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Transient receptor potential melastatin 7 (TRPM7) is a Ca®*- and Mg?*-permeable nonselective cation
channel that contains a unique carboxyl-terminal serine/threonine protein kinase domain. It has been
reported that reactive oxygen species associated with hypoxia or ischemia activate TRPM7 current and
then induce Ca®* overload resulting in neuronal cell death in the brain. In this study, we aimed to
investigate the molecular mechanisms of TRPM7 regulation by hydrogen peroxide (H,0,) using murine
TRPM7 expressed in HEK293 cells. Using the whole-cell patch-clamp technique, it was revealed that the
TRPM7 current was inhibited, not activated, by the application of H,O- to the extracellular solution. This
inhibition was not reversed after washout or treatment with dithiothreitol, suggesting irreversible
oxidation of TRPM7 or its regulatory factors by H,0, under whole-cell recording. Application of an
electrophile, N-methylmaleimide (NMM), which covalently modifies cysteine residues in proteins, also
inhibited TRPM7 current irreversibly. The effects of H,0, and NMM were dependent on free [Mg?*];; the
inhibition was stronger when cells were perfused with higher free [Mg?*]; solutions via pipette. In
addition, TRPM7 current was not inhibited by H,O, when millimolar ATP was included in the
intracellular solution, even in the presence of substantial free [Mg?*];, which is sufficient for TRPM7
inhibition by H,0, in the absence of ATP. Moreover, a kinase-deficient mutant of TRPM7 (K1645R) was
similarly inhibited by H,O, just like the wild-type TRPM7 in a [Mg?* ]i- and [ATP]i-dependent manner,
indicating no involvement of the kinase activity of TRPM7. Thus, these data suggest that oxidative stress
inhibits TRPM7 current under pathological conditions that accompany intracellular ATP depletion and
free [Mg?™* ]; elevation.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA

license (http://creativecommons.org/licenses/by-nc-sa/3.0/).

Reactive oxygen species (ROS) are implicated in various patho-
physiological and physiological functions [1-5]. Several transient
receptor potential (TRP) channels, including TRPM7, have been
reported to be redox sensors that are activated by ROS and
permeable to Ca?* to induce cellular responses [6,7]. TRPM2
was the first reported ROS sensor among the TRP channels;
the molecular mechanisms of redox sensing of TRPM2 have been
vigorously investigated [8-11]. ROS stimulation generates nicoti-
namide adenosine dinucleotide, which is converted to ADP ribose
(ADPR). The binding of ADPR to the NUDT9-H domain, located
at the carboxyl terminus of TRPM2, activates the channel and
thereby induces Ca?* influx followed by cellular responses, such
as cell death or inflammation. In contrast to the widely reported
TRPM2, the mechanism of TRPM7 regulation by ROS has not
been investigated to date. Aarts and colleagues [12] first reported
that TRPM7 current is activated by ROS generated under anoxic

* Corresponding author. Fax: +81 3 5379 0658.
E-mail address: hana@tokyo-med.ac.jp (H. Inoue).

http://dx.doi.org/10.1016/j.freeradbiomed.2014.04.015

conditions and induces neuronal cell death by Ca?* overload.
Subsequently, the downregulation of TRPM7 in hippocampal neu-
rons has been reported to prevent delayed neuronal death after
ischemia in vivo [13]. Thus TRPM7 plays a key role during oxidative
stress, but the mechanism for the regulation by ROS remains
unclear. In this study, we aimed to investigate the molecular
mechanisms for the regulation of murine TRPM7 by ROS using
heterologous expression systems in HEK293 cells. Unexpectedly,
H,0, did not activate, but rather inhibited, TRPM7 current under
our conditions. The inhibition of TRPM7 current by H,0, was
dependent on intracellular concentrations of free Mg?* ([Mg?*];)
and total ATP (|ATP];). When a kinase-deficient TRPM7 mutant was
used, it was revealed that the kinase activity of TRPM7 was not
involved in redox sensing. Our findings indicate that the activity of
TRPM?7 is inhibited by ROS in the presence of high [Mg?*]; and low
[ATP];, which may occur during prolonged ischemia. When [ATP]; is
normal (~5 mM), on the other hand, TRPM7 activity is probably
maintained even in the presence of ROS.

Portions of this work have appeared previously in abstract
form [14].

0891-5849/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Materials and methods

Cloning and generation of cell lines stably overexpressing TRPM7
and mutants

The full-length coding sequence of mouse TRPM7 (NM_
001164325) was amplified by PCR using cDNA of mouse adipocytes
as the template with the primers 5'-CCACGCGTGCCACCATGTCC-
CAGAAATCCTGGATAG-3’ (Mlul site is in italic) and 5-CCCTCGAGC-
TATAACATCAGACGAACAG-3’ (Xhol site is in italic) and cloned into
pcDNA5/FRT/TO (Invitrogen, Carlsbad, CA, USA), a tetracycline-
inducible expression vector, using the Mlul and Xhol sites. Single
amino acid substitution mutants (K1645R and M1596A) were
generated by site-directed mutagenesis using the QuikChange
site-directed mutagenesis kit (Agilent Technologies, La Jolla, CA,
USA) following the manufacturer's instructions. The predicted
DNA sequences of all constructs were verified by sequencing.
Stable inducible HEK293 cell lines expressing TRPM7 and its
mutants were generated by cotransfection of the wild-type or
mutant pcDNA5/FRT/TO vector with the pOG44 vector encoding
Flp recombinase into Flp-In T-Rex HEK293 cells (Invitrogen), as
previously described [15].

Cell culture

HEK293 TRPM7-wt, -K1645R, and -M1596A cells were main-
tained in Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum, 2 mM glutamine, 100 pM hygromycin,
15 pM blasticidin, and penicillin-streptomycin (Invitrogen). To
induce protein expression, doxycycline (1 pg/ml) was added to
the culture medium the day before experiments. Experiments
were performed 15-24 h postinduction.

Immunoblotting

Stable HEK293 cells were plated into 100-mm culture dishes
and protein expression was induced by doxycycline (1 pg/ml) for
24 h. The cells were harvested, rinsed twice with phosphate-
buffered saline, and resuspended in a homogenization buffer
(0.3 M sucrose and 20 mM Tris-HCl, pH 7.4, and a protease
inhibitor mixture). The cells were disrupted by N, cavitation after
equilibration in N, for 15 min at 1000 psi. The microsomes were
obtained by differential centrifugation (1000-100,000g) and
resuspended in the above buffer. These samples were mixed with
Laemmli buffer and then subjected to SDS-PAGE (3-15%). The
separated proteins were electrically transferred onto a polyvinyli-
dene difluoride membrane. The membrane was incubated with
goat anti-TRPM7 antibody (ab729; Abcam Biochemicals, Bristol,
UK), followed by peroxidase-conjugated anti-goat IgG antibody
(KPL, Gaithersburg, MD, USA). The positive bands were visualized
using the enhanced chemiluminescence system.

Patch-clamp recordings

Stable HEK293 cells were plated on glass coverslips coated with
Matrigel (BD Biosciences, Bedford, MA, USA). All recordings were
conducted at room temperature (23-25 °C). A salt bridge contain-
ing 3M KCI in 1.5% agarose was used to connect a reference
Ag-AgCl electrode to minimize redox artifacts [16]. The patch
electrodes were prepared from borosilicate glass capillaries and
had a resistance of 1.5-2.3 MQ when filled with a pipette solution
(see below). Series resistance ( < 3 MC) was compensated for (80%)
to minimize voltage errors. Currents were recorded using an
Axopatch 200B amplifier (Molecular Devices, Union City, CA, USA)
coupled to a DigiData 1321A A/D and D/A converter (Molecular
Devices). Current signals were filtered at 1 kHz using a four-pole

Bessel filter and were digitized at 5 kHz. pClamp 10.2 software was
used for the command pulse protocol, data acquisition, and analysis.
The time courses of current were monitored by repetitively applying
(every 10s) a ramp pulse from —100 to +100 mV (1-s duration)
from a holding potential of 0 mV. The control bath solution consisted
of (in mM): 135 NaCl, 5 KCl, 1 MgCl,, 1 CaCl,, 1.2 NaH,PO,4, 10 Hepes,
2 glucose, and 27 mannitol (pH 7.4 adjusted with NaOH, 315 mOsm/
kg H,0O). The divalent-free bath solution (DVF) was made by
omitting MgCl, and CaCl, and adding 0.5 mM EDTA and 0.2 mM
EGTA. The intracellular (pipette) solutions were as follows (in mM):
25 Cs(Cl, 110 CsOH, 110 glutamate, 0.2 EGTA, 10 EDTA, and 5 Hepes
(pH 7.3 adjusted with CsOH, 290 mOsm/kg H,0). MgS0,4 was added
to vary the free Mg?* concentrations ([Mg?*]). For the intracellular
solution containing [Mg?* | higher than 42.6 uM, EDTA was replaced
with  N-(2-Hydroxyethyl)ethylenediamine-N,N’,N-triacetic ~ acid
(HEDTA). The ATP-containing intracellular solutions were as follows
(in mM): 25 CsCl, 120 CsOH, 120 glutamate, 0.5 or 5 NayATP,
0.1 NaGTP, and 5 Hepes. MgCl, was added to vary the [Mg?*].
[Mg?*] was calculated by the Maxchelator software (http://maxche
lator.stanford.edu/webmaxc/webmaxcS.htm). When adenosine 5'-
(B,y-imido)triphosphate (AMP-PNP) was included in place of ATP,
[Mg2*] was estimated by using the dissociation constants reported
by Pettit and Siddiqui [17]. The osmolarity of the intracellular
solutions, ranging from 290 to 300 mOsm/kg H,0, was measured
using a freezing point depression osmometer (Osmomat 030,
Gonotec, Berlin, Germany). H,O, or N-methylmaleimide (NMM)
was applied to the extracellular solution for 4 min, and the current
amplitudes were analyzed at the end of the application. The current
amplitudes just before the application of H,O, or NMM were
considered to represent the control.

Statistical analysis and data fitting

Data are given as means + SEM of observations. Compari-
sons of two experimental groups were made using Student's t test,
whereas multiple comparisons were made using ANOVA followed
by the Bonferroni test. Data were considered to be significant
at P < 0.05.

For analysis of concentration-dependent inhibition, data were
fitted with a monophasic (Figs. 1D and 3C) or biphasic (Fig. 3D)
concentration-response curve provided by the Origin software
fitting subroutine (OriginLab, Northampton, MA, USA) as pre-
viously described [18]. The formula for monophasic concentra-
tion-response curves is

y = Bottom -+ [(Top — Bottom) /(1 + 10108150 ~xslopeyy

where Bottom and Top are the plateaus at the left and right ends of
the curve. IC5o is the concentration that gives a half-maximal
inhibitory effect. Slope is the unitless slope factor with a lower
bound set to —10.

The formula for biphasic concentration-response curves with
two ICsq's, ICSO(]) and IC50(2), is

y = Bottom + (Top — Bottom) [p/(1 + 101081501 —xslopel
+ (1 —p)/(l +1 O(IOgICSO(Z)—x)slopez)]

where p is the fraction of high-affinity inhibition.

Results
TRPM? inhibition by H>0,

To investigate the effect of H,O, on TRPM7 current, we establi-
shed a HEK293 cell line that expresses mouse TRPM7-wt by
doxycycline treatment. Doxycycline-induced expression of TRPM7
was confirmed by Western blotting (cf Fig. 6A). Because it has been
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Fig. 1. TRPM?7 inhibition by H,0,. (A) A representative trace showing the inhibitory effect of H,0, (500 uM) on TRPM7-wt current in the presence of 217 uM [Mg?* ], Under
the whole-cell clamp mode, ramp command pulses from — 100 to 100 mV (1-s duration) were applied every 10 s, and the current amplitude at +80 mV (closed circles) or
—80 mV (open circles) was plotted against the recording time. (B) Representative I-V relationship of TRPM7-wt current recorded from the same cell shown in (A) before
(black line) or 4 min after (red line) the application of H,0, (500 pM). (C) Doxy treatment induced a substantial increase in the current density (at +80 mV, > 10 times),
which was inhibited by H,0, (500 pM). Each bar represents the mean + SEM (vertical bar) of seven to nine observations. *P < 0.05 vs control in Doxy (+) HEK293 cells.
(D) H,0; inhibited the current in a concentration-dependent manner with ICsq at 15.9 uM. Each symbol represents the mean current + SEM (vertical bar) of the current
amplitude at +80 mV after the application of H,O, relative to that before application (4-6 observations).

reported that TRPM7 is inhibited by intracellular Mg?* [18-20],
we initially used a 217 uM Mg?* intracellular solution, which
enabled instantaneous recording of TRPM7 current after break-in.
In doxycycline-treated [Doxy (+ )] HEK293 cells, outwardly recti-
fying currents were gradually activated after break-in, probably
due to relief from the inhibition by intracellular Mg?* (Fig. 1A and
B). In contrast, untreated [Doxy (—)] HEK293 cells exhibited a
small outward current; the mean current density was < 10% of
Doxy (+) HEK293 cells (Fig. 1C).

Unexpectedly, application of 500 pM H,0,, which has been
reported to induce an increase in [Ca?*]; in HEK cells transfected
with TRPM7 [21], did not activate, but rather inhibited, the
currents (Fig. 1). The inhibition by H,0, was irreversible after
washout during recordings (~15 min) and it was concentration
dependent with ICso at 16 pM (Fig. 1D). Because spontaneous
inactivation (rundown) of the current became prominent during
whole-cell recordings over a period of ~15 min in the presence of
217 uM [Mg?*]; (Supplementary Fig. 1A), it was difficult to
determine whether washout of H,0, for longer periods
(>15min) could reverse the inhibition of the TRPM7 current.
However, even with a low concentration (10 pM) of H,0,, the
inactivation of TRPM7 was not lowered after washout and after
application of dithiothreitol (DTT) (Supplementary Fig. 1A). DTT
applied immediately after 50 pM H,0, treatment to minimize the

effect of rundown had no effect on the current inactivation
(Supplementary Fig. 1B). Thus, it was concluded that TRPM7
inhibition by H,0, is irreversible at least under the present
experimental conditions.

The fact that the current was induced by treatment with
doxycycline, and it was inhibited by known inhibitors of TRPM?7,
2-aminoethoxydiphenyl borate (200 pM) or NS8593 (30 pM), to
51.3+4.8 (n = 7) or 10.3 +3.5% (n = 5) at +80 mV, respectively
(data not shown), strongly suggested that the current was carried
by TRPM?7.

Voltage-independent inhibition of TRPM7 by H>0,

Extracellular divalent cations inhibit TRPM7 current in a
voltage-dependent manner. Because the inward current is more
sensitive to the blockade by divalent cations, the current-voltage
(I-V) relationships exhibited strong outward rectification in the
presence of divalent cations (Fig. 1B). Because the inward current
was too small to investigate the effect of H,0, in detail, divalent
cations were eliminated from the extracellular solution to enhance
inward current via TRPM7 (Fig. 2). Perfusion with DVF extracellular
solution increased both the inward and the outward currents,
resulting in quasi-linear I-V relationships in Doxy (+) TRPM7-wt
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Fig. 2. TRPM7 inhibition by H,0, was voltage independent. (A) A representative trace showing the voltage-independent inhibition of TRPM7 by H,0, (500 uM). The current
was activated by removal of extracellular divalent cations (DVF). Both inward and outward currents were inhibited by the application of H,0, in the presence of 217 pyM
[Mg?* . (B) Representative I-V relationships of TRPM7-wt current recorded from the same cell shown in (A) in the absence (black line) or presence (red line) of H,0,
(500 uM) in the DVF solution. (C) Mean TRPM7-wt current densities from Doxy (+) HEK293 cells. Each bar represents the mean + SEM (vertical bar) of 12 observations.
*P < 0.05 vs DVF. (D) Endogenous TRPM7-like current exhibited a similar sensitivity to H,O, in Doxy ( —) HEK293 cells. Each bar represents the mean current density +

SEM (vertical bar) of 6 observations. *P < 0.05 vs DVF.

HEK293 cells (Fig. 2A and B). H,0, (500 pM) inhibited both the
inward and the outward currents to the same extent during DVF
perfusion (Fig. 2B and C).

HEK293 cells have been reported to express native TRPM7
[19,22]. Consistently, Doxy (—) HEK293 cells exhibited a H,0,-
sensitive current analogous to exogenously overexpressed TRPM7
under the DVF conditions, though the average current density
was < 10% of Doxy (+) HEK293 cells (Fig. 2D). Thus, voltage-
independent inhibition of TRPM7 by H,0, was similarly observed
in native TRPM7, as well as in the overexpressed channels.

TRPM?7 inhibition by H,0- is dependent on [Mg*];

To investigate the effect of intracellular Mg?* on the TRPM7
inhibition by H,0,, TRPM7 current was recorded in the absence or
presence of H,0, under various [Mg?*];. As shown in Fig. 3A and
B, there was no significant effect of H,0, when intracellular Mg?*
was eliminated. When [Mg?*|; was increased, a larger fraction of
TRPM7 current was inhibited by H,0, with IC5o at 25.1 pM
[Mg?®*]; (Fig. 3C).

The TRPM7 current is inhibited by [Mg?*]; in a concentration-
dependent manner. Chokshi and colleagues [18] reported that the

inhibition of TRPM7 by [Mg?*]; is biphasic (i.e., two ICsq values),
suggesting Mg?* binding to the channel with two affinities. We
therefore fitted the concentration-response relation for [Mg?*];
with the biphasic function as employed in the previous study [18].
The data can be best fitted with ICsq(1) of 6.5 uM and ICsq(2) of
467.2 pM in the absence of H,0, (Fig. 3D, black line); treatment
with H,0, (500 puM) shifted the curve leftward with ICsq values of
1.5 and 27.6 pM (Fig. 3D, red line). Thus, H>0, seems to increase
the sensitivity of TRPM7 to intracellular Mg?*.

NMM inhibits TRPM7

H,0, oxidizes proteins and alters their function. Cysteine
residues of TRPM7 or its regulatory proteins are possible targets
for oxidation by H,0,. Therefore we next investigated the effect of
the synthetic cysteine-modification reagent, NMM, on TRPM7
current. As shown in Fig. 4, 100 uyM NMM inhibited the TRPM7
current irreversibly. The inhibition was significant in the presence
of intracellular Mg?* (217 pM [Mg?*];), whereas elimination of
Mg?* from the intracellular solution attenuated the inhibition by
NMM (Fig. 4C). Taken together, these results suggest that H,O, and
NMM modify cysteine residues of TRPM7 or its regulator and
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Fig. 3. TRPM7 inhibition by H,0, was [Mg?*]; dependent. (A) A representative trace showing no significant effect of H,0, (500 pM) on TRPM7-wt current in the absence of
intracellular Mg?*. (B) Representative I-V relationships of TRPM7-wt current recorded from the same cell shown in (A) in the absence (black line) or presence (red line) of
H,0, (500 pM) in DVF solution. (C) H,0, inhibited the current in a [Mg?* |i-dependent manner with ICsq at 25.1 uM. H,0, was applied during perfusion with DVF solution.
Each symbol represents the mean + SEM (vertical bar) of the current density at +80 mV after the application of H,0, relative to that before application (4-15 observations).
(D) H,0, increased the sensitivity of TRPM7-wt current to intracellular Mg?*. H,0, was applied during perfusion with DVF solution. TRPM7-wt current was inhibited by
intracellular Mg?* with ICs0(1y value of 6.5 uM and ICsg(2) value of 467.2 pM. After the treatment with H,0, (500 pM), the ICsq values were changed to 1.5 and 27.6 pM,
respectively. Each symbol represents the mean + SEM (vertical bar) of the current density at +80 mV normalized to that at 0 [Mg?*]; (4-15 observations).

thereby increase the TRPM7 sensitivity to intracellular Mg?* and
consequently inhibit the current.

TRPM? inhibition by H>0, is prevented by intracellular ATP

In addition to intracellular Mg?*, ATP has also been reported to
regulate TRPM7 activity [19,23,24]. To test the effect of ATP on TRPM7
inhibition by H,0,, TRPM7 current was recorded using intracellular
solutions containing a total concentration of ATP of 5, 2, or 0.5 mM
(Fig. 5). TRPM7 current was activated after break-in and further
activated by extracellular perfusion with DVF in the presence of
5mM [ATP]; and 199 pM [Mg?* .. Application of H,0, (500 pM),
however, failed to significantly inhibit TRPM7 current (Fig. 5A and B).
At lower intracellular [ATP], the inhibition by H,O, became promi-
nent (Fig. 5C). From these results, it is conceivable that in the
presence of the normal level of [ATP]; (~5 mM), TRPM7 current is
not inhibited by H,O, even in the presence of substantial [Mg?™* |;

Activity of TRPM7 a-kinase is not related to the tolerance of TRPM7
currents to H,0,

TRPM7 harbors an a-kinase domain in its carboxyl terminus.
Because tolerance to H,O, was dependent on intracellular ATP
(Fig. 5), we next investigated whether the kinase that requires ATP

for its activity maintains the TRPM7 channel activity during H,0,
exposure. Another HEK cell line that expresses kinase-deficient
TRPM7 (K1645R) was established, and the protein expression was
confirmed by Western blotting (Fig. 6A). The effect of H,0, on the
mutant current was investigated in the presence of 217 pM
[Mg?*]; (Fig. 6B and C). Consistent with the previous study [25],
kinase activity was not essential for the TRPM7 channel activity. As
observed in TRPM7-wt, TRPM7-K1645R current was inhibited by
H,0, (500 uM) in a [Mg?*]-dependent manner (Fig. 6D), and
the presence of 5 mM [ATP]; prevented the current inhibition by
H,0, (cf Fig. 5C). Thus, even in the absence of kinase activity, ATP
conferred the tolerance to H,0, on TRPM7 channel activity
(Fig. 6D).

Phosphatidylinositol 4,5-bisphosphate (PIP) supplementation does
not affect the inhibition of TRPM7 by H>0,

Because the depletion of PIP, has been reported to inactivate
the TRPM7 channel [26], we next examined the possibility that
H,0, inhibits TRPM?7 via degradation of PIP,. However, even when
a high concentration of p-myo-phosphatidylinositol 4,5-bispho-
sphate (diC8-PIP;) (20 or 50 pM) was added to the intracellular
solution, TRPM7 was inhibited by H,O0, to a similar extent
(Supplementary Fig. 2): 88.5+2.1% (n = 4) in the absence of
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diC8-PIP, and 81.7+1.8 (n = 3) or 83.94+3.0% (n = 5) in the
presence of 20 or 50 pM diC8-PIP; in the intracellular solution,
respectively. These results indicate that PIP, is not involved
in the ATP-dependent maintenance of TRPM7 activity during
H,0, exposure.

ATP hydrolysis is not necessary to prevent TRPM7 inhibition by H>05

To test whether ATP hydrolysis is indispensable for the pre-
vention of TRPM7 inhibition by H,0,, the nonhydrolyzable ATP
analog AMP-PNP was included in place of ATP in the intracellular
solution. In the presence of 5mM [AMP-PNP];, H,O, slightly
inhibited TRPM7 current (Supplementary Fig. 3A), although the
difference in the current density between before and 4 min after
the application of H,0, (500 pM) was not statistically significant
(P = 0.07 or 0.09 at +80 or —80 mV, respectively; Supplementary
Fig. 3B). The inhibition of TRPM7 current by H,0, in the absence or
presence of AMP-PNP was, on average, 81 or 47%, respectively (cf
Fig. 2 and Supplementary Fig. 3B). AMP-PNP prevented TRPM7
inhibition by H,0, (though less potent than ATP, cf Fig. 5),
suggesting that hydrolysis of ATP is not necessary to maintain
TRPM7 activity.

Molecular mechanisms underlying the inhibition by H,0, differ
between TRPM6 and TRPM7

TRPMBS, the closest homolog of TRPM7, has been reported to be
inhibited by H,0, [27]. H,O, oxidizes methionine 1755 of TRPM6
and thereby inactivates the channel. Mutation of M1755 to alanine
makes TRPM6 resistant to the inactivation by H,O, [27]. Therefore,
M1596 of TRPM?7, a residue corresponding to M1755 of TRPMS6,
was mutated to alanine to investigate whether this residue was
involved in sensing oxidative stress and inactivating the channel as
well. In contrast to TRPM6-M1755A, TRPM7-M1596A was inhib-
ited by H,O, (Fig. 6E). As with TRPM7-wt, the inhibition was
dependent on [Mg?*];, though an even lower concentration was
sufficient to confer the inhibition (Fig. 6F).

Discussion

In this study, we demonstrated that TRPM7 was not activated,
rather it was inhibited, by H,0,. Because both inward and outward

currents were similarly inhibited by H,O,, the inhibition was
voltage independent. Inhibition of TRPM7 current by H,O, seems
to result from increasing the sensitivity of the channel to intra-
cellular Mg2*. Furthermore, as intracellular ATP decreased, the
inhibition was enhanced, suggesting that the intracellular energy
level is an important factor for H,O, inhibition of TRPM7. ATP
maintains TRPM7 activity even in the presence of H,O, by
unknown mechanisms without the involvement of the o-kinase
activity of TRPM7.

TRPM7 is inhibited by intracellular Mg?* [19,20]. Recent
elaborate studies by Chokshi and colleagues revealed that the
TRPM7 channel is inhibited by internal Mg?* in a biphasic
manner, displaying both high- and low-affinity binding sites
[18,28]. The present results also indicate two separate ICsq values
for Mg?* inhibition of high (~6.5uM) and low (~467.2 uM)
affinities (Fig. 3D). H,0, treatment increased these affinities to
~1.5 and ~27.6 pM, respectively. To date, several amino acids in
the TRPM7 C terminus have been reported to influence the
sensitivity to intracellular Mg?*. Consistent with the previous
study by Schmitz and colleagues [25], we also observed that
complete deletion of the C terminus after amino acid 1464
resulted in highly increased sensitivity to intracellular Mg?*
(data not shown). In the most recent paper by Hofmann and
colleagues [29], the TRP domain in the TRPM7 C terminus was
proposed to play a key role in the regulation by intracellular
Mg?*. Thus, the molecular structure of the TRPM7 C terminus is
important for its sensitivity to Mg?*. Oxidation of TRPM7 or
its regulatory proteins by H,0, might cause conformational
changes in the channel molecule, possibly at sites proximal to
the C terminus, that consequently lead to the increased affinities
for Mg?™*.

Oxidative stress, including H,0,, induces oxidization of pro-
teins at redox-sensitive amino acids, such as methionine and
cysteine, and modulates their functions. In TRPMS6, it has been
reported that methionine (M1755) is oxidized by H,0O, and is
reduced by methionine sulfoxide reductase B1 (MsrB1) [27].
Oxidation of M1755 results in the inactivation of TRPM6, whereas
it is reversed by reduction by MsrB1 [27]. In contrast to TRPM6, an
oxidation-resistant methionine mutant of TRPM7 (M1596A) was
similarly inhibited by H,0, just like TRPM7-wt (Fig. 6E and F).
Thus, oxidation of this methionine residue is unlikely to play a role
in the inhibition of TRPM7 by H,0,. Similar Mg?*-dependent
inhibition of TRPM7 by NMM suggests that cysteine residues are
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plausible targets for H,O, oxidation to inhibit TRPM7 (Fig. 4C).
There are 36 cysteine residues in a murine TRPM7 protein.
Mutation of each cysteine residue may facilitate the identification
of target residues of H,0, oxidation that exert TRPM7 inactivation.
Another maleimide, biotin maleimide, can be used to probe
cysteine residues and, therefore, it might be a potential screening
tool for the identification of the target cysteine residues if it
can inhibit TRPM7 current as NMM does. However, extracellular
application of biotin maleimide failed to inhibit TRPM7 current
(Supplementary Fig. 4). It is conceivable that the target cysteine
residues that must be oxidized for the inhibition of the current are
not accessible by biotin maleimide (MW 451.54), a molecule larger
than NMM (MW 111.10) or H,0O,. Moreover, there is another
possibility that yet unidentified proteins that regulate TRPM7
activity are the oxidation targets for H,0,. Oxidation of such
regulatory proteins could influence the Mg?* sensitivity of TRPM7
and thereby inactivate the channel.

Inhibition of TRPM7 by H,0, was irreversible in this study. Even
when a low concentration (10 pM) of H,0, was applied, the TRPM7
current was not reversed after washout with DTT (Supplementary
Fig. 1). The ineffectiveness of DTT suggests that target thiols are
sulfinylated or sulfonylated. However, under the supposition that
the target cysteine residues are localized intracellularly, it is still
possible that the applied DTT from the extracellular side did not
successfully access and reduce the oxidized thiols. Thus, it remains

unclear if the oxidation that inactivates TRPM7 is reversible
under physiological conditions, under which cells produce intracel-
lular antioxidants, such as glutathione.

Interestingly, intracellular ATP supplementation prevented the
inhibition of TRPM7 by H,0, (Fig. 5). In the absence of ATP, 4-min
treatment with H,O, decreased the TRPM7 current to 19.5 + 5.1%
at +80 mV under 217 pM [Mg? " ]; conditions (Fig. 3C). In contrast,
in the presence of 5 mM ATP, 85.1 + 1.7% of the TRPM7 current
remained after 4-min treatment with H,0, under 199 pM [Mg?™*|;
conditions (Fig. 5C). Of the supplemented 5mM ATP in the
intracellular solutions, it is estimated that 3.1 mM ATP forms
Mg-ATP. Demeuse and colleagues [24] reported that intracellular
Mg-ATP inhibits TRPM7 current with half-maximal inhibition at
3.33 mM in the presence of 210 uM [Mg?* ;. In the present study,
however, Mg-ATP itself did not seem to inhibit TRPM7. Under
~200 UM [Mg?*]; conditions, the mean current densities
at +80 mV in the control extracellular solutions were not sig-
nificantly different: 279.2 + 30 pA/pF with 10 mM HEDTA and
287.1 + 55.7 pA/pF with 5 mM ATP as a Mg?* buffer. This result
is consistent with a previous study by Kozak and Cahalan [30]
showing that Mg-ATP acts only as a Mg?* source, from which
Mg?* is released to inhibit TRPM7 channels. Thus, without
affecting TRPM7 activity by itself, it remains unclear how ATP (or
Mg-ATP) prevents the inhibition of TRPM7 current by H,0,. ATP is
necessary for a-kinase at the TRPM7 C terminus to phosphorylate
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application (5-8 observations).

its targets by donating a terminal phosphate. Therefore, it was
suggested that ATP supplementation prevented the inhibition by
keeping the phosphorylation activity of TRPM7 a-kinase. However,
by using a kinase-deficient TRPM7 mutant (K1645R), it was
revealed that ATP confers the tolerance to H,0, without TRPM7
a-kinase activity (Fig. 6D).

PIP, has been reported to be a regulator for TRPM7 activity |26,
31,32]. Because PIP, synthesis is catalyzed by phosphatidylinositol-
4-phosphate 5 kinase (PIP5K), which also requires ATP, PIP5K activity
sustained by ATP supplementation is probably involved in the
tolerance to H,0,. Additionally, it has been reported that H,O,
decreases PIP, levels by downregulating PIPSK [33,34]. In conjunction
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with these previous studies, it is tempting to hypothesize that
PIP, plays a central role in the TRPM7 tolerance to H,0,, that is,
H,0, decreases PIP, levels by downregulating PIP5K and thereby
inactivating TRPM7. However, intracellular supplementation of PIP,
failed to prevent the inhibition of TRPM7 by H,0, (Supplementary
Fig. 2). Thus, the involvement of PIP, in the regulation of TRPM7 by
ROS is unlikely.

The above two denied hypotheses (the involvement of TRPM7 -
kinase or PIP,) both require ATP hydrolysis. Consistently, as shown
in Supplementary Fig. 3, it was revealed that a nonhydrolyzable ATP
analog, AMP-PNP, also prevented TRPM7 inhibition by H,0-, though
the effect was less potent than that of ATP. It has been reported that
AMP-PNP acts like ATP, but with lower affinities, on several ion
channels and membrane proteins [35-37]. It is thus plausible that
ATP binding, rather than its hydrolysis, plays a crucial role in the
maintenance of TRPM7 activity during H,O, exposure. The partial
effect of AMP-PNP on TRPM7 activity observed in this study might
be due to such a lower affinity binding to ATP acting sites. Further
study is necessary to determine the precise mechanisms for ATP-
induced tolerance of TRPM7 to oxidative stress.

The effects of free Mg?* and ATP on TRPM7 under oxidative
stress might be of physiological relevance. Because ATP binds
Mg?* with a high affinity (K4 ~100 uM), most intracellular ATP
forms Mg-ATP. During ischemia or hypoxia, hydrolysis of Mg-ATP
causes the rise in [Mg?™*];. In concert with low [ATP]; and high
[Mg2*];, ROS, which are also produced under these conditions,
should strongly inhibit TRPM?7.

In contrast to this study, Aarts and colleagues [12] reported that
in TRPM7-overexpressing HEK293 cells, which are quite similar to
our cell line, the application of 1 mM H,0, slightly inhibited the
outward current but markedly enhanced the inward current.
The discrepancy between their study and our present results in
the effect of H,0, on TRPM7 might be explained by the differences
in recording conditions. In their study, the intracellular solution
contained 5mM ATP and 1mM MgCl, (calculated [Mg?*]
<30 pM) and 1 mM H,0, was applied for over 30 min. In our
study, under similar intracellular conditions, 500 uM or 1 mM
H,0, slightly but not significantly inhibited both inward and
outward TRPM7 currents during a 4-min application (Fig. 5C and
Supplementary Fig. 5). Because the inhibitory effect of H,O, on
TRPM7 occurred immediately after application (Figs. 1 and 2), we
did not examine the effect of long-term exposure to H,O, on
TRPM?7 current in the presence of 5 mM [ATP];. A recent study by
Desai and colleagues [38] demonstrated that apoptotic stimuli
cleaved TRPM7 at D1510 by caspase 3, as well as by caspase 8, and
consequently increased TRPM7 currents. H,O, has been reported
to induce activation of caspases [5,39]. It might be possible that
such mechanisms are involved in the late enhancement of TRPM7
current observed in the previous study by Aarts and colleagues
[12]. Further investigation is necessary to clarify the time course of
the effect of oxidative stress on TRPM7.

What is the physiological significance of TRPM7 inhibition by
oxidative stress? TRPM7 permeates divalent cations, including
Ca’?* and Mg?™*, as well as Zn?*; therefore inhibition of TRPM7
prevents the influx of these cations. In neurons, in addition to
Ca%™" overload mediated by TRPM7-induced cell death [12], Zn?*
influx via TRPM7 may induce neurotoxicity [40]. TRPM7 also
mediates Mg?* influx during cell stress, and intracellular Mg?*
has been reported to promote intracellular ROS production
[41-43]. During ischemia and hypoxia, [ATP]; decreases and
[Mg?*]; increases in severely affected cells owing to ATP degrada-
tion. In such cells, ROS inhibit TRPM7 to prevent further influx of
Ca%*,Zn?*, and Mg?™* that may exacerbate cell damage. Thus, the
mechanism of TRPM7 inhibition by ROS may work as an innate
safety system to prevent progressive damage in cells whose
metabolism is disturbed.
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