further conformational changes to inactivate the perme-
ating pathway (state e) (Figs. 1, 2, and 5). On the other hand,
when extracellular H� binds to the low affinity sites (state a	),
the H�-bound channels can open (state c	) and be reversibly
inhibited by continuous exposure to acidic pH (state d	). How-
ever, H� binding imposes allosteric conformational hindrance
to render the channels less prone to inactivation (state e),
resulting in pH and exposure duration-dependent inactivation
(Figs. 3–5). Once recovered from reversible inhibition upon
returning to pH 7.3, the activated channels disclose the high
affinity sites (state b) and undergo the same processes (states
c–e) upon reexposure to acidic pH (Fig. 3), like those previously
activated in pH7.3 (Fig. 1). This scheme, despite being oversim-
plified, provides a useful framework for a mechanistic under-
standing of the modulation of the TRPM2 channels by extra-
cellular acidic pH.
Extracellular acidosis develops at the sites of infection or

injury and has well established effects on the function of
immune and other cells (53). This study helps to understand
how cells sense and respond to extracellular acidification.
Increasing evidence supports a crucial role of theTRPM2 chan-

nels at the cell face inmediating oxi-
dative stress and other signaling (5,
8, 30–32). Our findings suggest that
extracellular acidification serves as
a protective or negative feedback
mechanism to limit oxidative stress-
induced TRPM2 channel-mediated
cytolytic effects. The state-de-
pendent modulation bears strong
implications for the TRPM2 chan-
nel functions, as the effects critically
depend upon temporal occurrence
of oxidative stress and extracellular
acidification. TRPM2 also operates
as a lysosomal Ca2� release channel
(24). The effects of highly acidic
luminal pH on the TRPM2 channels
are likely similar to thosewe showed
here (Fig. 3). The luminal pH
becomes less acidic (24), and thus
the protective role of the luminal
acidic pH is anticipated to be com-
promised during diseased condi-
tions such as apoptosis.
In summary, we show that extra-

cellular acidic pH imposes strong
and state-dependent inhibition of

the TRPM2 channels. Lys952 and Asp1002 and several other res-
idues in the outer vestibule are important in mediating this
inhibition. Such information helps us to understand better the
mechanisms by which the TRPM2 channels are modulated
under physiological and pathological conditions and the struc-
ture-function relationships of the TRPM2 channels.
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