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Modulation of TRPs by PIPs
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The TRP superfamily of cation channels encompasses 28 mammalian members related to the

product of the Drosophilatrp (transient receptor potential) gene. TRP channels have a widespread

distribution in many cell types and organs and gate in response to a broad variety of physical and

chemical stimuli; as such, they can be considered as ubiquitous cellular sensors. Several recent

studies reported modulation of different TRP channels by phosphoinositides, in particular

by phosphatidylinositol 4,5-bisphosphate (PIP2). In most cases, PIP2 promotes TRP channel

activation. Here we provide a brief overview of current insights and controversies about the

mechanisms and structural determinants of PIP2–TRP channel interactions, and zoom in on

the regulation of the Ca2+- and voltage-gated TRPM4 by phosphoinositides.
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In 1969, Cosens & Manning performed a screening for
Drosophila mutants with impaired vision and identified a
mutant that was rapidly blinded by bright light (Cosens &
Manning, 1969). Subsequent electrophysiological analysis
of the photoreceptor cells of the mutant fly strain
revealed that sustained light induced a transient rather
than the normal sustained receptor potential, and the
mutant was therefore named trp, for transient receptor
potential (Minke et al. 1975). The trp gene was cloned
in 1989 (Montell & Rubin, 1989), and soon thereafter
it became clear that the trp gene product, TRP, forms a
Ca2+-permeable cation channel (Hardie & Minke, 1992;
Phillips et al. 1992). In the years following the cloning
of the trp gene, it became clear that TRP is the founding
member of a large family of cation channels. Published
genomes reveal the presence of multiple trp-related
genes in yeast, worms, insects, fish and mammals
(Vriens et al. 2004; Montell, 2005b), and there are 27
trp-related genes in humans. Based on sequence homology,
the mammalian TRP channels can be subdivided into
the TRPC, TRPV, TRPM, TRPP, TRPML and TRPA
subfamilies (Montell, 2005b; Nilius & Voets, 2005). A
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further subfamily, the TRPN channels, does not contain
any mammalian member.

TRP channels are homo- or heterotetramers of
subunits containing six transmembrane segments
(S1–S6) and cytoplasmic N- and C-terminal tails. S5,
S6 and the connecting pore loop form the central
cation-conducting pore, whereas S1–S4 and the
cytoplasmic N- and C-terminal parts are involved in
the regulation of channel gating and the interaction
with ligands or proteins (Voets et al. 2005; Owsianik
et al. 2006). Overall, the transmembrane configuration
of TRP channels is highly similar to that of other
six-transmembrane (6TM) channels such as voltage-gated
and Ca2+-activated K+ channels, cyclic nucleotide-gated
(CNG) cation channels, hyperpolarization-activated
cyclic-nucleotide-gated (HCN) channels and to the four
repeats in voltage-gated Ca2+ and Na+ channels (Swartz,
2004; Voets et al. 2005). Given that several of these related
6TM channels are regulated by the plasma membrane
PIP2 levels (Hilgemann et al. 2001), it came as no surprise
that the gating of at least some of the TRP channels is
PIP2 dependent.

TRP channels and phosphoinositides: consensus
and controversies

Already at the time of its cloning, it was realized that
the gating of TRP in the Drosophila photoreceptor cells
is tightly coupled to PIP2 metabolism. In these cells, TRP
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and the closely related TRPL (TRP-like) (Phillips et al.
1992) function as receptor-operated channels that are
activated downstream of the G-protein-coupled receptor
rhodopsin. Light-induced activation of rhodopsin leads to
the Gαq-dependent activation of phospholipase C (PLC),
which mediates hydrolysis of PIP2 into diacyl glycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3) (Hardie &
Raghu, 2001). Although the exact gating mechanism of
TRP/TRPL in the photoreceptor cells remains unsettled,
there is good evidence that DAG or polyunsaturated fatty
acids derived from DAG can directly gate these channels
(Chyb et al. 1999). PIP2 by itself may also have an inhibitory
effect on heterologously expressed TRPL (Estacion et al.
2001), but it is unlikely that PIP2 depletion plays a crucial
role in the activation of TRP/TRPL in vivo. In fact, Ca2+

influx through TRP is required for maintaining PIP2 levels
in the photoreceptors. The exact mechanisms whereby
Ca2+ influx sustains the cellular PIP2 levels are not fully
known, and may involve both an inhibition of Drosophila
PLC by the high micromolar intracellular Ca2+, and a
Ca2+-dependent facilitation of PIP2 recycling (Hardie et al.
2001).

Among mammalian TRP channels, at least seven
have been reported to be regulated by the cellular
PIP2 levels. Julius and colleagues presented data
suggesting an inhibitory effect of PIP2 on the heat- and
capsaicin-sensitive TRPV1, and proposed that pro-algesic
agents such as nerve growth factor (NGF) or bradykinin
sensitize TRPV1 by reducing plasma membrane PIP2

levels following PLC activation (Chuang et al. 2001).
A C-terminal region of TRPV1 rich in basic residues
was found to be required for NGF-induced sensitization
of the channel, suggesting that it may function as a
PIP2 binding site (Prescott & Julius, 2003). Although
this mechanism represents an appealing modus operandi
of pro-algesic compounds, recent studies have strongly
questioned the inhibitory effect of PIP2 on TRPV1. First,
it was found that PIP2 levels are strongly reduced upon
TRPV1 activation, and that the recovery of TRPV1 activity
after desensitization requires and coincides with recovery
of cellular PIP2 levels (Liu et al. 2005). Notably, current
recovery was independent of the putative C-terminal
PIP2 binding site (Liu et al. 2005). In addition, another
study showed that direct application of PIP2 to the inner
leaflet of TRPV1-expressing membranes leads to channel
activation rather than inhibition, whereas sequestering
PIP2 using polylysine inhibits channel function (Stein
et al. 2006). The authors of this latter study suggested
an alternative mechanism for NGF-induced TRPV1
potentiation, whereby NGF leads to phosphoinositide
3-kinase-dependent trafficking of TRPV1 to the plasma
membrane (Stein et al. 2006). Although these studies seem
strongly at odds with the initially proposed inhibitory
effect of PIP2 on TRPV1, unpublished data suggest that
PIP2 may have a dual effect on TRPV1: inhibitory at low

agonist concentrations and activatory in the presence of
stronger TRPV1-activating stimuli (Lukacs et al. 2007).

A second mammalian TRP reported to be modulated
by PIP2 is the Mg2+ and Mg2+-nucleotide-regulated
cation channel TRPM7, although this modulation
has also been subsequently challenged. One study
reported that receptor-mediated inhibition of TRPM7
is mediated by PLC-induced PIP2 breakdown (Runnels
et al. 2002). However, a later study found that over-
expression of TRPM7, which was originally identified as a
PLC-interacting protein, leads to a full suppression of PLC
activity, and presented evidence that receptor stimulation
modulates TRPM7 via cAMP signalling (Takezawa et al.
2004). Further research will be required to establish
whether both mechanisms of TRPM7 are operational in
vivo, and which of them is most predominant.

Less controversial (at least to this point) are the
stimulatory effects of PIP2 on TRPV5, TRPM4, TRPM5
and TRPM8. TRPV5 is a highly Ca2+-selective epithelial
channel, mainly involved in Ca2+ transport processes
in epithelia (Hoenderop et al. 2005). Intracellular Mg2+

ions inhibit TRPV5, both through a direct and fully
reversible voltage-dependent block of the pore and by
inducing a slower, pore-independent, and irreversible
channel rundown (Voets et al. 2003). This rundown can
be reversed by stimulation of the resynthesis of PIP2 or
by direct application of PIP2 to the inner leaflet of the
plasma membrane. Moreover, PIP2 reduces the channel’s
sensitivity to slow Mg2+ inhibition (Lee et al. 2005).
TRPM8 is a voltage-dependent channel activated by cold
and by cooling agents such as menthol (McKemy et al.
2002; Peier et al. 2002; Voets et al. 2004). Activation of the
channel leads to desensitization, which depends on Ca2+

influx (McKemy et al. 2002). Ca2+ influx through TRPM8
leads to activation of Ca2+-dependent phospholipase C
(e.g. PLCδ1) (Rohacs et al. 2005), which causes depletion
of cellular PIP2 levels resulting in channel desensitization
(Liu & Qin, 2005; Rohacs et al. 2005), mainly by shifting the
voltage dependence of channel activation to more positive
potentials. Positively charged residues in the TRP domain,
which is located C-terminal of S6, appear to play a role
in the interaction of the channel with membrane-bound
PIP2, suggesting that this conserved region may play a more
general role as a PIP2-interacting site (Rohacs et al. 2005).

TRPM4 and TRPM5 are voltage-dependent
Ca2+-activated but Ca2+-impermeable cation channels
(Launay et al. 2002; Hofmann et al. 2003; Nilius et al.
2003). TRPM5 is highly expressed in taste cells, where its
activation downstream of taste receptor stimulation leads
to membrane depolarization, which appears crucial in
the transduction of sweet, bitter and umami taste (Zhang
et al. 2003). TRPM4 has a more widespread expression
pattern and appears to function as a brake on Ca2+ influx
in non-excitable cells, by reducing the driving force for
Ca2+ influx through non-voltage-gated Ca2+-permeable
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channels (Launay et al. 2002). This was recently nicely
illustrated in TRPM4−/– mice, which exhibit increased
anaphylactic responses due to increased IgE-induced Ca2+

influx and histamine release in mast cells that lack the
TRPM4 brake (Vennekens et al. 2007). Analogous to what
has been described for TRPM8, a rise in the intracellular
Ca2+ concentration, which is an absolute prerequisite
for TRPM4/5 activation, leads to desensitization of both
channels, and this desensitization process can be reversed
by application of PIP2 to the inner leaflet of the plasma
membrane (Liu & Liman, 2003; Nilius et al. 2006). Below,
we will discuss in more detail the current insight on the
functional interaction between phosphoinositides and
TRPM4.

Modulation of TRPM4 by PIP2

To analyse the effect of phosphoinositides on TRPM4, we
have used several protocols expected to affect the plasma
membrane PIP2 content and/or its breakdown (Nilius et al.
2006). Application of the synthetic steroid U73122, an
inhibitor of PLC activity, fully prevented the decay of
TRPM4 current that normally follows Ca2+-dependent
activation in whole-cell and inside-out patches, indicative
of an involvement of Ca2+-dependent PLC activity and
PIP2 depletion in this process. Consistent with this
hypothesis, we found that direct application of PIP2 to
the inner leaflet of the plasma membrane fully restores
the initial TRPM4 current after current decay. Similarly,
we observed that application of Mg-ATP to inside-out
patches led to full restoration of TRPM4 currents, which
can be attributed to Mg-ATP-dependent activation of
the different PI(P) kinases that lead to replenishment of
the PIP2 pool. In contrast, a number of experimental
approaches that promote depletion of the plasma PIP2

pool all led to a reduction of TRPM4 currents. These
include direct application of the PIP2 scavenger polylysine
to inside-out patches, inhibition of PIP2 synthesis by the
PI(P) kinase inhibitor wortmannin, and overexpression of
5-phosphatase IV, which catalyses the dephosphorylation
of PIP2 to phosphatidyl 4-phosphate. Interestingly, our
results indicate that several enzymes involved in PIP2

synthesis and breakdown remain active in inside-out
patch-clamp experiments for several minutes, suggestive
of a tight coupling between TRPM4 and these enzymes
(Nilius et al. 2006). This raises the possibility of a
configuration similar to the so-called ‘signalplex’ that
couples TRP and TRPL to the different components of
the rhodopsin-induced signal transduction pathway in the
Drosophila photoreceptor cells (Montell, 2005a).

Previous studies in TRP and other 6TM channels
as well as in inwardly rectifying K+ channels had
found that C-terminal regions rich in basic residues
may act as PIP2 binding sites. It is thought that

these positively charged side chains interact with the
negatively charged headgroup of PIP2. We analysed
the role of two such regions in the C-terminal tail
of TRPM4, namely the proximal TRP domain and a
more distal region that contains twice the consensus
sequence for a putative pleckstrin homology (PH)
domain, [R/K]-X3-11-[R/K]-X-[R/K]-[R/K]. Whereas
neutralization of basic residues in the TRP domain
did not affect the effects of PIP2 on TRPM4, charge
neutralizing mutations to distal domain, particularly
those that abolish the first PH consensus sequence, led to a
significant decrease in PIP2 sensitivity (Nilius et al. 2006).
Interestingly, this region, in contrast to the TRP domain,
is not conserved in TRPM5, which may explain the lower
PIP2 sensitivity of this channel compared to TRPM4 (Liu
& Liman, 2003; Nilius et al. 2006).

When analysing the potentiating effects of PIP2 on
TRPM4 channels in more detail, two distinct phenomena
can be distinguished. First, application of PIP2 results
in a ∼100-fold increase in apparent Ca2+ affinity. The
difference in affinity is mainly due to a slower rate of
Ca2+ unbinding, as can be deduced from the ∼100-fold
slower rate of current decay upon removal of activating
Ca2+ in inside-out patches perfused with PIP2. One
possible explanation could be that the phosphate groups
of PIP2 somehow contribute to the Ca2+-binding site
on the channel. Second, PIP2 causes a strong leftward
shift of the voltage-dependent activation curve, leading
to an increase in channel open probability at physiological
voltages. This can be attributed to a decrease in the rate of
voltage-dependent channel deactivation, suggesting that
PIP2 stabilizes the open state rather than destabilizing the
closed state (Nilius et al. 2006). This effect is therefore
similar to known effects of ligands on other TRP channels,
such as for example the activation of TRPM8 by menthol
(Voets et al. 2004, 2007).

Some mechanistic thoughts about PIP2 action
on TRP channels

An important and still fully open question is how binding
of PIP2 and/or other phosphatidylinositides regulate
opening and closing of the TRP channel pores. In
general, two main and not necessarily mutually exclusive
mechanisms have been proposed to explain potentiation
of channel activity by PIP2 (Fig. 1). In the first mechanism,
PIP2 acts as a molecular ‘glue’ that pulls the intra-
cellular PIP2 binding site to the plasma membrane, thereby
exerting force on the inner gate of the pore leading to
stabilization of the open state (Fig. 1, upper panels).
Although appealing, direct functional evidence for such
a mechanism has not yet been presented for TRPs or other
channels. In the second mechanism, PIP2 disrupts the
interaction between channel and an inhibitory partner,
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Figure 1. Possible modes of PIP2–TRP
channel interactions
Two possible mechanisms for PIP2-dependent
activation of TRP channels. See text for more
details.

Figure 2. Modelling PIP2–TRP channel interactions
A, general scheme describing the effect of PIP2 binding to a tetrameric
channel analogous to the Monod–Wyman–Changeux model.
B, simulation of the effect of PIP2 on TRPM4 currents in inside-out
patches. The voltage protocol consisted of 400 ms voltage steps
ranging from –100 to +100 mV from a holding potential of 0 mV; the
tail current potential was –80 mV. C, experimental data obtained with
the same voltage protocol showing the effect of addition of 10 μM

PIP2 to inside-out patches from TRPM4-expressing HEK293 cells. For
experimental details, see Nilius et al. (2006).

by competing for the same or overlapping binding sites
on the channel (Fig. 1, lower panels). A recent study has
shown that phosphoinositides, particularly PIP3 and PIP2,
disrupt the interaction between TRPC6 and calmodulin, as
a consequence of the strong overlap between the PIP2- and
calmodulin-binding sites (Kwon et al. 2007). Given that
calmodulin has an inhibitory effect on channel function,
relief of the interaction leads to channel activation.
The same study also provides evidence that a similar
mechanism may be operational in several other (TRP)
channels (Kwon et al. 2007). Interestingly, these authors
also find that channel–calmodulin interaction can be
disrupted, albeit less efficiently, by inositol 6-phosphate
(IP6), which is water soluble and not normally bound to
the plasma membrane (Kwon et al. 2007).

It should also be noted that at present we have
no information concerning the stoichiometry of the
PIP2–TRP channel interactions. Given that these channels
are tetramers (Hoenderop et al. 2003), it is expected that
each functional channel contains four equivalent PIP2

interaction sites (or a multiple of four, in case a subunit
contains more than one PIP2 site). This immediately
raises a number of important mechanistic questions,
for example: Does the effect of PIP2 on the channels
require PIP2 binding to all four subunits, or does each
individual binding step influence the stability of the open
channel in an equal manner? Does binding of PIP2 to one
subunit influence the affinity of the other binding sites,
i.e. is there any cooperativity in PIP2 binding? From
a more theoretical point of view, the effects of PIP2

on a homotetrameric TRP channel may be described
by a scheme as shown in Fig. 2A. In this scheme, it
is assumed that the four subunits undergo a concerted
transition between the closed (C) and open (O) states, in a
manner similar to the Monod-Wyman-Changeux model
for oxygen binding to haemoglobin (Voets et al. 2007).
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In the absence of ligand, the channel shuttles between the
unbound closed (C0) and open (O0) states, a transition
that is described by the forward and backward rate
constants α0 and β0, which depends on temperature,
transmembrane voltage and other energies imparted
on the channel according to Eyring rate theory. Each
subunit can bind one PIP2 molecule with an affinity given
by K d = koff/kon. A cooperativity factor (b) is introduced to
account for possible cooperativity in PIP2 binding (P > 1
for positive cooperativity). In most cases, PIP2 leads to
a stabilization (i.e. a decrease in the Gibbs free energy)
of the open state, which mainly leads to a slowing of
the closing of the channel (i.e. β1–4 < β0). Even with
a few assumptions (no cooperativity of PIP2 binding
(P = 1), PIP2-independent opening rates (αi = α0) and
each individual binding step influencing the stability of
the open channel in an equal manner), this model can
yield a quite satisfactory simulation of the effects of PIP2 on
TRPM4 (Fig. 2B and C). Clearly, further research is needed
to establish the mechanism and stoichiometry of the
modulation of TRP channels by PIP2, for example through
the use of channel concatemers consisting of wild-type
and PIP2-insensitive subunits. Detailed crystal structures
of PIP2 binding sites or even of entire TRP channels may
also provide novel insights into the modulatory interaction
between phosphoinositides and TRP channels.
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