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Mg2* is an essential ion involved in a multitude of
physiological and biochemical processes and a major
constituent of bone tissue. Mg?* homeostasis in mam-
mals depends on the equilibrium between intestinal
Mg2* absorption and renal Mg2?" excretion, but little is
known about the molecular nature of the proteins in-
volved in the transepithelial transport of Mg>* in these
organs. Recently, it was shown that patients with muta-
tions in TRPM6, a member of the transient receptor
potential family of cation channels, suffer from hypo-
magnesemia with secondary hypocalcemia (HSH) as a
result of impaired renal and/or intestinal Mg?* han-
dling. Here, we show that TRPMS is specifically local-
ized along the apical membrane of the renal distal con-
voluted tubule and the brush-border membrane of the
small intestine, epithelia particularly associated with
active Mg2* (re)absorption. In kidney, parvalbumin and
calbindin-D,gk, two divalent-binding proteins, are co-
expressed with TRPM6 and might function as intracel-
lular Mg2* buffers in the distal convoluted tubule. Het-
erologous expression of wild-type TRPM6 but not
TRPM6 mutants identified in HSH patients induces a
Mg2*- and Ca%*-permeable cation channel tightly regu-
lated by intracellular Mg2* levels. The TRPM6-induced
channel displays strong outward rectification, has a
5-fold higher affinity for Mg2?* than for CaZ*, and is
blocked in a voltage-dependent manner by ruthenium
red. Our data indicate that TRPM6 comprises all or part
of the apical Mg?* channel of Mg?*-absorbing epithelia.

Mg?* is the fourth most abundant cation in the body and the
second most common cation in the intracellular fluid. Homeo-
stasis of Mg2™" levels is tightly regulated and depends on the
balance between intestinal absorption and renal excretion. The
kidney provides the most sensitive control for the Mg2" bal-
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ance. About 80% of the total serum Mg?* is ultrafiltered
through the glomerular membrane and subsequently reab-
sorbed in consecutive segments of the nephron (1). The final
urinary excretion of Mg2* is mainly determined by the active
reabsorption of Mg?" in the distal convoluted tubule (DCT),*
because virtually no reabsorption takes places beyond this
segment (1).

Recently, a positional candidate screening approach in con-
sanguineous families with hypomagnesemia with secondary
hypocalcemia (HSH) revealed a critical region identified on
chromosome 9q21.13 (2, 3). Individuals suffering from HSH
display neurologic symptoms including seizures and tetany
during infancy. These symptoms can be suppressed by life-long
dietary magnesium supplementation, but, untreated, the dis-
ease may be fatal or result in neurological damage. The patho-
physiology of HSH is largely unknown, but physiological stud-
ies have shown that there are defects in both intestinal Mg?*
absorption and renal Mg?* reabsorption. Subsequent analysis
of the critical region pointed to a gene, TRPM6, which was
mutated in patients with HSH (2, 3). The TRPMS6 protein is a
member of the transient receptor potential channel (TRP)
family (4).

Based on the structural and sequence similarities between
individual TRP proteins, three subgroups are distinguished,
namely the canonical TRPC-, the vanilloid-like TRPV-, and the
melastatin-like TRPM subfamilies. Most members of the
TRPC- and TRPV-subfamilies have been characterized as
Ca®*-permeable cation channels playing a role in Ca®* home-
ostasis and signaling (4). However, the functional characteriza-
tion of TRPM proteins is much more incomplete. TRPM6 shows
50% sequence homology with TRPM7 (also known as TRP-
PLIK), which forms a Ca®* and Mg?"-permeable cation chan-
nel. Unlike other members of the TRP family, TRPM6 and
TRPM7 contain long carboxyl-terminal domains with similar-
ity to the a-kinases (5). The identification of TRPM6 as the
gene mutated in HSH represents the first case in which a
human disorder has been attributed to a channel kinase.

The aim of the present study was to functionally characterize
TRPM6 as the first molecularly identified protein involved in
active Mg?" (re)absorption. To this end, the (sub)localization of
TRPM6 was investigated by immunohistochemical analysis of
kidney and duodenum sections. Subsequently, human TRPM6
cDNA was cloned, transfected into human embryonic kidney

! The abbreviations used are: DCT, distal convoluted tubule; DM-
nitrophen, dimethoxynitrophenamine tetrasodium salt; HEK, human
embryonic kidney; HSH, hypomagnesemia with secondary hypocalce-
mia; MagNuM, Mg?*-nucleotide-inhibited; MIC, Mg?*-inhibited cation;
NCC, NaCl co-transporter; NMDG ", N-methyl-D-glucosamine; RR, ru-
thenium red; TRP, transient receptor potential.
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(HEK-293) cells and characterized using patch-clamp analysis
in combination with Magfura-2-based intracellular Mg?*
measurements. Taken together, this study indicates that
TRPMS6 is a Mg?*-permeable channel localized to the apical
domain of the distal convoluted tubule and the brush-border
membrane of the absorptive cells in duodenum, the main sites
of transepithelial Mg?* transport. The absence of the TRPM6-
dependent Mg?* influx pathway in patients with HSH provides
a straightforward explanation for the severe hypomagnesemia.

EXPERIMENTAL PROCEDURES

Immunohistochemistry—Antiserum against TRPM6 was obtained by
immunization of guinea pigs with a peptide encoding the carboxyl-
terminal 15 amino acids of mouse TRPM6 (NH,-ERDKNRSSLED-
HTRL-COOH) coupled to key hole limpet hemocyanin. Kidneys from
C57B1/6 mice were cut into pieces, placed in 1% (w/v) periodate-lysine-
paraformaldehyde fixative for 2 h, incubated overnight in phosphate-
buffered saline containing 15% (w/v) sucrose, and frozen in liquid ni-
trogen. Duodenum samples from C57Bl/6 mice were cut into pieces,
rinsed with phosphate-buffered saline, and frozen immediately in liquid
nitrogen. Subsequently, kidney and duodenum samples were cut into
5-7-um sections and used for different staining procedures as described
previously (6). The antibody against parvalbumin was purchased from
Swant (Bellinzona, Switzerland), whereas the NaCl co-transporter
(NCC) antibody was kindly donated by Dr. J. Loffing (Zurich, Switzer-
land) (7). All negative controls, including sections incubated with pre-
immune serum and undergoing pre-absorption for 1 h with 10 ug/ml
TRPM6-peptide or solely with conjugated secondary antibodies, were
devoid of any staining. Photographs were taken with a Bio-Rad MRC
1000 confocal laser-scanning microscope.

Electrophysiology, Intracellular Mg®" Measurements, and Mg®" Un-
caging—HEK-293 cells were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% (v/v) fetal calf serum, 2 mM L-glutamine, 2
units/ml penicillin, and 2 mg/ml streptomycin at 37 °C in a humidity-
controlled incubator with 10% CO,. They were transiently transfected
with human TRPMS6 in the pCINeo/IRES-GFP vector using previously
described methods (8), and electrophysiological recordings were made
between 16 and 36 h after transfection. Successfully transfected cells
were identified by their green fluorescence when illuminated at 480 nm.
Patch-clamp experiments were performed in the tight seal whole-cell
configuration at room temperature (20—25 °C) using an EPC-9 patch-
clamp amplifier and Pulse software (HEKA Electronics). Currents were
digitized at 10 kHz and digitally filtered at 2.9 kHz. Unless noted
otherwise, cells were held at 0 mV, and voltage ramps of 200 ms
duration ranging from —150 to 100 mV were applied every 2 s. Current
densities were obtained by normalizing the current amplitude to the
cell membrane capacitance. The time course of current development
was determined by measuring the current in at 80 and —80 mV. The
standard pipette solution contained 150 mm NaCl, 10 mm EDTA, and 10
HEPES mwm, pH 7.2. Where indicated, NaCl was equimolarly substi-
tuted by NMDG-CI. In some experiments, the EDTA was omitted, and
0.1 mM EGTA was added. The extracellular solutions contained 150 mm
NaCl and 10 mm HEPES, pH 7.4, supplemented with either 10 mm
EDTA (divalent-free solutions) or the indicated concentrations of diva-
lent cations. To measure the relative permeability of divalent cations,
we used solutions containing 120 mm NMDG-CI and 10 mm HEPES, pH
7.4, supplemented with 20 mMm of the chloride salt of the respective
divalent cations.

The pipette solution used for the intracellular Mg?* measurements
(e.g. Fig. 3a) contained 150 mm NaCl, 0.1 mm EGTA, 0.2 mm Magfura-2,
and 10 mm HEPES, pH 7.2. To measure the intracellular Mg®* concen-
tration, the dye was excited with light alternated between 350 and 380
nm using a monochromator-based system (TILL Photonics, Planegg,
Germany), and the fluorescence signal was measured using a photo-
diode. The ratio R of the fluorescent signal at both wavelengths was
converted into intracellular Mg?* concentration using the Grynkiewicz
equation (9). In vivo calibration constants were obtained by measuring
R in cells dialyzed with pipette solutions containing 0, 2, and 100 mMm
free Mg?".

The pipette solution used in the Mg?* uncaging experiments con-
tained 150 mm NaCl, 5 mM DM-nitrophen, 4.5 mMm MgCl,, 1 mm Mag-
fura-2, and 10 mm HEPES, pH 7.2. The estimated free Mg®* concen-
tration of this solution is 0.05 mm. Stepwise increases in intracellular
Mg?" were obtained by applying short flashes of UV light from a xenon
arc flash lamp (Rapp OptoElectronics, Hamburg, Germany). We also
performed experiments using a similar DM-nitrophen-containing pi-

pette solution devoid of Mg?*. Under these conditions, UV flashes had
no significant effect on the whole-cell currents in TRPM6-expressing
cells, thereby excluding direct effects of UV light or photolysis products
of DM-nitrophen.

Data Analysis—Data analysis and display was done using Microcal
Origin software, version 7.0 (OriginLab Corporation). Group data are
presented as mean * S.E. Student’s ¢ test and one-way analysis of
variance (ANOVA) were used for statistical comparisons between
means.

RESULTS AND DISCUSSION

The recent finding that the TRPM6 messenger is found in
the kidney and small intestine (3, 2), prompted us to determine
the (sub)cellular localization of the TRPM6 protein in these
organs. Using antiserum raised against the last 15 amino acids
of the mouse TRPM6 carboxyl-terminus (NH,-ERDKNRSSLE-
DHTRL-COOH), immunopositive staining was observed in the
superficial cortex of the mouse kidney, whereas the outer and
inner medulla were negative. Importantly, TRPM6 was pre-
dominantly localized to the apical membrane of the immunopo-
sitive tubules (Fig. 1a). Next, co-stainings were performed com-
bining the antisera against TRPM6 and the thiazide-sensitive
NCC, which is a specific marker for DCT, the main site of active
transcellular Mg?" reabsorption along the nephron (10). A
complete co-localization of TRPM6 and NCC was observed in
mouse kidney, as illustrated in Fig. 1a. The segmental distri-
bution of TRPM6 was compared with that of parvalbumin and
calbindin-Dygy, two cytosolic proteins that can act as endoge-
nous Ca®* and Mg?* buffers (11). TRPM6 co-localized with
parvalbumin in the proximal part of DCT (DCT1; Fig. 16) and
with calbindin-D,gy in the distal part of DCT (DCT2; Fig. 1c).
Expression of calbindin-D,gr extended to TRPM6-negative
cells in the connecting tubule and the cortical collecting duct
(Fig. 1c). These results demonstrate that TRPM6 expression is
restricted to DCT, where it is localized along the apical mem-
brane (Fig. 1d). Interestingly, Schlingmann et al. reported the
presence of TRPM6 mRNA in the proximal tubule (2). In the
present study we did not, however, detect TRPM6 protein ex-
pression in this segment. Because TRPM6 mRNA was detected
in the previous study by PCR using microdissected tubules, it is
possible that small impurities of the dissected segments have
been sufficient to yield a weak PCR band. In small intestine,
TRPM6 was abundantly present in brush-border membranes of
duodenum (Fig. 1le). Absorptive epithelial cells in the villi
stained intensively for TRPM6. No staining was observed when
duodenum sections were incubated with pre-immune anti-
serum (Fig. le, right).

For electrophysiological analysis of TRPM6, HEK-293 cells
were transiently transfected with a vector containing the cod-
ing sequence for human TRPM6 (GenBank™ accession num-
ber NM_017662). Transfected cells perfused with a NaCl-based
extracellular solution containing 1 mm CaCl, exhibited charac-
teristic outwardly rectifying currents immediately upon estab-
lishment of the whole-cell configuration (Fig. 2, @ and ¢). When
dialyzed with a divalent-free internal solution containing 10
mM EDTA, the amplitude of these outwardly rectifying cur-
rents rapidly increased to reach a plateau level within 100-200
s (Fig. 2a). These outwardly rectifying currents showed little or
no time dependence during voltage steps to different potentials
(Fig. 2d). In agreement with previous reports (12, 13), we also
observed outwardly rectifying currents in non-transfected
HEK-293 cells dialyzed with a Mg?*-free internal solution.
However, when compared with TRPM6-expressing cells, these
currents were undetectable immediately upon establishment of
the whole-cell configuration, developed over a longer time pe-
riod, and reached maximal amplitudes that were ~10 times
smaller (Fig. 2b). HEK-293 cells transfected with two of the
TRPM6 mutants identified in HSH patients (TRPM65°°°% and
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FiG. 1. Distribution of TRPM6 along the nephron. a—c, double immunofluorescence staining of mouse kidney cortex sections showing
immunopositive staining for TRPM6 and NCC (a), TRPM6 and parvalbumin (6), and TRPM6 and calbindin-D,gx (28K) (¢). The asterisks indicate
DCT cells positive for calbindin-D,gx (¢) and negative for parvalbumin (b) but positive for TRPM6, whereas the arrowheads mark DCT cells positive
for TRPM6 but negative for parvalbumin (b) and calbindin-Dygi (c). d, schematic overview of the expression patterns of TRPM6, NCC,
calbindin-D,gy, and parvalbumin (PV) along the nephron. DCT'1, early part of DCT; DCT2, late part of DCT; CNT, connecting tubule; CCD, cortical
collecting duct. e, immunofluorescence staining of TRPM6 in mouse duodenum (left). The arrowheads indicate the localization of the TRPM6
protein in the absorptive cells along the brush-border membrane of the villi. Sections incubated with the pre-immune antiserum did not show any

staining, indicating the specificity of the antiserum.

TRPM6A 8736 £ X737 in which fs stands for frameshift and X is
a stopcodon) displayed currents with similar amplitude and
activation kinetics as non-transfected cells (Fig. 2, a and b),
indicating that these mutant proteins are non-functional. Note
that all mutations found in HSH patients code for truncated
proteins that lack all six transmembrane domains as well as
the carboxyl-terminal a-kinase domain (2, 3).

We next investigated the ionic nature of the TRPM6-induced
currents. Using NaCl-based extracellular solutions containing
low millimolar concentrations of CaCl, and/or MgCl,, the out-
wardly rectifying TRPM6-induced currents reversed close to 0
mV (e.g. Fig. 2, ¢ and e). Substitution of extracellular Cl~ by
aspartate did not alter the reversal potential or amplitude of
the outward currents (data not shown), excluding a significant
contribution of Cl™ fluxes to the observed currents. Likewise,
substitution of extracellular Na™ by the large cation N-methyl-

p-glucosamine (NMDG™) did not change the shape of the cur-
rent-voltage relation or the inward current amplitude; with
both Mg?* and Ca®" at 2 mwm in the extracellular solution, the
inward current density at —80 mV was —13.6 = 2.2 pA/pF and
—13.7 = 2.3 pA/pF (n = 4) in the presence of 150 mm Na™ and
NMDG™, respectively. These results indicate that the inward
current is almost exclusively carried by Mg?" and/or Ca2".
However, large inward currents were observed upon removal of
all extracellular divalent cations, yielding slightly inwardly
rectifying currents that reversed close to 0 mV with identical
NaCl-based solutions on either side of the membrane (Fig. 2e).
Subsequent substitution of extracellular Na® by NMDG™" vir-
tually abolished inward currents, shifting the reversal poten-
tial to voltages more negative than —50 mV (Fig. 2e). Thus, in
the absence of divalent cations, the TRPM6-induced channel
becomes highly permeable to Na®. Outward currents were
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FiG. 2. Functional expression of TRPMS6 as a cation channel. ¢,
average time course of the development inward and outward currents
at 80 and —80 mV in HEK-293 cells expressing wild-type TRPM6 or
TRPM65°%X (TRPM65°7°9°X) upon dialysis with the standard pipette
solution. Extracellular solution contained 1 mm Ca®* and no Mg?*. b,
average current densities at 80 mV measured 5 s (top) or 200 s (bottom)
after whole-cell establishment in non-transfected HEK-cells (n = 15)
and cells expressing wild-type TRPM6 (n = 42), TRPM65°°X (Ser590X)
(n = 6) or TRPM6EA™ 736 s X737 (Arg736fsX; in which fs stands for
frameshift and X is a stop codon) (n = 7). ¢, current-voltage relations
from a TRPM6-transfected cell obtained under experimental conditions
as in panel a, measured at the indicated times after whole-cell estab-
lishment. d, currents measured in a TRPM6-expressing cells during
100-ms steps to potentials ranging from —100 to 100 mV, 20 mV spaced.
e, current-voltage relations obtained after maximal current activation
using an extracellular solution containing 2 mm MgCl, and 2 mm CaCl,
(Control) and, after superfusion, with divalent-free solution containing
Na* or NMDG™ as the sole extracellular cation. f, current-voltage
relations obtained in divalent-free conditions with Na™ or NMDG™" as
the sole extracellular cation and NMDG™ as the sole intracellular
cation.

strongly reduced when NMDG" was the sole cation in the
intracellular solution, indicating that the large outward cur-
rents observed with the NaCl-based intracellular solutions are
mainly carried by Na* (Fig. 2f). Thus, the outwardly rectifying
current-voltage profile of the TRPM6-induced current meas-
ured with physiological concentrations of extracellular divalent
cations reflects the small inward flux of divalent cations and
the large outward flux of monovalent cations.

Given that TRPMS6 is expressed in Mg?*-absorbing epithelia
and that mutations in the TRPM6 gene cause HSH, we further
tested the permeability of the TRPM6-induced channel to Mg?*
and other divalent cations. Significant inward currents were
measured with all tested divalent cations, each acting as the
sole charge carrier in the extracellular solution (Fig. 3a). At a
concentration of 20 mM, the permeation rank order determined
from the inward current amplitude at —80 mV was Ba?" =
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| (nA) Ba® 5mM 20 mM Mg’
5 0.6
-100 V(mV) 2
: ca® =
ca’ £ 04
Mg 100 1 &
NI ] Mg” 2
B I (pA 0.2
2
V (mV) o
100 100 0.0
c d
1 1Ay 10
2
V (mV) 2
.10(.)/,:";' = 100 g g5
7 &
g 2
N —DVF Ng
5 ML 7 4 +Ca™ s
1ML ] +Mg™
-6J 0.0+ - i
0.1 1 10 100
[X”] (uM)
e f
DVF +10 uM RR 1.0{ 0.1uM e Ao
= - I o]
B nenes e
— = &
= Kld ¢
¥ 0.5+ A~
e = }/5/1 )lMi/'
—— €
B S / 10 M RR
30ms peo*
4100 -50 0 50 100
V (mV)

Fic. 3. Divalent permeation and block of the TRPM6-induced
channel. a, current-voltage relations obtained with extracellular solu-
tions containing 120 mm NMDG-CI and 20 mM of the chloride salt of the
indicated divalent cations. The inset represents an expanded view of the
inward currents. b, ratiometric measurement of intracellular Mg?"
with Magfura-2 in a TRPM6-expressing cell. The cell was held at 0 mV,
and voltage-ramps from —150 to 100 mV were applied every 2 s. When
indicated, the holding potential was changed to —80 mV. Similar
changes in intracellular Mg?" were obtained in six TRPM6-expressing
cells. Changes in intracellular Mg?* were undetectable on this time
scale in non-transfected cells (n = 4). ¢, current-voltage relations ob-
tained in divalent-free (DVF) solution and in the presence of 1 and 5 um
of Ca®* or Mg®". d, dose-response curves for the inhibition of inward
Na™* current at —80 mV by Ca®* and Mg?". e, currents measured in
divalent-free (DVF) solution during 100-ms steps to potentials ranging
from —100 to 100 mV before and during extracellular application of 10
uM ruthenium red. f, voltage dependence of the block of the TRPM6-
induced current in divalent-free solution for three different ruthenium
red concentrations.

NiZt > Mg?" > Ca?" (Fig. 3a, inset). When normalized to the
inward current amplitude in 20 mm Ca2", we obtained relative
values of 2.02 + 0.18, 1.81 = 0.22, and 1.33 = 0.09 for Ba2*,
Ni%*, and Mg?*, respectively (n = 4—7). The divalent cations
had a differential blocking effect on the outward currents, and
the rank order of blocking efficiency was Ni2* > Mg2?" > CaZ*
> Ba®" (Fig. 3a).

We also estimated permeability ratios (Px/Py,) based on the
reversal potentials (E,,.,) measured with the respective diva-
lent cations (each 20 mwm) in the extracellular solution and 150
mwM intracellular Na™. This procedure yielded a different per-
meation sequence (respective Px/Py, values in parentheses),
namely Ni?* (9.2 = 0.3) > Mg?" (9.0 = 0.4) > Ca2%" (6.9 =
0.3) > Ba%" (6.2 = 0.2). It is, for two reasons, questionable
whether these Py/Py, values adequately describe the perme-
ability properties of TRPM6. First, the slope of the current-

voltage relation is very shallow around E,., in the presence of
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extracellular divalent cations. Exact measurements of £, are
therefore difficult and error prone, because small changes in
background current can have significant effects on E,,. Sec-
ond, the calculation of Px/Py, from E,, is based on the Gold-
man-Hodgkin-Katz equations, which assume that ions perme-
ate independently and that the electric field in the membrane
is constant (14, 12). However, the outward rectification of the
TRPM6-induced current is much stronger than predicted by
these equations, which makes the validity of these assumptions
highly questionable.

To further substantiate the Mg?" permeability of the
TRPM6-induced channel, we measured changes in the intra-
cellular Mg?* concentration directly using the Mg?"-sensitive
ratiometric dye Magfura-2. In these experiments, cells were
dialyzed with a Magfura-2-containing pipette solution devoid of
Mg?* and EDTA (see “Experimental Procedures”), which re-
sulted in basal intracellular Mg?" concentrations between 0.05
and 0.1 mMm (Fig. 3b). The addition of 5 mm Mg2+ to the extra-
cellular solution, which contained 2 mm Ca?* during the entire
course of the experiment, resulted in a significant increase of
the intracellular Mg?* concentration in TRPM6-expressing
cells (Fig. 3b). Intracellular Mg2+ was increased further with
higher extracellular Mg2" concentrations or when the plasma
membrane was hyperpolarized to —80 mV (Fig. 3b), consistent
with Mg?* influx through the TRPM6-induced channel.

It is generally assumed that the luminal concentration of
free Mg?" in the Mg?*-absorbing part of the nephron is in the
range of 0.2—0.7 mu (1). To preferentially conduct Mg®" in the
presence of Ca®", which is present at a concentration of ~1 mw,
the apical Mg?" influx pathway should exhibit a higher affinity
for Mg?* than for Ca®". As a first approach to investigating
whether the TRPM6-induced current satisfies this require-
ment, we compared the sensitivity of monovalent TRPM6-in-
duced currents to Mg?" and Ca2". As shown in Fig. 3¢, inward
Na™ currents were blocked in a voltage-dependent manner by
low micromolar concentrations of both Mg®* and Ca®". How-
ever, Mg?" blocked the inward currents at lower concentra-
tions than Ca®" (Fig. 3, ¢ and d). The dose-response curves for
block of Na™ current at —80 mV yielded K}, values of 1.1 and
4.8 um and Hill coefficients of 0.85 and 0.83 for Mg®* and Ca®*,
respectively. The most straightforward explanation of the dif-
ference in K, values between Mg>' and Ca®" is that Mg?"

01 mg*) (mm)

binds with a higher affinity to a binding site in the channel
pore. Alternatively, the inhibitory effect of divalent cations on
the permeation of monovalent cations might be due to a regu-
latory divalent cation binding site outside the pore, but this is
highly unlikely given the strong voltage dependence of the
block by Mg?* and Ca?*. Thus, although the relative contribu-
tion of Mg?" and CaZ" to the inward current under physiolog-
ical conditions is hard to estimate and expected to vary with
changes in their respective extracellular concentrations, these
data indicate that the pore of the TRPM6-induced channel has
a higher affinity for Mg?" than for Ca2". This contrasts with all
known Ca?"-selective channels (15, 14), including members of
the TRP superfamily (16), which generally display a 10—-1000
times lower affinity for Mg2" than for Ca2".

Monovalent currents were highly sensitive to ruthenium red
(RR), a potent blocker of several members of the TRPV family
(17, 18). As illustrated in Fig. 3¢, 10 um RR caused a strong
inhibition of inward monovalent currents while leaving out-
ward currents unaltered. Fig. 3f summarizes the voltage and
concentration dependence of the block of monovalent currents
by RR. The RR concentration for half-maximal current inhibi-
tion increased from ~100 nm at —120 mV to >10 um at poten-
tials more positive than —20 mV. Such voltage dependence is
generally interpreted as a direct block of the channel pore
within the transmembrane electrical field. Interestingly, we
found that inward currents carried by 10 mm Mg?" were sig-
nificantly less sensitive to inhibition by RR (40 * 7% block at
—80 mV with 10 um RR; n = 4), suggesting that Mg?" and RR
compete with each other for one or more binding sites within
the channel pore. Alternatively, Mg?" might have an allosteric
effect on the RR binding site.

TRPM6-induced currents increased significantly upon dial-
ysis with Mg?*-free intracellular solutions (e.g. Fig. 2a), indi-
cating that intracellular Mg?' has an inhibitory effect on
TRPMS6 activity. To test the effect of intracellular Mg2* in a
more direct manner, we performed experiments in which the
intracellular Mg?" concentration was directly altered in a spa-
tially uniform manner using flash photolysis of the photolabile
Mg?*chelator DM-nitrophen (19). Fig. 4a shows an experiment
in which a TRPM6-expressing cell was intracellularly dialyzed
with a pipette solution containing 5 mm DM-nitrophen 90%
saturated with Mg?" as well as the Mg?"-sensitive dye Mag-
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fura-2. After maximal activation of the current, a brief flash
(~1 ms) of UV light was applied to the cell and the tip of the
patch pipette, which resulted in a stepwise increase of the
intracellular Mg?* concentration from < 0.1 mM to ~0.5 mm
(Fig. 4a, top). As a result of the increased intracellular Mg2™",
the TRPM6-induced current was significantly reduced, both at
positive and negative potentials (Fig. 4a, bottom). We observed
two temporal phases in the Mg?*-induced current reduction.
As shown in Fig. 4b, the outward current at +100 mV rapidly
decreased after the flash-induced increase in intracellular
Mg?" with an initial time constant of 24 = 5 ms at 0.51 = 0.07
mM Mg?* (n = 5). Thereafter, a second, slower phase of inhi-
bition was observed, which was complete in ~ 30—40 s (time
constant 21 = 3 s; n = 5). Fig. 4c compares current-voltage
relations obtained just before and, respectively, 5 and 45 s after
the flash, illustrating that the inhibitory effect of intracellular
Mg2" displays little or no voltage dependence. Fig. 4d displays
the relative current 45 s after the flash in the function of the
post-flash Mg?* concentration. The solid line (Fig. 4d) repre-
sents a dose-response curve fitted to the data, which yielded an
apparent K;, of 0.51 mm and a Hill coefficient of 2.1.

Most of our experiments were performed with a pipette so-
lution containing 10 mm EDTA, which causes slow passive
depletion of the intracellular Ca®" stores. Given that several
members of the TRP family have been shown to be store-de-
pendent (4), we reasoned that part of the current activation
after establishment of the whole-cell configuration might re-
flect store dependence of TRPM6. To test this possibility, we
measured whole-cell currents using a Mg?*-free pipette solu-
tion containing 0.1 mm EGTA as the sole Ca2* buffer, which is
not sufficient to cause significant store depletion within the
time course of our experiments. Under this condition, TRPM6-
expressing cells still developed robust outwardly rectifying cur-
rents, and the average current density (319 + 58 pA/pF; n = 8)
was not different from that of cells dialyzed with the standard
solution containing 10 mm EDTA (341 + 24 pA/pF; n = 42; see
Fig. 1b). Moreover, depletion of the intracellular stores by
extracellular application of the sarcoendoplasmic reticulum
Ca%'-ATPase inhibitor 2,5-di-t-butyl-1,4-benzohydroquinone
(20 uM) or the Ca2" ionophore ionomycin (2 um) did not alter
the amplitude of the TRPM6-induced currents measured with
0.1 mm EGTA in the pipette solution (n = 3 for each drug; data
not shown). From this we conclude that the activity of TRPM6
does not critically depend on the filling state of the intracellular
CaZ* stores.

The TRPM6-induced currents are highly reminiscent of the
currents induced by overexpression of TRPM7 in HEK-293 or
Chinese hamster ovary cells (5, 13) as well as to the outwardly
rectifying currents regulated by intracellular Mg?* and/or
Mg2"-nucleotides that are present in cell types (including
HEK-293 cells) that endogenously express TRPM7 and have
been termed MagNuM (for Mg?*-nucleotide-inhibited) or MIC
(Mg?"-inhibited cation) currents (13, 20—-22). The list of simi-
larities between the TRPM6-induced currents and the TRPM?7,
MagNuM, or MIC currents includes the outwardly rectifying
current-voltage relation, the lack of voltage dependence, and
the sensitivity to intracellular Mg2™. This raises the important
question of whether the currents described in this study are
mediated by TRPM6 itself or rather represent the activity of
the endogenously expressed TRPM7. However, this possibility
is rather unlikely for the following reasons. First, current am-
plitudes in TRPM6-expressing cells were ~10 times larger
than in non-transfected cells, and developed much faster when
intracellular Mg?" was buffered. Second, no significant in-
crease in outwardly rectifying currents was observed upon
overexpression of two HSH-causing TRPM6 mutants. Finally,

the average current density in TRPM6-expressing HEK-293
cells measured in this study was of the same order of magni-
tude and even larger than those reported for HEK-293 or CHO
cells overexpressing TRPM7 under comparable experimental
conditions (5, 13, 20—23). Thus, the most straightforward ex-
planation of our findings is that TRPM6 forms all or a major
part of a Mg?"-permeable cation channel regulated by intra-
cellular Mg2".

TRPM6 and TRPM7 have an overall amino acid sequence
identity of 52%, which increases to >80% in the region between
the fifth and sixth transmembrane region where the pore-
forming loop is presumably located. Moreover, both TRPM6
and TRPM7 have a carboxyl-terminal region with sequence
similarities to the atypical a-kinase family. Given this high
degree of homology, it cannot be excluded that TRPM6 and
TRPMT7 are able to form heterotetrameric channels, similar to
what has been described for TRPV5/TRPV6 (24) and TRPC1/
TRPC5 (25). However, the 10-fold larger current amplitude in
the TRPM6-expressing cells compared with non-transfected
HEK-293 cells indicates that the majority of the channels are
actually TRPM6 homotetramers. As a consequence of our find-
ings, some caution is warranted when equating endogenous
MagNuM (MIC) currents to TRPM7, as TRPM6 or putative
TRPM6-TRPM7 heteromultimers might underlie these cur-
rents in some cell types.

In conclusion, we have demonstrated that TRPM6 confines a
Mg?*-permeable channel that is specifically localized to the
apical membrane of Mg?*-reabsorbing tubules in the kidney
and the brush-border membrane of the Mg?" absorptive cells in
the duodenum. The tight regulation of the TRPM6-induced
current by intracellular Mg?* provides a feedback mechanism
on Mg?* influx and implies that intracellular Mg?* buffering
and Mg?* extrusion mechanisms strongly impact on channel
functioning. Parvalbumin and calbindin-Dygy, which, as shown
in this work, are co-expressed with TRPM6, might function as
intracellular Mg2" chelators in the DCT, although further
studies are needed to substantiate this. To our knowledge,
TRPM6 represents the first molecularly identified and
functionally characterized component of active Mg?" (re)ab-
sorption. The absence of the TRPM6-dependent Mg2?" influx
pathway in kidney and the small intestine provides a straight-
forward explanation for the severe hypomagnesemia observed
in HSH patients.
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