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THE ORIGINAL MEMBERS of the transient receptor potential (TRP)
family of ion channels were discovered in Drosophila photoreceptors and represent the light-sensitive Ca2⫹ influx pathway
(14, 42). In mammals, the TRP family has 28 members distributed among six subfamilies, one of which is TRPM, named
after melastatin (7, 13, 37). TRPM7 channel activity was first
identified when the removal of cytoplasmic Mg2⫹ with the aid
of a metal chelator revealed a steeply outwardly rectifying
current, which was named MIC (Mg2⫹-inhibited cation) (21,
43) or MagNuM (Mg2⫹ nucleotide-regulated metal) (15).
These channels have since been described in many mammalian
cell types (e.g., 12, 16, 17). TRPM7 is highly expressed in cells
of hematopoietic origin, such as leukocytes. It is also expressed
in diverse cell lines commonly used by biologists: HEK293,
HeLa, CHO-K1, COS-7, RBL, and smooth muscle cells (20,
38, 40). Thus, in channel overexpression studies, one has to be
careful and consider that TRPM7 currents are always contaminated with their endogenous counterparts. One approach to
this problem is to aim for high levels of recombinant channel

Address for reprint requests and other correspondence: A. Kozak, Biological
Sciences Bldg. II, Rm. 148, Wright State Univ., 3640 Colonel Glenn Hwy.,
Dayton, OH 45435 (e-mail: juliusz.kozak@wright.edu).
C1004

expression to increase signal-to-noise ratios of the measurements (see 34).
TRPM7 is one of very few “chanzymes” encoded in the
human genome, being composed of a “channel” domain and an
“enzyme” domain (1, 36). For this protein, originally named
ChaK1 for channel-kinase 1, the enzyme is a functional serine/
threonine kinase belonging to the class of atypical kinases that
has been crystallized in isolation (32, 56).
TRPM7 is proposed to serve as a key molecule governing
cellular Mg2⫹ homeostasis in mammals since its channel pore
is permeable to Mg2⫹ ions and can act as a Mg2⫹ influx
pathway. It is not selective for Mg2⫹, however, and conducts
other divalent metal cations (35, 48, 55).
Interestingly, both channel and kinase activities are dependent on divalent metal ion concentrations. TRPM7 currents are
inhibited by internal millimolar free Mg2⫹ and other metal ions
such as Ca2⫹, Zn2⫹, Ba2⫹, etc., ions that are permeant through
this channel (20, 35). TRPM7 phosphotransferase function is
also sensitive to these metals but with a diverging profile:
kinase activity is enhanced by Mg2⫹, inhibited by Zn2⫹, but
unaffected by Ca2⫹. TRPM7 kinase activity is diminished at
both acidic and basic pH, in contrast to channel activity, which
is enhanced at basic pH (22). On the basis of these findings and
site-directed mutagenesis of the kinase domain, we suggested
that the channel and phosphotransferase activities of this protein are separate from each other (34).
While it has been known for a decade that TRPM7 channels
are inhibited by Mg2⫹, previous studies reported monotonic
reductions of current with increasing intracellular Mg2⫹ concentration ([Mg2⫹]i), corresponding to dose-response curves
with a single ⬃0.6 mM IC50 site (e.g., Refs. 38, 40, 43 for
native and overexpressed channels).
We attempted to generate a Mg2⫹ concentration-effect relation for the human TRPM7 native to Jurkat T cells. To this end
we introduced N-(2-hydroxyethyl)ethylenediaminetriacetic acid
(HEDTA) as the metal chelator of choice allowing us to study
the widest range of Mg2⫹ concentrations, from nanomolar to
hundreds of micromolar. Here we report that TRPM7 channel
activity, as measured in whole cell patch clamp, displays a
biphasic dose-response curve with high (⬃10 micromolar)and low (⬃165 micromolar)-affinity Mg2⫹ inhibitor sites.
In our earlier study we demonstrated that both native and
overexpressed TRPM7 channel activity are sensitive to intracellular pH (22). We did not present a dose-response curve,
however. In the present study, to characterize this pH dependence in detail, we have constructed a dose-response relation
for the native TRPM7 current of HEK293 cells and found that
pH dependence is also biphasic, as with Mg2⫹, if the intracellular solution contains a relatively weak Mg2⫹ chelator. The
dose-response relation becomes monotonic when the contaminating micromolar Mg2⫹ is removed by including HEDTA, a
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2012; doi:10.1152/ajpcell.00422.2011.—TRPM7 channel kinase is a
protein highly expressed in cells of hematopoietic lineage, such as
lymphocytes. Studies performed in native and heterologous expression systems have shown that TRPM7 forms nonselective cation
channels functional in the plasma membrane and activated on depletion of cellular Mg2⫹. In addition to internal Mg2⫹, cytosolic pH and
the phospholipid phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2]
are potent physiological regulators of this channel: protons inhibit,
while PI(4,5)P2 is required for TRPM7 channel activity. These channels are also inhibited from inside by other metal cations and polyamines. While the regulation of TRPM7 channels by internal metal
ions, acidic pH, and PI(4,5)P2 is voltage independent, extracellular
metal cations and polyamines block voltage dependently at micromolar concentrations and appear to occupy a distinct blocking site. In the
present study we investigated intracellular Mg2⫹ and pH dependence
of native TRPM7 currents using whole cell patch-clamp electrophysiology in human Jurkat T lymphocytes and HEK293 cells. Our main
findings are 1) Mg2⫹ inhibition involves not one but two separate sites
of high (⬃10 M) and low (⬃165 M) affinity; and 2) while sharing
certain characteristics with Mg2⫹ inhibition, protons most likely
inhibit through one inhibitory site, corresponding to the low-affinity
Mg2⫹ site, with an estimated IC50 of pH 6.3. Additionally, we present
data on amplitude distribution of preactivated TRPM7 currents in
Jurkat T lymphocytes in the absence of prior Mg2⫹ or proton depletion.
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strong Mg2⫹ chelator, thus suggesting that protons cannot
substitute for Mg2⫹ in all instances of inhibition.
Through construction of a histogram of preactivated TRPM7
currents in Jurkat T cells, we find that a significant fraction of
cells displays measurable TRPM7 currents even before Mg2⫹
or pH in the cell are experimentally perturbed. This suggests
that TRPM7 channels can function in Jurkat T cells under
physiological conditions.
A preliminary report of this study has appeared in abstract
form (6).
MATERIALS AND METHODS

Fig. 1. RT-PCR with with Jurkat and HEK293 cell total RNA. RNA isolated
from Jurkat T lymphocytes grown in suspension (left) and HEK293 cells
grown in a monolayer (right) were used for RT-PCR reactions with melastatinlike transient receptor potential (TRPM) 6-, TRPM7-, and GAPDH-specific
primer sets (40 cycles). Predicted sizes of the respective products are 284, 734,
and 555 bp (NCBI Primer-BLAST). Amplified fragments were separated by
electrophoresis in a 0.8% agarose gel with added ethidium bromide. Left lane:
DNA molecular weight (MW) marker (Hi-Lo DNA marker, Minnesota Molecular). All 6 reactions were electrophoresed on the same gel; the vertical line
is added for visual aid. The contrast of MW lane was enhanced separately to
improve resolution.

glass (Warner Instrument, Hamden, CT) on a robotic puller (Zeitz
Instruments, Martinsried, Germany) and had resistances of 1.4 –3.5
m⍀ when filled with the internal solutions. Recordings were made
with EPC10 (HEKA Elektronik, Germany) computer-driven patchclamp amplifier operated by Patchmaster software (v. 2.6). Command
voltage ramps of 211-ms duration ranging from ⫺100 to ⫹85 mV
were applied every 2.5 s and the resultant instantaneous currentvoltage relations stored for further analysis. The cell was held at 0 mV
between the ramps. Current signals were filtered at 2.9 kHz and
digitized at 5 kHz. Current traces and time courses were exported to
Origin v.8 software (OriginLab, Northampton, MA) for further analysis and graphing. Origin was also used to fit dose-response curves
depicted in Figs. 2– 4 and histograms depicted in Fig. 5.
Experiments done to determine the pH sensitivity of TRPM7
channels were performed with the standard internal solution (see
above) and with an internal solution containing 12 mM EGTA (used
previously in Refs. 21, 22) instead of 10 mM HEDTA. The pH was
adjusted on the day of experiment. At intracellular pH (pHi) values of
6.5 and lower, a cation current was activated in HEK293 cells
(⬃300 – 400 pA/cell) that tended to run down after several minutes of
whole cell perfusion. TRPM7 current magnitude in these cases was
measured after the proton-activated current ran down completely
(discussed in Ref. 22). Recordings in which the proton-activated
current became persistent were not used in this study.
Preactivation measurements. Data for preactivated TRPM7 current
amplitude histograms (Fig. 5) were obtained from recordings with
Mg2⫹-free (12 EGTA or 10 HEDTA) and 16, 40, and 60 M
MgCl2-containing solutions, corresponding to calculated free Mg2⫹
concentrations of 106, 266, and 399.5 nM. Only recordings with low
pipette Mg2⫹ were used for this measurement to avoid underestimation of break-in current due to fast inflow of Mg2⫹ into the cell. For
the same reason extracellular solutions employed in the current study
did not contain Mg2⫹ salts to avoid accidental increase in internal
[Mg2⫹] due to diffusion of the bath solution into the pipette. While
recording instantaneous current-voltage (I-V) relations shortly after
break-in, we did not observe contaminating Kv1.3 currents, most
probably because the 2.5-s depolarizing holding potential was sufficient to inactivate most of these channels. Electrophysiologically

AJP-Cell Physiol • doi:10.1152/ajpcell.00422.2011 • www.ajpcell.org

Downloaded from http://ajpcell.physiology.org/ by 10.220.33.2 on September 26, 2016

Cell lines. The present study was performed using two human cell
lines: Jurkat leukemic T lymphocytes and human embryonic kidney
(HEK) 293 cells. Jurkat T and HEK293 cells were grown in RPMI1640 (Lonza, Wakersville, MD) supplemented with 10% fetal bovine
serum (BioWest, Nuaille, France). Cells were maintained in a cell
culture incubator (Napco 8000) at 37°C under a 95% air-5% CO2
atmosphere. Jurkat T cells were passaged twice a week by 10- to
20-fold dilution in fresh culture medium. HEK293 cells were treated
with trypsin-EDTA (Lonza) and seeded at ⬃1/10 of initial density
once a week. Tests to rule out the presence of mycoplasmal contamination were not performed.
RT-PCR. Both TRPM7 and TRPM6 and channels have been
reported to give rise to Mg2⫹-sensitive cation channels (reviewed in
44). To compare TRPM7 and TRPM6 gene expression in Jurkat T and
HEK293 cells, we isolated total RNA from both cell lines and
performed reverse transcription-PCR (RT-PCR) experiments with
primer sets specific for human TRPM7, TRPM6, and glyceraldehyde3-phosphate dehydrogenase (GAPDH), a housekeeping gene. Target
DNA specificity of the primer sets was evaluated with NCBI PrimerBLAST. Total RNA was isolated by the single-step method using TRI
Reagent (Sigma-Aldrich, St. Louis, MO). The purified RNA was
treated with DNase I to eliminate possible genomic DNA contamination and quantitated with NanoDrop spectrophotometer (Agilent
Technologies). PCR was performed in a programmable thermal cycler
(Applied Biosystems). The sequences of human TRPM7 (hTRPM7)specific primers were 5=-CTGAAGAGGAATGATTATACGCC-3=
and 5=-GCCTAACCCTGATTCATAAA-3=. The hTRPM6-specific
primers had the sequences 5=-AAGTATATGACAGGGGAGTT-3=
and 5=-CAGGAGTTACAATGATGTTT-3=. PCR reaction products
were visualized by 0.8% agarose gel electrophoresis. Equal amounts
of reactions were loaded in all wells as confirmed by similar intensity
of GAPDH bands. In both cell lines strong TRPM7 expression was
detected but no TRPM6-specific signal found (Fig. 1), thus confirming
that all the electrophysiological recordings reported in this study
likely represent the activity of the native TRPM7 channels and not
TRPM6 channels.
Patch-clamp electrophysiology. Native TRPM7 currents were recorded as previously described (21). The standard intracellular solution contained HEDTA (Acros Organics, Geel, Belgium) as the metal
ion chelator; its complete composition was 130 mM Cs glutamate, 8
mM NaCl, 0.09 CaCl2, 10 mM HEDTA, 5 mM CsF, 10 mM HEPES,
pH 7.3. MgCl2 was added to this solution to achieve the free Mg2⫹
concentrations ([Mg2⫹]) necessary to construct a dose-response
curve. Free [Mg2⫹] was estimated by MaxChelator software available
at http://www.stanford.edu/⬃cpatton/webmaxcS.htm. Throughout the
article we refer to current magnitude reduction by Mg2⫹ as “inhibition” to distinguish it from a pore block mechanism (18, 23). Internal
Cs⫹ was used to block K⫹ channels (10, 58). Inclusion of HEDTA
and low Ca2⫹ concentration ([Ca2⫹]) prevented activation of the
Ca2⫹-activated TRPM4 channels reported to be expressed Jurkat T
lymphocytes (25). The normal bath (extracellular) solution contained
2 mM CaCl2, 4.5 mM KCl, 140 mM Na aspartate, 10 mM HEPESNa⫹, pH 7.3. Pipettes were manufactured from borosilicate capillary
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Fig. 2. Mg2⫹ dose-response relation for TRPM7 channels of Jurkat T lymphocytes. A: current-voltage (I-V) relations for TRPM7 channels from 3 cells containing
106 nM, 16.4 M, and 303 M free Mg2⫹. I-V relations were taken at the time point when current magnitude reached maximum for each cell. Current amplitudes
were obtained from the 120th ramp. B: time course of development of TRPM7 current from the same cells as in panel A, measured at ⫹85 mV. Note that 303
M Mg2⫹ inhibits preactivated TRPM7 current (triangles) whereas 16.4 M Mg2⫹ does not. C: maximum current density measurements from Jurkat T cells
perfused with various Mg2⫹-containing solutions indicated on the x-axis. Number of cells for each concentration is shown at top of bar. Here and in Figs. 3 and
4, significant differences between pairs of mean currents are indicated by * (Tukey method) and ** (contrast analysis). Not all pairwise comparisons are shown
in the graph. D: dose-response relation for internal Mg2 on a logarithmic scale. The fit is a biphasic dose-response curve provided by Origin software fitting
subroutine (adjusted R-square ⫽ 0.99), giving IC50 values of 10.2 M (SE ⫽ 0.55) and 165.0 M (SE ⫽ 3.38) with Hill coefficients of 1.92 and 7.62,
respectively. Here and in the other figures, data points represent means and SE.

Kv1.3 currents can be distinguished from TRPM7 by its characteristic
sigmoidal I-V relation (5).
Channel rundown was defined as a reduction in current amplitude
during a prolonged recording (21, 22). To compare the extent of
rundown we confined our analysis to recordings that lasted at least 12
min, which was sufficient time to induce rundown in most Jurkat T
cells.
Salts used were from Acros Organics and Sigma-Aldrich. 1.0 M
MgCl2 standard solution was from Fluka. Primers were from Integrated DNA Technologies. Data are presented as means ⫾ SE. All
experiments were performed at room temperature.
Statistical analysis. One-way ANOVA (P ⬍ 0.0001) was used for
multiple comparisons with the Tukey post hoc method of pairwise
comparisons in Figs. 2– 4. For some adjacent concentration pairs,
effects on current densities were compared with post hoc tests using
contrast statements with Bonferroni correction. Differences were
considered significant when P ⬍ 0.05.

RESULTS AND DISCUSSION

Internal Mg2⫹ sensitivity. The goal of the present investigation was to construct a detailed concentration-response curve
for intracellular Mg2⫹ (Mg2⫹)i and pHi dependence of TRPM7
channels. We and others have shown that millimolar [Mg2⫹] is
sufficient to inhibit endogenous TRPM7 channels of Jurkat T,
RBL, and other cell types where they are expressed (12, 17, 21,
40, 43). A similar dependence was observed for the recombinant channels overexpressed heterologously (38). We attempted to get a more detailed description of the Mg2⫹ sensitivity of the native human TRPM7 channels. We used maximal
current density as a direct measure of channel activity. Whole
cell maximal current amplitude/current density is a compound
measurement that depends on several factors, such as the speed
of buffer diffusion, the total number of functional channels in
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the cell membrane, and the extent of rundown during prolonged dialysis (22). Its main advantage is that this is the most
physiologically relevant measure of channel activity and the
most common one and it does not depend on the cell size.
Therefore findings from this type of measurement will be of
wider interest since most studies of TRPM7 deal with whole
cell recordings of this channel current. This experimental
parameter was measured at various internal Mg2⫹ concentrations and a dose-response curve generated. Figure 2A shows
instantaneous I-V plots generated from three Jurkat T cells
perfused with the indicated free [Mg2⫹]. The I-V relation of
native Jurkat T cell TRPM7 channels was steeply outwardly
rectifying in presence and absence of internal Mg2⫹. The shape
of the I-V relation was not altered by Mg2⫹i, suggesting that
voltage-dependent pore block is not involved (21). At 106 nM
and 16.4 M [Mg2⫹] TRPM7 current magnitude increased
over the time course of several minutes, reaching maximum
amplitude after ⬃5 min of cell dialysis (Fig. 2B, circles and

squares). Inclusion of 303 M Mg2⫹ resulted in gradual
disappearance of the preactivated current (the current available
at t ⫽ 0 s; see MATERIALS AND METHODS) (Fig. 2B, triangles).
Repeating these measurements for free Mg2⫹ concentrations of
400 nM to 407 M and normalizing to cell capacitance, we
generated a bar graph plot of maximum current density dependence on [Mg2⫹]i (Fig. 2C). A concentration-response relationship was constructed from data shown in Fig. 2C and is
depicted in Fig. 2D. Surprisingly, we found that the data could
best be fitted with biphasic dose-response function. We propose that it reflects the existence of two Mg2⫹ inhibitor sites:
a high-affinity (⬃10 M) and a low-affinity (⬃165 M) one.
Nanomolar concentrations do not noticeably reduce maximum
current density, whereas 300 – 400 M Mg2⫹ is sufficient for
complete inhibition. Significant total current reduction becomes apparent with low micromolar Mg2⫹ concentrations.
In addition to the apparent maximum current density, channel rundown also appears to be influenced by micromolar

AJP-Cell Physiol • doi:10.1152/ajpcell.00422.2011 • www.ajpcell.org

Downloaded from http://ajpcell.physiology.org/ by 10.220.33.2 on September 26, 2016

M
Fig. 3. pH dose-response relation for TRPM7 channels in HEK293 cells obtained with EGTA-containing solutions. A: maximally activated I-V relations from
3 different HEK293 cells perfused internally with pH 8.3, 7.4, and 6.1, and 12 mM EGTA. B: time courses of TRPM7 current development in the same cells
as in panel A, measured at ⫹85 mV. Note the development and rundown of the proton-activated current at intracellular pH (pHi) of 6.1. C: bar graphs showing
maximal TRPM7 current densities for internal solutions containing 12 mM EGTA at pH values of 8.3 to 5.1. Not all pairwise comparisons are shown in the graph.
D: dose-response relation resulting from data in panel B normalized to maximum current amplitude is fitted with biphasic dose-response curve (adjusted
R-square ⫽ 0.99), giving IC50 values of pH 7.57 (SE ⫽ 0.02) and 5.93 (SE ⫽ 0.04). Significant differences between pairs of mean currents are indicated by *
(Tukey method) and ** (contrast analysis).
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internal [Mg2⫹]. In 17 of a total of 17 cells tested, no rundown
was observed when the internal solutions contained 106 – 400
nM free Mg2⫹. However, with internal solutions containing
7.3–28.1 M free Mg2⫹, we observed rundown in 8 of 8 cells.
This is consistent with our previous findings in RBL cells,
where rundown was prevented by EDTA-based solutions containing nanomolar free Mg2⫹ (Ref. 22; Fig. 5).
Internal pH sensitivity. Using extracellular weak acids and
direct application of low-pH solutions, we previously demon-

strated that TRPM7 channels can be inhibited by acidic pH in
whole cell and cell-free patches. Conversely, intracellular alkalinization was found to be sufficient to activate these channels even without Mg2⫹ depletion (22). Proton inhibition
shares certain features with Mg2⫹ effects, such as voltage

M

M

Fig. 4. Dose-response relation for pH dependence of TRPM7 channels in
HEK293 cells obtained with N-(2-hydroxyethyl)ethylenediaminetriacetate
(HEDTA)-containing solutions. A: mean TRPM7 current densities at various
pHi values for HEDTA-containing internal solution (measured at ramp 250).
Not all pairwise comparisons are shown. B: concentration-response relation
derived from data in panel A plotted against proton concentration on x-axis and
fitted with standard monophasic dose-response curve (adjusted R-square ⫽
0.97) giving H⫹ concentration ([H⫹]) IC50 value of 478 nM (SE ⫽ 89.8 nM)
(corresponds to pH 6.32). C: superimposed concentration-response relations
from Fig. 3D (black circles) and 3B (open squares) fitted with biphasic
dose-response curves. Note that the first deflection seen at pH values of 8.3–7.4
is abolished and the decline at pH values of 6.7 and lower is accelerated for
HEDTA-containing solutions. Significant differences between pairs of mean
currents are indicated by * (Tukey method).
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Fig. 5. Amplitude histograms of preactivated TRPM7 currents and current
densities in Jurkat T lymphocytes. Current amplitudes were measured at ⫹85 mV
for internal solutions containing 106, 266, and 399.5 nM free Mg2⫹. In panel B,
the same measurements were normalized to cell capacitance and plotted as in panel
A. The y-axis is the number of cells expressing current amplitudes/densities
indicated on x-axis. No leak subtraction was performed (A, B). Histograms in
panels A and B were fitted with monoexponential decay functions.
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Since micromolar Mg2⫹ is necessary for rundown (22), we
hypothesize that inhibition caused by micromolar Mg2⫹ in fact
reflects increased TRPM7 channel rundown and consequent
reduction in maximal current achievable. If pH (protons) could
substitute for the high-affinity Mg2⫹ inhibitor site in the
absence of Mg2⫹ (HEDTA), then we would expect to observe
channel rundown at pH values of 7.4, 7.1, and 6.7 (Fig. 3, B
and C). Strikingly, no rundown was observed in 25 of 25 cells
perfused with HEDTA at pH values ranging from 6.7 to 8.3. In
contrast, in 11 of 17 cells we observed rundown when the
internal buffer was EGTA, presumably because the contaminating Mg2⫹ reached micromolar levels. We conclude that the
high-affinity Mg2⫹ inhibitor site is responsible for channel
rundown, and protons effectively cannot interact with this site
in place of Mg2⫹.
Preactivation of TRPM7 current in Jurkat T cells. For the
TRPM7 channels to participate in Jurkat T cell ion fluxes it
needs to be active in the intact cell without interventions like
cell dialysis with Mg2⫹-free solutions or exposure to hypotonic
media (40). We set out to characterize the degree of current
preactivation (see MATERIALS AND METHODS) in Jurkat T cells, a
commonly used model of signal transduction in the human T
lymphocyte (2, 3, 11, 29, 49, 51, 53). Instantaneous I-V curves
were recorded immediately after break-in (delay of ⬃3 s),
before any significant dilution of cytosolic contents took place.
Such measurements are expected to provide information on the
state of the channels in an intact cell since both inhibition and
activation of TRPM7 channels occur on a significantly slower
time scale (22; Figs. 2B and 3B). The current amplitudes were
measured at ⫹85 mV (Fig. 5A) and normalized to cell capacitance (Fig. 5B). In the absence of leak subtraction, this
normalization procedure would reduce the contamination of
the recordings with nonspecific, linear leak conductance, which
is dependent on cell surface area.
The amplitude histogram of preactivated TRPM7 currents
shows that the majority of Jurkat T cells have a small current
at break-in yet some have significant outward currents (Fig. 5).
Free Mg2⫹ levels in T lymphocytes are estimated to be in the
0.5- to 1-mM range (39, 46); therefore, it is surprising that
there are active channels even at Mg2⫹ concentrations sufficient for their full inhibition (Fig. 2). One possible factor
explaining this observation might be reduced Mg2⫹ levels in
the cytoplasm of a given cell. Recently a form of human T-cell
immunodeficiency has been described that is caused by defective Mg2⫹ influx through MAGT1 transporter, resulting in low
basal Mg2⫹ levels in T cells (30); therefore such a preactivation mechanism is possible. In our view, a more likely explanation would involve alkalinization of the cytoplasm caused by
unknown factors. BCECF dye-based pH measurements in
Jurkat T cells show that some batches of cells have unexpectedly high resting pH values, ⬃8.4 (Kozak, unpublished observations; see also Ref. 24) . This pH value would be sufficient
to activate a significant portion of the channels even in the
absence of Mg2⫹ depletion (22). Last, another component of
tonic inhibition of TRPM7 channels are the cellular polyamines (22), and their depletion would also be expected to
favor channel preactivation. In our previous publications we
encountered spontaneously preactivated TRPM7 currents in rat
PAS (20) and RBL cells (22).
TRP channels are thought to act to depolarize the membrane
when open (45, 57). We hypothesize that as with other TRP
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independence and its slow time course. Moreover, TRPM7
channel rundown can be reversed without addition of phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2], by simply alkalinizing the cytoplasm (22). We set out to construct a detailed
concentration-response relation for pH inhibition in HEK293, a
cell line used by us and others for heterologous expression
studies of TRPM7. HEK293 cells express significant endogenous TRPM7 currents, which are poorly characterized despite
the fact that this line is used widely as a background line for
studies of TRPM7 and other TRP family member expression.
In experiments analogous to those described in Fig. 2, we
varied the intracellular pH and measured the corresponding
maximum current amplitudes in HEK293 cells. The intracellular solutions contained 12 mM EGTA and no added Mg2⫹.
Figure 3A shows TRPM7 I-V relations when the internal
solutions had pH values of 6.1, 7.4, and 8.3. Like Mg2⫹,
internal protons did not modify the shape of the I-V, suggesting
a mechanism that does not involve the ion conduction pathway.
Figure 3B shows the time course of development of TRPM7
current in HEK293 for the three cells shown in Fig. 3A. The
transient current seen with pH 6.1 (circles) reflects the activation and rundown of a proton-activated current endogenous to
HEK293 cells. Presence of this conductance complicated our
measurements at low pH values, and only recordings where
this channel ran down early were included in this study. From
experiments like one shown in Fig. 2B, we constructed a
detailed bar graph of the effect of intracellular pH on maximum
current density (Fig. 3C). The current densities using standard
internal solution were somewhat lower than those found in
Jurkat T cells. A concentration-response relation was constructed from data in Fig. 3C and is depicted in Fig. 3D. As
with Mg2⫹, the pH dose-response curve shows biphasic behavior, suggesting that two titratable sites exist that govern pH
dependence.
We repeated the experiments described in Fig. 3 generating
a bar graph of current densities at various pH values with
HEDTA-containing internal solution (Fig. 4A) and constructing a concentration-response curve that is montonically decreasing and yields an IC50 value of 478 nM [H⫹], which
corresponds to pH 6.32.(Fig. 4B). What we find is that when
EGTA is replaced with HEDTA, the inflection of the curve
near this high-affinity site disappeared and the relation becomes monophasic and also shows a steeper decline (Fig. 4C).
This suggests that the true pH dependence has only one site,
and the high-affinity site is in fact occupied by micromolar
Mg2⫹ when EGTA is used. When HEDTA was used instead of
EGTA, the free Mg2⫹ concentration presumably dropped to
nanomolar levels and the contribution of the high-affinity site
disappeared as a consequence. HEDTA, being a stronger chelator of Mg2⫹ than EGTA, leaves the micromolar Mg2⫹
binding site unoccupied. It is likely that at more basic pH
values EGTA chelated residual Mg2⫹ in the solution more
strongly (50), explaining the first inflection of the biphasic
curve (Fig. 3). Therefore, even though both intracellular protons and Mg2⫹ inhibit TRPM7 in a similar, voltage-independent manner, they appear not to be identical in nature. The
micromolar (high affinity) Mg2⫹ inhibitor site does not have an
equivalent in the pH dose-response curve. In other words,
protons do not substitute for Mg2⫹ by binding to this site. It
appears that protons are able to substitute only for the lowaffinity Mg2⫹ inhibitor site (Fig. 3).
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