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receptor was not altered by CCh application (data not shown).
TRPM7 inactivation correlates with PLC activation. We examined
whether PLC activation and ITRPM7 inactivation in HM1 cells were
correlated in time. The pleckstrin homology (PH) domain of PLC-
δ1 binds specifically to PIP2 and its metabolite inositol 1,4,5-
trisphosphate (IP3)20. The green fluorescent protein (GFP)-tagged
PH domain (GFP–PHδ1) has previously been used as an indicator
of PLC enzymatic activity by concurrently sensing the hydrolysis of
PIP2 and the generation of IP3 (refs 21–23). To test whether CCh
stimulation of HM1 cells resulted in receptor-mediated hydrolysis
of PIP2, GFP–PHδ1 translocation was measured by confocal
microscopy and compared to the time course of the decrease in
TRPM7 current (Fig. 2a,b). The extracellular application of 5 µM
CCh caused a rapid translocation of GFP–PHδ1 from the plasma
membrane to the cytosol, and this translocation proceeded and
correlated reasonably with the time course of ITRPM7 reduction.
The kinase domain of TRPM7 binds to PLC C2 domains. We orig-
inally identified the 146-amino-acid carboxy-terminal segment of
the TRPM7 kinase (PLIK; phospholipase C interacting kinase)
domain in a yeast-two hybrid (Y2H) screen of a rat brain library by
employing the C2 and extended C-terminal domains of PLC-β1 as
bait (Fig. 3a)1. The extended C terminus of the PLC-β class con-
tains P- and G-box domains, which are essential for the association
of PLC-β1 with the plasma membrane and activation by Gαq

24. A
directed Y2H assay using the C terminus of PLC-β1 as bait
(LexA–β1-CTERM) and the last 146 amino acids of the PLIK
domain as prey (GAL4–PLIKC146) located the region within the
PLC-β1 bait that interacts with the PLIK domain (Fig. 3b). Removal

of the P-and G-boxes up to the C2 domain of LexA–β1-CTERM
did not disrupt the interaction, whereas removal of the C2 domain
from LexA–β1-CTERM did abrogate the signal. These data indicate
that the C2 domain of PLC-β1 interacts with the PLIK domain.

Because of the high conservation of sequence identity between
the C2 domains of all PLCs, we examined the ability of the PLIK
domain of TRPM7 to interact with all four members of the PLC-β
class and representative members of the PLC-γ and -δ classes (PLC-
γ1 and PLC-δ1). A glutathione S-transferase (GST) pulldown purifi-
cation assay demonstrated that the PLIK domain interacts with
PLC-β1, PLC-β3, and even more robustly with PLC-β2 (Fig. 3c). The
interactions seemed moderate in strength, as only a fraction of PLC
in the lysates copurified with the PLIK–GST fusion protein.
Commensurate with the observations in the directed Y2H assay,
GST–PLIK did not interact with PLC-β4. Surprisingly, an interac-
tion of the PLIK domain with PLC-γ1, but not PLC-δ1, was also
detected. This suggests a potential function for PLC-γ1 in the regu-
lation of TRPM7.

The interaction of full-length haemagglutinin (HA)-tagged
TRPM7 (T7–HA) with PLC-β2 was then tested by transient trans-
fection of cDNA expression constructs into HEK-293T cells, before
cell lysis and immunoprecipitation. PLC-β2 was chosen for this
assay because of its seemingly higher affinity for the PLIK domain.
PLC-β2 did not immunopurify with anti-HA agarose from HEK-
293T cells expressing T7–HA alone, or from cells co-expressing
T7–HA and PLC-β2 after immunoprecipitation with normal rabbit
IgG (Fig. 3d). PLC-β2 was detected after immunoprecipitation
from cell lysates containing both PLC-β2 and T7–HA with anti-HA,
but not from cell lysates containing PLC-β2 and a truncated version
of TRPM7 lacking the PLIK domain (T7ΔCHA). This result indi-
cates that it is the PLIK domain that interacts with the C2 domain
of PLC, providing the framework for further investigation into the
mechanism of receptor-mediated ITRPM7 inhibition.
Factors not involved in TRPM7 inactivation. Stimulation of the
M1 receptor by CCh initiates PIP2 hydrolysis through Gq-mediat-
ed activation of PLC-β. PIP2 is cleaved into two second messengers,
membrane-bound DAG and soluble IP3 (refs 25–27). IP3 mobilizes
calcium from intracellular stores, whereas DAG initiates the
translocation and activation of PKC in a calcium-dependent man-
ner28. The elements in this signal transduction pathway were tested
for their respective functions in ITRPM7 modulation. U-73122, an
inhibitor of agonist-induced PLC activation, was ineffectual, as it
non-specifically blocked ITRPM7. Neither dialysis of IP3 (20 µM) nor
buffering the free calcium concentration to ~100 nM with 10 mM
EGTA significantly altered ITRPM7 (data not shown). To explore the
potential function of protein kinase C (PKC), we pretreated
TRPM7-expressing HM1 cells with 5 µM Bisindoylmaleimide I
(Bis), a highly selective cell-permeant PKC inhibitor. However, pre-
incubation with Bis did not block the reduction in ITRPM7 elicited by
CCh (Fig. 4a). Application of phorbol-12,13-didecanoate (PDD;
100 nM), a potent PKC activator, was also ineffective (Fig. 4b).

Membrane-permeant analogues of DAG have been shown to
directly stimulate human TRPC3 and TRPC6 currents14. As these
compounds are highly hydrophobic and prone to aggregation, we
used the DAG-binding tandem C1A and C1B domains of PKC-β1

fused to GFP (C12–GFP) as a fluorescent indicator to analyse the
delivery of DAG analogues into HM1 cells (Fig. 4c)29. C12–GFP was
rapidly translocated from the cytosol to the plasma membrane after
direct application of the DAG analogues 1-oleoyl-2-acetyl-sn-glycerol
(OAG; 100 µM) or 1,2-dioctanoyl-sn-glycerol (DOG; 100 µM).
Neither of these agents altered net ITRPM7 (Fig. 4d,e), or ITRPM7 single-
channel activity in inside-out patches (Fig. 4f). But as the DAG
released from PIP2 hydrolysis (for example, 1-stearoyl-2-arachidonyl-
sn-glycerol) is not identical to the shorter fatty acid bearing DOG or
OAG, we reasoned that a more effective physiological analogue of
DAG could be obtained from the hydrolysis of phosphatidylcholine
(PC) from the HM1 cell itself30. Direct application of PC-PLC (10U
Lecithinase C from Clostridium perfringens) to HM1 cells effectively
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Figure 2 Concurrent activation of PIP2 hydrolysis and inhibition of channel
activity by CCh. a, Receptor activation by 5 µM CCh induced a translocation of
the PIP2 indicator GFP–PHδ1 from the plasma membrane to the cytosol. The
images shown were recorded 0, 8, 15, 21, 27 and 36 s after addition of CCh.
White boxes indicate the cytosolic regions where fluorescence intensity was meas-
ured. b, Representative independent examples of the time course for GFP–PHδ1
translocation from the plasma membrane to the cytosol and inhibition of channel
activity in HM1 cells. The average of normalized fluorescence intensity (F.I.)
changes in the three indicated areas from a (filled squares, t1/2 = 13.2 s). In con-
cert with translocation, normalized ITRPM7 (filled circles) was dramatically reduced
after application of CCh (t1/2 = 21.8 s).
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