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TRPM3 has been reported to play an 
important role in Ca2+ homeostasis, 

but its gating mechanisms and regula-
tion via Ca2+ are unknown. Ca2+ bind-
ing proteins such as calmodulin (CaM) 
could be probable modulators of this ion 
channel. We have shown that this protein 
binds to two independent domains, A35-
K124 and H291-G382 on the TRPM3 
N-terminus, which contain conserved 
hydrophobic as well as positively charged 
residues in specific positions, and that 
these residues have a crucial impact on 
its binding. We also showed that another 
Ca2+ binding protein, S100A1, is able 
to bind to these regions and that CaM 
and S100A1 compete for these bind-
ing sites on the TRPM3 N-terminus. 
Moreover, our results suggest that 
another very important TRP channel 
activity modulator, PtdIns(4,5)P

2
, inter-

acts with the CaM/S100A1 binding sites 
on the TRPM3 N-terminus with high  
affinity.

Introduction

TRPM3 (transient receptor potential 
melastatin 3 channel) is a member of the 
melastatin TRP subfamily. It is closely 
related to the founding member of this 
subfamily, TRPM1.1 Its physiological role 
remains poorly understood and interest 
in this channel is steadily growing. The 
channel was proposed to mediate a con-
centration-dependent Ca2+ entry pathway 
into kidney cells and is thought to play an 
important role in renal Ca2+ homeosta-
sis.2,3 TRPM3 was recently also suggested 
to behave as a thermosensor able to detect 
noxious heat.4

PtdIns(4,5)P
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 interacts with CaM binding domains  

on TRPM3 N-terminus
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As the function of TRPM3 was pro-
posed to be connected with Ca2+ homeo-
stasis, we investigated the binding of two 
different Ca2+ binding proteins to this 
channel, calmodulin (CaM) and S100A1.

CaM is a small soluble cytoplasmic 
protein that is highly conserved in all 
eukaryotic organisms.5 It was found to 
regulate the function of numerous TRP 
channels via binding to their intracellu-
lar termini. Multiple binding sites were 
reported on either the N- or C-terminus 
of various TRPC, TRPV and TRPM ion 
channel family members.5-8 These binding 
sites contain one or more consensus CaM 
recognition motifs, such as 1-5-10, 1-8-14,  
etc. with hydrophobic residues being pres-
ent at these positions.

S100A1 belongs to the family of S100 
proteins found only in Vertebrates. These 
proteins contain two EF hand motifs 
and most of them can bind calcium and 
undergo a conformational change allow-
ing them to interact with the target pro-
teins. They are able to act in a similar way 
to CaM and some of them were shown 
to bind to the same or similar binding 
motifs.9 In contrast to CaM, the first EF 
hand motif binds calcium with a lower 
affinity than the second one. Until now 
there has been no evidence of direct mod-
ulation of any of the TRP channels by 
S100 proteins. The trafficking of TRPV5 
and TRPV6 to the plasma membrane has 
been reported to be regulated by a protein 
complex of calcium-insensitive S100A10 
and annexin A2 proteins,10 but a direct 
interaction has not been shown.

Some of the CaM binding sites in 
various TRP channel family members 
have also been reported to be associated 
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proteins bind to the same or overlapping 
binding sites.

Moreover, we found that if some of 
the positively charged residues within 
the CaM/S100A1 binding sequences of 
the TRPM3 N-terminus are mutated to 
neutral alanine, the binding of CaM and 
S100A1 is reduced or does not occur at all. 
These findings suggest that the residues 
could be involved in the binding and this 
could be due to their polar interactions 
with negatively charged glutamates and 
aspartates on CaM and S100A1 (Fig. 1).

The fluorescence anisotropy measure-
ments were also performed in solutions 
lacking calcium, to check if the binding 
of the proteins is dependent on calcium 
concentration. There was no increase in 
anisotropy values when calcium was lack-
ing, but immediately after adding calcium 
into the solution, the anisotropy values 
rose significantly. These results suggest 
that the binding of CaM and S100A1 to 
TRPM3

35–124
 and TRPM3

291–382
 is cal-

cium-dependent, as was also shown for 
other TRP family members.

PtdIns(4,5)P
2
 binds to CaM bind-

ing domains on TRPM3 N-terminus. 
The analysis of the primary structure 
of the CaM binding sites within the 
TRPM3 N-terminus revealed possible 
conserved PIP2 binding motifs, which 
typically contain a number of positively 
charged residues in specific positions. This 

that CaM is able to bind to these proteins 
with high affinity. In the next step we used 
another Ca2+ binding protein, S100A1, 
which is known to form dimers and con-
tains 4 EF hand Ca2+ binding motifs in 
its structure resembling CaM. This pro-
tein has never been shown to regulate the 
activity of any TRP channel, but as was 
suggested earlier, CaM is not the only Ca2+ 
binding protein modulating the activity of 
TRP channels.5 We proved by both bind-
ing assays that S100A1 binds to the two 
regions on the TRPM3 N-terminus with a 
high affinity similar to that of CaM, sug-
gesting that these Ca2+ binding proteins 
might be involved in the modulation of 
the TRPM3 receptor.

In addition we found out that the 
two ligands CaM and S100A1 com-
pete for the same binding sites on the 
TRPM3 N-terminus. The surface 
Plasmon resonance experiment was 
used as a competition assay. CaM and 
S100A1 proteins were bound covalently 
onto the chip into separate lines. The 
protein complexes TRPM3

35–124
/CaM,  

TRPM3
35–124

/S100A1, TRPM3
291–382

/
CaM and TRPM3

291–382
/S100A1 were pre-

pared by mixing the appropriate protein 
solutions and performing gel chromatog-
raphy. The complexes were then washed 
over the chip. The complexes were neither 
observed to bind to CaM nor S100A1 dur-
ing the experiment, suggesting that the 

with the binding of phosphatidylinositols 
(PIPs).11,12 Of those, phosphatidylinosi-
tol-4,5-bisphophate [PtdIns(4,5)P

2
] and 

phosphatidylinositol-3,4,5-triphosphate 
[PtdIns(3,4,5)P

3
] seem to play the most 

important roles. Under physiologi-
cal conditions the PIPs are negatively 
charged, which allows them to electro-
staticaly interact with positively charged 
residues on other proteins.11 CaM bind-
ing domains often contain such residues 
and regions binding both CaM and 
PtdIns(4,5)P

2
 has been discovered on 

the C-termini of TRPC613 and the reg-
ulation of CaM binding to the TRPV1 
C-terminus by phosphoinositides has 
been suggested.13 According to the muta-
genesis experiments on these channels, 
CaM and PIP2 bind to overlapping but 
not identical binding sites, because dif-
ferent amino acids were indicated as 
important for CaM or PtdIns(4,5)P

2
 

binding.13

CaM and S100A1 bind to two dif-
ferent domains on TRPM3 N-terminus. 
We recently investigated two CaM bind-
ing domains, A35-K124 (TRPM3

35–124
) 

and H291-G382 (TRPM3
291-382

) on the 
N-terminus of TRPM3. We used steady-
state fluorescence anisotropy and surface 
Plasmon resonance (SPR) measurement as 
two independent types of binding assays 
to test the binding of the TRPM3 protein 
constructs to CaM. Both assays confirmed 

Figure 1. Example of predicted ionic interactions between positively charged residues on TRPM335–124 (K62, in green) and negatively charged amino 
acids on CaM (E14, in magenta); the figure was generated from a computer homology model of the 41–70 N-terminal sequence of human TRPM3 
based on the structure of the voltage-gated calcium channel CaV1.2 IQ-domain-Ca2+-CaM complex (PDB code 2be6).
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from Echelon Bioscience, USA. The probe 
was diluted in water to a concentration of 11 
nM and used for the steady-state anisotropy 
measurement. The experiment was per-
formed on an ISS PC1Photon™ Counting 
Spectrofluorimeter at room tempera-
ture. Increasing amounts of TRPM3

35–124
  

and TRPM3
291–382

 protein constructs were 
titrated into the Bodipy-PtdIns(4,5)P

2
 

solution and at each concentration step 
fluorescence anisotropy was recorded. The 
data were processed according to previously 
described procedure6 and the equilibrium 
dissociation constants were obtained for 
Bodipy-PIP2/ TRPM3

35–124
 and Bodipy-

PIP2/ TRPM3
291–382

 protein complexes.
Surface Plasmon resonance 

experiment with liposomes contain-
ing PtdIns(4,5)P

2
. The lipids L-α-

phosphatidylinositol-4,5-bisphosphate 
[PtdIns(4,5)P

2
], and 1,2-dimyristoyl-

sn-glycero-3-phosphocholine (PC) were 
obtained from Avanti Polar Lipis, Inc. 
A stock solution of PC was prepared in 
chloroform, PtdIns(4,5)P

2
 stock solution 

was prepared in a chloroform: metha-
nol (2:1) mixture. Liposomes containing 
80% of PC and 20% of PtdIns(4,5)P

2
 

were prepared by mixing appropriate vol-
umes of the stock solutions. After being 

external conditions. However, the exact 
mechanisms of how this is achieved remain 
unknown or poorly understood and they 
remain a subject of intensive research.

As has been reported,12,13 PIPs and 
CaM can bind to overlapping regions on 
TRPV1 and TRPC6, but different amino 
acid residues were indicated to be impor-
tant for the binding of these compounds, 
suggesting that their binding mechanisms 
are similar but not the same.

According to our results, PtdIns(4,5)P
2
 

is able to bind to CaM binding sites on the 
TRPM3 N-terminus. Whether the same 
or different residues are important for the 
binding of PtdIns(4,5)P

2
 is being further 

investigated. It will also be interesting to 
determine whether PtdIns(4,5)P

2
 affects 

the ion channel as a soluble molecule or 
as an integrated compound in the plasma 
membrane and also whether other PIPs 
bind and influence the activity of the 
channel.

Materials and Methods

Steady-state fluorescence anisotropy mea-
surement with Bodipy-PtdIns(4,5)P

2
. The 

fluorescently labeled PtdIns(4,5)P
2
 probe 

[Bodipy®-FL-PtdIns(4,5)P
2
] was obtained 

feature is often shared with CaM binding 
domains.12 We though tested whether the 
CaM/S100A1 binding regions within 
the TRPM3 N-terminus are able to bind 
PtdIns(4,5)P

2
.

Steady-state fluorescence anisotropy 
measurement was used as a binding 
assay to assess the possible binding of 
TRPM3

35–124
 and TRPM3

291–382
 to fluores-

cently labeled PtdIns(4,5)P
2
. Increasing 

amounts of the proteins were titrated into 
the Bodipy-PtdIns(4,5)P

2
 solution and the 

fluorescence anisotropy was recorded for 
each protein concentration.

The resulting binding isotherms (Fig. 
2A and B) show a significant increase in 
fluorescence anisotropy for both protein 
constructs A35-K124 and H291-G382 
and the estimated equilibrium dissocia-
tion constants for TRPM3

35–124
 0.191 ± 

0.033 μM and for TRPM3
291–382

 0.309 
± 0.054 μM respectively confirm a high 
affinity of the CaM binding domains 
on the TRPM3 N-terminus for Bodipy-
PtdIns(4,5)P

2
.

TRPM3
35–124

 binds to liposomes con-
taining PtdIns(4,5)P

2
. SPR experiment 

with liposomes was used as another type 
of binding assay to assess the dissociation 
constant for creation of the PtdIns(4,5)P

2
 

complexes with TRPM3 N-terminal con-
structs and also to show possible different 
behavior of PtdIns(4,5)P

2
 in solution and 

in bound state. We investigated whether 
liposomes containing PtdIns(4,5)P

2
 are 

able to bind to TRPM3 N-terminus. 
Liposomes containing 80% phosphati-
dylcholine (PC) and 20% PtdIns(4,5)P

2
 

were prepared and bound covalently to an 
NLC chip. The TRPM3 A35-K124 pro-
tein construct was washed over the chip at 
five different concentrations (Fig. 3A) and 
the dissociation constant was estimated to 
be 0.253 ± 0.152 μM (Fig. 3B). As these 
data show, the TRPM3

35–124
 binds to lipo-

somes containing PtdIns(4,5)P
2
 with high 

affinity and the results are in very good 
agreement with the data obtained by fluo-
rescence anisotropy measurement, con-
firming that PtdIns(4,5)P

2
 binds to the 

distal region of the TRPM3 N-terminus.
PIPs/CaM binding sites on TRPM3 

channel. PIPs and CaM are without 
doubt crucial regulators of the various 
TRP channels, resulting in responses on 
the whole-cell level as a result of changing 

Figure 2. Binding of TRPM335–124 (A) and TRPM3291–382 (B) to Bodipy-PtdIns(4,5)P2 estimated by 
steady-state fluorescence anisotropy measurement.
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the sensograms. For determining equilib-
rium binding, the association phases of 
five different concentrations of the protein 
were brought to near-equilibrium values 
(R

eq
). Surfaces were typically regener-

ated with 50 μl of 1 M NaCl and 20 mM 
glycin buffer, pH 3.5. The sensograms 
were corrected for sensor background by 
interspot referencing (the sites within the 
6 × 6 array which are not exposed to ligand 
immobilization but are exposed to analyte 
flow), and double referenced by subtrac-
tion of the analyte using a “blank” injec-
tion. Assuming a Langmuir-type binding 
between the protein (P) and protein bind-
ing sites (S) on vesicles (i.e., P + S ↔ PS), 
R

eq
 values were then plotted vs. protein 

concentration (P
0
), and the K

d
 value was 

determined by nonlinear least-squares 
analysis of the binding isotherm using the 
equation R

eq
 = R

max
 / (1+K

d
/P

0
).
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dried under an N
2
 stream, lipid films were 

hydrated with 1x HBSS buffer containing 
8μM oligonucleotide 5'-TAT TTC TGA 
TGT CCA CCC CC-3', modified at the 
3' end with cholesterol (Generi-Biotech)- 
followed by extrusion 20 times through a 
polycarbonate membrane with a 100-nm 
pore diameter (Avestin Europe). Finally 
8 μM complementary oligonucleotide 
Biotin conjugate 5'-TGG ACA TCA GAA 
ATA CCC CC-3' (Generi-Biotech) was 
added to the liposome mixture. A 20 min 
incubation was followed by centrifugation 
and washing steps to remove the unbound 
oligonucleotide-Biotin conjugate. All 
SPR measurements were performed at 
25°C using a liposome-coated NLC chip 
in aProteOn XPR36 Protein Interaction 
Array System (Bio-rad). The vesicles were 
diluted to a final concentration of 1 mg/ml  
in HBSS and immobilized on the strepta-
vidin-coated NLC chip (Bio-rad) surface 
at a flow rate of 25 μl/min for 10 min to 
give ~800–1,500 resonance units (RU). 
All SPR measurements were performed in 
HBSS at a flow rate of 30 μl/min for both 
the association and dissociation phase of 

Figure 3. Surface Plasmon resonance experiment with PtdIns(4,5)P2-containing liposomes; (A) 
association phase of TRPM3 protein at five different concentrations; (B) Assessment of dissociation 
constant at equilibrium.




