letters to nature

with either the solution listed above (without ascorbic acid, myo-inositol, and Na-
pyruvate) or a HEPES-based solution containing (in mM) 145 NaCl, 25 glucose, 2.5 KCl, 1
MgCl,, 2 CaCl,, 10 HEPES, bubbled with O, (used for Fig. 3a—c). During spillover
experiments, the extracellular solution also contained 60 nM CGP54626 to prevent
activation of GABA receptors. Presynaptic terminals were labelled with lucifer yellow and
visually identified as a calyx.

Electrodes for postsynaptic recording had resistances of 2—3 MQ; series resistances
during recordings were <5 M, compensated electronically by 90%. Pre- and post-
synaptic cells were voltage clamped to —60 mV, unless otherwise indicated. For presynaptic
recordings, electrodes were 5-6 M, with series resistances of 10-25 M, compensated by
80—90%. Pipettes for recording EPSCs contained (in mM) 135 CsE 5 CsCl, 5 EGTA, 10
HEPES and 2 QX314 (N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium
chloride) (286 mOsm) at pH 7.25 with CsOH. Pipettes for pre- and postsynaptic
recording of glycine responses contained either low [Cl7]; solution (in mM): 125 Cs-
methane sulphonate, 15 CsCl, 5 EGTA, 1 MgCl,, 10 HEPES, 0.2 lucifer yellow (290 mOsm)
at pH 7.2 with CsOH, or high-[Cl"]; solution in which Cs-methane sulphonate was
replaced with CsCl. Current-clamp recording from gramicidin-perforated patches was
made with pipettes filled with high-[CI]; solution where KCI replaced Cs-methane
sulphonate and CsCl. For paired pre- and postsynaptic recordings, presynaptic pipettes
contained (in mM) 150 KCI (or 145 K-gluconate and 5 KCl for low-[Cl"]; solution), 0.2
EGTA, 1 MgCl, and 10 HEPES". During simultaneous pre- and postsynaptic recordings,
no rundown of EPSCs was observed over the 10—15 min necessary for the experiment.
Voltages were corrected for junction potentials.

EPSCs and IPSCs were elicited by voltage pulses (100 s, 10-20 V stimuli) delivered
through a glass pipette. During paired pre- and postsynaptic recording, EPSCs were
evoked by action potentials elicited by a depolarizing current pulse delivered through the
presynaptic recording electrode. mEPSCs were recorded at -60 mV in the presence of
0.5 uM TTX. Drugs were applied by pressure ejection or by bath perfusion. Gramicidin D
was prepared in methanol at 5 mgml™ and then dissolved in intracellular solution to a
final concentration of 5 pgml™. EGTA-AM prepared as a stock solution in dimethyl
sulphoxide (DMSO) just before the experiment was diluted in bath solution to 0.2 mM
(final concentration of DMSO, 0.1%). For Ca>* measurements, voltage-clamped terminals
were loaded with the presynaptic K-gluconate pipette fill containing 20 uM Oregon Green
488 BAPTA-1, and without Mg?". Dye was excited (Hg lamp with 1% neutral density filter,
470-nm bandpass excitation filter) at 1 Hz for 100 ms to minimize bleaching. Fluorescence
emission (535 nm bandpass) was detected with a photomultiplier tube and was restricted
to a region just larger than the cell body diameter. Background values, measured in a
region of identical size adjacent to cell body, were subtracted and fluorescence changes
normalized for the average pre-stimulus intensity (AF/F,). Statistical significance was
established using paired and unpaired -tests, as indicated, and errors reported as *1s.d.
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The molecular mechanisms that regulate basal or background
entry of divalent cations into mammalian cells are poorly under-
stood. Here we describe the cloning and functional characteriza-
tion of a Ca®’- and Mg*'-permeable divalent cation channel,
LTRPC7 (nomenclature compatible with that proposed in ref. 1),
a new member of the LTRPC family of putative ion channels.
Targeted deletion of LTRPC7 in DT-40 B cells was lethal, indicat-
ing that LTRPC7 has a fundamental and nonredundant role in
cellular physiology. Electrophysiological analysis of HEK-293 cells
overexpressing recombinant LTRPC7 showed large currents regu-
lated by millimolar levels of intracellular Mg-ATP and Mg-GTP
with the permeation properties of a voltage-independent divalent
cation influx pathway. Analysis of several cultured cell types
demonstrated small magnesium-nucleotide-regulated metal ion
currents (MagNuM) with regulation and permeation properties
essentially identical to the large currents observed in cells expres-
sing recombinant LTRPC7. Our data indicate that LTRPC7, by
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virtue of its sensitivity to physiological Mg-ATP levels, may be
involved in a fundamental process that adjusts plasma membrane
divalent cation fluxes according to the metabolic state of the cell.

As part of a systematic effort to identify novel Ca’*/cation
channels expressed in haematopoietic cells, we cloned a putative
cation channel transcript, which we later designated LTRPC7. The
predicted protein encoded by the LTRPC7 transcript is homologous
to other LTRPC family members throughout its first 1,200 amino
acids (Fig. la), but is notable for its ubiquitous distribution (see
Supplementary Information) and for a long and unique carboxy-
terminal tail that contains a domain of significant homology to the
MHCK/EEF2« family of protein kinases” (Fig. 1a).

To investigate LTRPC7’s role in cell physiology, we used the DT-
40 B-cell system to produce a cell line with targeted deletion of its
LTRPC7 genes. Although targeted deletion of one LTRPC7 allele was
easily obtained, no clones were obtained with targeted integrations
into both alleles (data not shown), indicating that LTRPC7 is
required for cellular viability. We therefore took an inducible
deletion approach (Fig. 1b) by producing a viable DT-40 cell line
that expressed a tamoxifen-controlled Cre recombinase, and which
also had a stable targeted deletion of one LTRPC?7 allele and LoxP
sites bracketing the LTRPC?7 exons encoding transmembrane span
5, the putative channel pore region and transmembrane span 6 in
the other LTRPC7 allele. Activation of the Cre recombinase by
treatment of this cell line with tamoxifen induced the deletion of
these three exons in most cells (Fig. 1c). As shown in Fig. 1d, this
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Figure 1 LTRPC7 structure and inducible knockout of LTRPC7 in the chicken B-cell line
DT-40. a, Schematic of LTRPC7 with amino-terminal unique regions 1-4,
transmembrane domain regions, coiled-coil region and the MHCK/EEF2« kinase
homology domain (kinase). b, Schematics of wild-type and mutated DT-40 LTRPC7
alleles. Restriction enzyme sites (X, Xbal), probe for Southern blot analysis (solid bar),
exons (open rectangle) and loxP sites (solid triangle) are indicated. Three exons, including
part of the putative transmembrane region (corresponding to mouse LTRPC7 amino-acid
residues 997—-1,158), were replaced with hisD cassettes in the hisD-targeted allele and
flanked by two /oxP sequences in the neo-loxP-targeted allele. Xbal fragments detected by
the probe are shown for wild-type and mutated alleles. ¢, Southern blot analysis of Xbal-
digested DNA from wild-type and mutant DT-40 cells. d, Effect of LTRPC7 inactivation on
cell proliferation. DT-40 wild type and mutant clones (V79-1 and V79-2) harbouring hisD-
and neo-loxP-targeted alleles were cultured either without (open symbols) or with (filled
symbols) 200 nM tamoxifen. Cell numbers were adjusted to 1 x 10° cells per ml, 2 days
after cultivation. Viable cells were monitored daily by trypan blue exclusion.
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induced the growth arrest and subsequent death of the cells over a
48-72-h time frame, providing strong evidence that LTRPC7 is
fundamental in cellular function.

For electrophysiological analysis of LTRPC7, we produced HEK-
293 cell lines with tetracycline-controlled expression of a Flag-
tagged LTRPC7 construct. Treatment of these cells with tetracycline
for 24 h induced a Flag-reactive band with a relative molecular mass
of 220,000 (M, 220K; predicted size of Flag—LTRPC?7, Fig. 2a).
However, by 72-96h, LTRPC7-expressing cells began to swell,
detach and die (Fig. 2b, similar results for all clones). Because of
the potential for cell toxicity at times greater than 24h after
induction, all subsequent analyses were performed 18—24h after
induction. In this time frame, induced cells developed large whole-
cell currents over a 100-300-s time period (Fig. 2c) with a
characteristic outwardly rectifying current—voltage relationship
(Fig. 2d) when perfused with Cs*-based internal solutions (identical
results were obtained with K¥, data not shown). With choline-based
intracellular solutions, the large outward conductances were sig-
nificantly suppressed, indicating that outward currents through
LTRPCY are carried by cations. Stationary noise analysis of outward
currents was performed at +60 mV in the frequency range 0.001—
1kHz and revealed characteristic increases in current variance
during activation of the whole-cell current that levelled off and
finally decreased as the current was fully activated. Through linear
regression of variance versus mean current during the initial
activation phase, we determined an average slope of 2.5 = 0.4 pA
(n = 4), corresponding to a single-channel conductance of ~40 pS,
based on a reversal potential of 0 mV. Because mono- and divalent
ions do not permeate LTRPC7 independently of each other (see
below), this value applies in a strict manner only to the test potential
of +60mV and the ionic conditions imposed by our external and
internal solutions.
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Figure 2 Functional expression of LTRPC7 as a cation channel. a, SDS—polyacrilamide
gel electrophoresis (PAGE) analysis of three clonal HEK-293 cell lines (c1—c3) expressing
a tetracycline-controlled Flag—LTRPC7 construct. Anti-Flag immunoreactive proteins
before (left lanes) or after 24 h of tetracycline (right lanes). b, Phase contrast images of
representative patches of LTRPC7-overexpressing HEK-293 cells 0 and 4 days after
treatment with or without tetracycline. ¢, Average inward and outward currents carried by
LTRPC7 at —80 and +80 mV, respectively. Cells perfused with ATP-free Cs*-glutamate
internal solution (n =7, % s.e.m.). Outward current was markedly suppressed when
choline was used as the major internal cation, with only 10 mM Cs* present (n = 3,
+ s.e.m.). d, Current—voltage relationships under experimental conditions as in ¢,
obtained from representative cells 200 s after whole-cell establishment.
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We next analysed the permeation characteristics of LTRPC7-
mediated currents (Fig. 3). Inward currents were not affected by
substitution of choline for Na" and K" in the extracellular solution
(Fig. 3a), indicating that the inward current is carried exclusively by
divalent ions. Furthermore, inward currents are not affected by
removal of either Ca>* or Mg®* alone (Fig. 3b, c). Only the complete
removal of external divalents amplifies both inward and outward
monovalent current flow (Fig. 3d). The current—voltage relation-
ship under divalent-free conditions (Fig. 3e) demonstrates linear-
ization of the outward currents and significant enhancement of
inward currents as compared with the divalent-containing situa-
tion. These effects are probably due to relief from permeation block
by the divalent ions, which is expected to be strongest at negative
potentials and gradually decreases as the reversal potential for
divalent ions is approached.

The above data are most simply explained by a model in which the
LTRPC7 pore has a high affinity for and is permeant to Ca’*and
Mg**, which accordingly obstruct inward fluxes of monovalent
cations. Consistent with this model, LTRPC7-dependent inward
currents are enhanced and outward currents suppressed when cells
are exposed to isotonic (120mM) CaCl, and MgCl, solutions,
conditions in which Ca®* or Mg*" are the only available cationic
charge carriers (Fig. 3fand g, respectively). In light of the significant
Mg** permeation of LTRPC7, a feature to our knowledge unprec-
edented among known ion channels, we assessed Mg”" permeation
at different extracellular Mg** concentrations in reference to inward
currents carried by 2 mM Mg** (Fig. 3h; note the absence of external
Ca®"). Higher concentrations of Mg”" increased inward currents
carried by Mg** and submillimolar Mg®" concentrations progres-
sively increased monovalent influx until divalent-free medium gave
rise to large monovalent inward currents. Thus, LTRPC7 exhibits
clear Mg**-dependent anomalous mole fraction behaviour. At the
same time, outward currents are inhibited with increasing Mg**
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Figure 3 Permeation and block of LTRPC7 by divalent ions. Average inward and outward
currents carried by recombinant LTRPC7 at —80 and +80 mV, respectively. Black bars
indicate solution changes. a, Extracellular solutions contained 10 mM Ca* and 2mM
Mg?*. Inward currents remained unaffected by application of extracellular solution in
which NaCl was replaced by choline-CI (n = 5). b, Application of Ca®*-free extracellular
solution (n = 5). ¢, Application of Mg?*-free extracellular solution (7 = 5). d, Removal of
both Ca* and Mg2* (n = 5). e, /-V/ relationship of currents under conditions as in d
elicited before divalent-free application (198 s) and just before re-admission of divalents
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concentrations (Fig. 3i), probably in part owing to the shift in
reversal potential occurring with the increase in extracellular Mg**
concentrations, but also indicating that Mg?* upon permeation
might suppress LTRPC?7 intracellularly (see below).

The time course of passive activation of currents carried by
LTRPC7 is most consistent with activation due to diffusional
depletion of a small intracellular constituent that suppresses chan-
nel opening. On the basis of the results above and the presence of the
a-kinase domain in LTRPC?7, we suspected that [Mg“]i and [ATP];
might be involved in LTRPC7 regulation. We therefore system-
atically changed the [Mg“]i and [ATP]; of our patch pipette
solutions. LTRPC7 channel activity is strongly suppressed by
Mg-ATP concentrations in the millimolar range (Fig. 4a, d), with
nearly complete suppression of currents at 6 mM Mg-ATP. Under
these conditions, free [Mg”]i varies from 670 to 800 uM, and the
available ATP is essentially all in the physiological Mg-ATP form.
However, no suppressive effect is observed when 2 mM Na-ATP is
added to a [Mg”"];-free internal solution, weighing against a role for
a standard high-energy phosphate group transfer in the suppression
phenomenon as well as indicating that [Mg2+]i is a required factor
or cofactor for inhibition. Figure 4b summarizes the average
currents observed during intracellular perfusion of cells with solu-
tions devoid of ATP but containing different free Mg** concentra-
tions. From this, it is evident that high [Mg®*]; strongly suppresses
LTRPC7-dependent currents even in the absence of ATP, with 3 mM
causing a complete block (Fig. 4e).

To evaluate further the potential role of high-energy phosphate
transfer in suppression, we perfused cells with four different Mg**-
nucleotide trisphosphates (NTP) to define the nucleotide specificity
(Fig. 4c). At 2mM (free [Mg**]; = 700-850 uM), both ATP and
GTP largely suppressed activation of LTRPC7 currents (with essen-
tially identical dose—response curves), whereas CTP and ITP were
less effective compared with NTP-free controls. If the dose—
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(3009). f, g, Application of isotonic CaCl, or MgCl, (120 mM) reversibly enhanced inward
currents and strongly inhibited outward currents (n = 5 each). h, Anomalous mole
fraction behaviour of Mg?* permeation. Changes in inward current measured at —80 mV
as a function of extracellular Mg®* concentration (n = 3—5; Mg?*-free solution plotted at
1 wM) and normalized in reference to 2 mM extracellular Mg?* (extracellular solutions
were nominally Ca*-free). i, Analysis of the corresponding changes in outward currents
(measured at +80 mV) in the same cells as in g (also in reference to 2 mM Mg>*).

NATURE |VOL 411]31 MAY 2001 | www.nature.com




response curve for ATP (Fig. 4d) is instead plotted as a function of
calculated free [Mg“]i (Fig. 4e, open boxes), it can be seen that
suppression of LTRPC?7 currents by Mg-ATP occurs within a range
of free [Mg**]; that produces only moderate suppressive effects on
LTRPC7 in the absence of ATP or GTP (Fig. 4e, filled circles).
Together, these results would be most consistent with Mg-ATP
acting as a physiological regulator of LTRPC7, as cellular levels of
free [Mg“]i are around 0.5 mM (ref. 3) and cytosolic GTP levels are
at least five times lower than those of ATP, which are typically several
millimolar*.

Finally, as a further test of a role for a high-energy phosphate
transfer reaction in LTRPC7 gating, we performed experiments with
Na-ATP-vy-S and Mg-ATP-v-S, non-hydrolysable analogues of ATP.
Because ATP-vy-S can be used by protein kinases in thio-phosphory-
lation reactions, and thio-phosphate linkages are not susceptible to
protein phosphatases, the result is irreversible protein phosphory-
lation. As shown in Fig. 4f (open diamonds), 2 mM Mg-ATP-v-S
(free [Mg®*]; = 700 uM) effectively suppresses LTRPC7 currents. To
address the question of whether this suppression is due to irrevers-
ible thio-phosphorylation of LTRPC7, we performed experiments
in which cells were initially patched with pipette solutions contain-
ing Mg-ATP-y-S (filled circles in Fig. 4f) and subsequently re-
patched around 180s later, this time with an ATP-free pipette
solution to wash out Mg-ATP-y-S. This resulted in essentially full
re-development of LTRPC7 currents, demonstrating the reversibil-
ity of the suppression phenomenon under conditions in which the
participation of a phosphorylation event should have resulted in
irreversible suppression. Therefore, the suppression of LTRPC7
activation by Mg-ATP-y-S is analogous to that of Mg-ATP or
Mg-GTP and is likely to be the result of direct regulation of channel
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activity. By the same logic, Na-ATP-vy-S should behave similarly to
Na-ATP and this is confirmed in Fig. 4f (open circles), where 2 mM
Na-ATP-v-S failed to suppress LTRPC7 activation. We did observe a
Na-ATP-vy-S-mediated delayed and slow inactivation, which may
involve phosphorylation events that downregulate LTRPC7 activity.
We also analysed endogenous currents activated in several cul-
tured cell lines from tissues positive for LTRPC7 transcripts, using
the same experimental conditions that produced maximal LTRPC7
activation in our heterologous HEK-293 system. Each cell type
analysed (Fig. 5) possessed currents with Mg-ATP sensitivity and
current—voltage relationship similar to those observed in HEK-293
cells overexpressing LTRPC7. In particular, the native currents
exhibited strong outward rectification at potentials above +50 mV,
which may be considered the signature of this conductance. We have
adopted the convention that native currents that exhibit sensitivity
to Mg-nucleotide complexes and permeation properties like those
of LTRPC7 are designated as magnesium-nucleotide-regulated
metal ion currents or MagNuM. Our data indicate that LTRPC7
mediates most or all of MagNuM in all cell types so far analysed.
An analysis of LTRPC7 function has also been performed by
Clapham and colleagues®. They concluded that the EEF2a domain
kinase activity was required for channel gating. However, this
conclusion was based in part on increased currents observed
upon addition of 5mM Na-ATP to a standard intracellular solution
containing only 1 mM MgCl,, reducing free [Mg”*]; to 6 WM. As our
data show Mg”* to be an essential (co)factor in regulating LTRPC7
activity, such a drop in free [Mg®*]; would be expected to produce a
large relative increase in current amplitude independent of ATP,
suggesting that conclusions regarding the role of the kinase domain
in channel activation should be taken cautiously. Clapham and
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Figure 4 LTRPC7 gating is modulated by [Mg®*]; and Mg-nucleotides. a, Average inward
and/or outward currents carried by recombinant LTRPC7 at —80 and +80 mV,
respectively. Cells were perfused with internal solutions containing various ATP
concentrations (0 mM Mg-ATP, n = 7; 1 mM Mg-ATP, n = 5; 6 mM Mg-ATP, n = 5;
2mM Na-ATP, n = 5). b, Cells were perfused with internal solutions containing the
indicated MgCl, concentrations in the absence of added ATP (in all cases n = 5). ¢, Cells
were perfused with internal solutions containing 2 mM of various Mg-nucleotides (in all
cases n = 5). Dotted control trace represents 0 ATP taken from a. d, Average changes of
maximum outward current measured at +80 mV as a function of intra-pipette Mg-ATP or
Mg-GTP levels. The change in current size was analysed by subtracting the first data trace
acquired after whole-cell establishment from the one elicited at 300 s. e, Average
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changes of maximum outward current measured at +80 mV as a function of intra-pipette
free Mg?* levels in the absence of added ATP (filled circles). The change in current size
was analysed as in d. Open squares, data points of the ATP dose—response curve in d,
here plotted against the calculated free Mg®* under those conditions. f, Cells were
perfused with internal solutions containing 2 mM of various non-hydrolysable analogues
of ATP (Na-ATP-v-S, open circles, n = 6; Mg-ATP-v-S, open diamonds, n = 3). Filled
circles represent three cells perfused with 2mM Mg-ATP-vy-S for 120 s and then re-
patched with ATP-free solution. Data sets from re-patched cells were aligned, averaged
and plotted with a delay of 180 s, which represents the average time needed to exchange
pipettes and re-patch individual cells (120's, 198's, 215, respectively).
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Figure 5 Mg-ATP sensitive conductances with LTRPC7 signature are ubiquitous. Wild-
type HEK-293, RBL-2H3 and Jurkat T-lymphocytes were perfused with standard internal
solutions supplemented with either 6 mM ATP (open circles; n = 5, = s.e.m.) or no ATP

colleagues also concluded, on the basis of reversal potential mea-
surements, that LTRPC7 is essentially non-selective for monovalent
relative to divalent cations. However, as monovalent and divalent
ions do not permeate LTRPC7 independently (Fig. 3), the permea-
tion of LTRPC7 at physiological membrane potentials (40 to
—80 mV) is selective for divalent ions, whereas monovalent permea-
tion becomes significant only at rather positive potentials.

In conclusion, we have cloned a member of the LTRPC family of
ion channels, designated LTRPC7, and analysed its role in cellular
function. Our data indicate that LTRPC7 is an intracellular ligand-
gated ion channel whose activation may be linked to cellular energy
metabolism through its sensitivity to cytosolic Mg-ATP levels, and
that it effectively permeates both Ca®* and Mg**. As loss of LTRPC7
function would presumably disrupt the coordination of cellular
energy production with the homeostasis of these (and possibly
other) divalent cations, these functional characteristics plausibly
account for the cellular death that occurs in standard cell culture
conditions upon deletion of the DT-40 LTRPC7 genes. Further-
more, because of its link to cellular energy metabolism, LTRPC7
may represent a direct mediator of the toxic divalent cation entry
that occurs during severe metabolic stress conditions such as
hypoxia or hypoglycaemia. O

Methods
Expression analysis

RT-PCR (PCR with reverse transcription) analysis was performed from the indicated
human tissue complementary DNA libraries according to the manufacturer’s protocols
(Life Technologies). For LTRPC7, oligonucleotides used were GTCACTTGGAAACTGG
AACC and CGGTAGATGGCCTTCTACTG to produce a 278-base-pair (bp) band. PCR
was performed using standard techniques and 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and
72°C for 60 s. The approximate intensity of the ethidium bromide staining of correct sized
bands was estimated by eye to be 1-2+. The LTRPC7 primers used in these reactions were
generated from initial expressed sequence tag sequences, and contain a single base pair
mismatch at the 5" end of the primer based on the corresponding region of LTRPC7
sequence obtained from subsequent clones. Multiple tissue northern blots for human
tissues and cell lines were obtained from Clontech and all hybridizations were performed
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(filled circles; n = 5, = s.e.m.). Under these experimental conditions the store-operated
Ca®* current fpac contributes a larger proportion of inward currents than when LTRPC7 is
overexpressed, accounting for the right-shift in reversal potential.

according to the manufacturer’s protocols. LTRPC7 northern blots were performed using
a dUTP-labelled RNA probe generated from a 500-bp fragment corresponding to
approximately residues 1,695-2,195 of the human LTRPC?7 transcript. The probe was
generated using a T7-directed RNA probe synthesis kit from Ambion.

Electrophysiology

HEK-293 cells transfected with the Flag—murineLTRPC7/pCDNA4-TO construct were
grown on glass coverslips with DMEM supplemented with 10% fetal bovine serum,
blasticidin (5 ngml™), and zeocin (0.4 mgmlI™). LTRPC7 expression was induced by
adding 1 wg mI™ tetracycline to the culture medium. Whole-cell patch-clamp experiments
were performed at 21-25 °C 18—24 h after induction, using cells grown on glass coverslips
and kept in a standard modified Ringer’s solution of the following composition (in mM):
NaCl 145, KCl 2.8, CsCl 10, CaCl, 1, MgCl, 2, glucose 10, HEPES-NaOH 10, pH7.2. In
some experiments, nominally Ca’*and/or Mg**-free extracellular solutions or isotonic
CaCl, and MgCl, solutions (120 mM) were applied by pressure ejection from wide-tipped
pipettes. Intracellular pipette-filling solutions contained (in mM): Cs-glutamate 145,
NaCl 8, MgCl, 1, Cs-BAPTA 10, HEPES-CsOH 10, pH 7.2. In some experiments, Cs-
glutamate was replaced equimolarly by K-glutamate or choline-chloride. Free [Mg**]i was
calculated by Patcher’s Power Tools (http://www.wavemetrics.com/Users/ppt.html).
High-resolution current recordings were acquired by a computer-based patch-clamp
amplifier system (EPC-9, HEKA). Immediately following establishment of the whole-cell
configuration, voltage ramps of 50-ms duration spanning the voltage range of —100 to
+100 mV were delivered from a holding potential of 0 mV at a rate of 0.5 Hz over a period
of 200—400s. All voltages were corrected for a liquid junction potential of 10 mV between
external and internal solutions when internal solutions contained glutamate. Currents
were filtered at 2.3 kHz and digitized at 100-ps intervals. Capacitive currents and series
resistance were determined and corrected before each voltage ramp using the automatic
capacitance compensation of the EPC-9. The low-resolution temporal development of
currents at a given potential was extracted from individual ramp current records by
measuring the current amplitudes at voltages of —80 mV or +80 mV.

Full methods for all cloning, construction of expression constructs, SDS—PAGE and
immunoprecipitation analyses, and construction of DT-40 cell lines are available as
Supplementary Information.
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Free ADP-ribose (ADPR), a product of NAD hydrolysis and a
breakdown product of the calcium-release second messenger
cyclic ADPR (cADPR), has no defined role as an intracellular
signalling molecule in vertebrate systems. Here we show that a
350-amino-acid protein (designated NUDT9) and a homologous
domain (NUDT9 homology domain) near the carboxy terminus
of the LTRPC2/TrpC7 putative cation channel' both function as
specific ADPR pyrophosphatases. Whole-cell and single-channel
analysis of HEK-293 cells expressing LTRPC2 show that LTRPC2
functions as a calcium-permeable cation channel that is specifi-
cally gated by free ADPR. The expression of native LTRPC2
transcripts is detectable in many tissues including the U937
monocyte cell line, in which ADPR induces large cation currents
(designated I ppg) that closely match those mediated by recom-
binant LTRPC2. These results indicate that intracellular ADPR
regulates calcium entry into cells that express LTRPC2.

The LTRPC family of putative ion channel proteins® has a unique
amino-terminal region of 600—700 amino acids that can be divided
into 4 smaller sub-regions based on their high level of conservation
in one or more family members. Next there is a region of around 300
amino acids that contains the putative pore-forming transmem-
brane spans, and then a region with predicted coiled-coil character,
and finally a C-terminal extension of variable length and unique
structure for individual LTRPC members. Figure la illustrates the
structural elements of LTRPC2, which was originally designated
TrpC7 (ref. 1), but was named LTRPC2 in a recently proposed
nomenclature’.
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Whereas northern blotting indicates that LTRPC2 was domi-
nantly expressed in brain (data not shown, consistent with previous
reports'), polymerase chain reaction after reverse transcription of
RNA (RT-PCR) detected LTRPC2 transcripts in many other tissues,
including bone marrow, spleen, heart, leukocytes, liver and lung
(data not shown). Specificity of the RT-PCR analysis was con-
firmed by cloning a full-length LTRPC2 transcript from a human
monocyte complementary DNA library. On the basis of its unique
C-terminal structure, we subsequently cloned a new cDNA from a
spleen cDNA library, designated NUDT9. Its expression was detect-
able by RT-PCR in every tissue analysed, including bone marrow,
spleen, heart, leukocytes, liver, lung, kidney, prostate, testis and
skeletal muscle (data not shown). The C-terminal region of LTRPC2
and NUDT?9 share 50% homology and are also homologous to the
Caenorhabditis elegans predicted protein EEED8.8 (Fig. 1b).
Sequence analysis of NUDT9 revealed the presence of a putative
signal peptide/anchor and a Nudix box sequence motif. Nudix
boxes are found in a family of diverse enzymes that catalyse the
hydrolysis of nucleoside diphosphate derivatives’. This motif is
highly conserved in EEED8.8, and is present in a less conserved form
in the NUDT9 homology region (NUDT9-H) of LTRPC2.

On the basis of the presence of the Nudix box in NUDT9 and the
homology between NUDT9 and LTRPC2, we thought that identify-
ing a potential substrate for NUDT9 would provide insight into
LTRPC2 function. We therefore expressed NUDT9 in Escherichia
coli, purified the protein, and screened a series of nucleoside
diphosphate derivatives for enzymatic activity. The recombinant
protein was a highly specific ADPR pyrophosphatase (yielding AMP
and ribose 5-phosphate) with a K, of 100 = 10 wM and a V,,,,, of
11.8 £ 0.3 pmolmin~'mg~"' protein. We then expressed the
LTRPC2. NUDT9-H in E. coli and evaluated its activity towards
the same panel of substrates. NUDT9-H had the same specific
ADPR pyrophosphatase activity and an identical K, (100=*
10uM), but a far lower level of activity (V .=
0.1 wmolmin~'mg~"'). This may be because of the substitution
of RIL and QE amino acids in LTRPC2 for the conserved REF triad
and EE diad found in the Nudix motifs of NUDT9 and EEEDS.8, as
these are important for the catalytic activity of other Nudix
hydrolases’. However, we cannot exclude that the reduced activity
of the LTRPC2 NUDT9-H domain relative to that of NUDT9 may
be because it is not in its native protein context.

The simplest model to relate NUDT9/NUDT9-H activity to
LTRPC2 function is to have LTRPC2 as an ion channel somehow
regulated by ADPR. To test this, we used a human embryonic kidney
cell line (HEK-293) with tetracycline-regulated transcription of a
Flag-tagged LTRPC2 construct. As can be seen in Fig. 2a, in wild-
type cells, no transcript was detectable using an LTRPC2-specific
probe. After tetracycline induction of cells stably transfected with a
textracycline-controlled LTRPC2 construct, substantial expression
of an around 6-kilobase (kb) recombinant LTRPC2 transcript was
detectable. Similarly, anti-Flag immunoreactive protein of the
correct predicted molecular mass was detected in western blots
only after tetracycline induction of the stably transfected cells
(Fig. 2b). Finally, anti-Flag immunofluorescence indicated that a
significant portion of LTRPC2 was localized at or near the plasma
membrane (Fig. 2¢); this led us to perform patch-clamp analyses of
plasma-membrane currents. Without tetracycline induction, ADPR
has no detectable effect on plasma-membrane currents (Fig. 2d).
Furthermore, in the absence of ADPR in the patch pipette, basal
currents in tetracycline-treated cells are the same as in wild-type
HEK-293 cells. This indicates that LTRPC2 is not open con-
stitutively under our conditions of standard intracellular solutions.
In contrast, after tetracycline induction, large inward and outward
currents reversing at 0 mV were induced by 100 uM ADPR (Fig. 2d;
Fig. 2e, linear I-V curves at various times of current development).
No current activation was observed using 100 uM of a variety
of closely related molecules, including NAD*, cADPR, ATP, ADP,
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