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Background: Calcium-binding proteins bind to intracellular termini of TRP channels.
Results: Two Ca2�-dependent binding sites for CaM/S100A1 were revealed by biophysical methods on TRPM3 N terminus.
Conclusion: CaM and S100A1 serve as ligands for TRPM3 channel.
Significance: Two clusters of positively charged residues form mutual binding sites for CaM and S100A1 proteins on TRPM3
N terminus.

Transient receptor potential melastatin 3 ion channel
(TRPM3) belongs to the TRP family of cation-permeable ion
channels involved in many important biological functions such
as pain transduction, thermosensation, and mechanoregula-
tion.The channelwas reported toplay an important role inCa2�

homeostasis, but its gating mechanisms, functions, and regula-
tion are still under research. Utilizing biophysical and biochem-
ical methods, we characterized two independent domains, Ala-
35–Lys-124 and His-291–Gly-382, on the TRPM3 N terminus,
responsible for interactions with the Ca2�-binding proteins cal-
modulin (CaM) and S100A1. We identified several positively
charged residues within these domains as having a crucial
impact on CaM/S100A1 binding. The data also suggest that the
interaction is calcium-dependent. We also performed competi-
tion assays, which suggested that CaM and S100A1 are able to
compete for the same binding sites within the TRPM3 N termi-
nus. This is the first time that such an interaction has been
shown for TRP family members.

The transient receptor potential melastatin 3 (TRPM3) ion
channel is a member of the melastatin TRP2 subfamily. It is
closely related to the first knownmember of theTRPMsubfam-
ily, TRPM1 (1). TRPM3 shares typical structural features with
other TRP family members, such as six putative transmem-
brane-spanning domains, intracellular N and C termini, and a
conserved TRP box and coiled-coil region in its C terminus (2,
3). There are no ankyrin repeat domains present on its N-tail;
instead, there is a so-called TRPM homology region, a roughly

700-amino acid-long domain only found inTRPM familymem-
bers (4).
The channel is proposed to mediate a Ca2� concentration-

dependent Ca2� entry pathway in kidney cells and thus is
thought to play an important role in renal Ca2� homeostasis (2,
5). Recently, TRPM3 was also reported to serve as a nociceptor
channel involved in the detection of noxious heat (6).
Calcium entry pathways make TRPM3 a probable target for

Ca2�-binding proteins such as calmodulin and S100 proteins.
Calmodulin (CaM) is a small cytoplasmic protein (16.7 kDa)
that is ubiquitously expressed in all eukaryotic organisms. It
contains four EF-hand motifs that bind Ca2� ions coopera-
tively. When binding Ca2�, CaM undergoes a conformational
change that increases its affinity for its target proteins (7). CaM
was found to regulate the function of numerous TRP channels
via binding to their intracellular termini.Multiple CaMbinding
sites were reported on either the N-tail or the C-tail of TRPC,
TRPV, and TRPM ion channel family members (7–10). These
domains conform to at least one of the consensus CaM recog-
nitionmotifs 1-5-10 or 1-8-14 and often containmore than one
of these binding motifs (7–10).
The S100 proteins are a group of proteins with at least 25

members found in humans. Most of these proteins bind cal-
cium and undergo a conformational change enabling them to
interact with specific target proteins and control cellular activ-
ity (11). The proteins contain two EF-hand calcium binding
domains, and in contrast to CaM, the first EF-handmotif binds
Ca2� with a lower affinity than the second EF-hand (12, 13).
S100 proteins have been shown to bind similar structuralmotifs
to CaM (14), and the Ca2�-S100A1 complex also interacts with
target proteins via a Ca2�-dependent mechanism to elicit bio-
logical responses. One of the first characterized proteins of this
family was S100A1. It is a small (10.5-kDa) protein that forms
dimers containing four EF-hand Ca2� binding motifs.
Here we show that CaM and S100A1 bind to the N terminus

of the TRPM subfamily. Using two recombinant protein con-
structs corresponding to the TRPM3 sequences 35–124 and
291–382, we were able to find CaM/S100A1 binding sites using
a combination of biophysical and bioinformatical tools. Fur-
thermore, we proved that these two Ca2�-binding proteins
compete for these binding sites. Our results suggest that CaM
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and S100A1 serve as important regulators of TRPM3, which is
known to play an important role inCa2� homeostasis.Whether
CaM and S100A1 act as activators, inhibitors, or bidirectional
regulators still remains elusive and will require further
investigation.

EXPERIMENTAL PROCEDURES

Cloning and Site-directed Mutagenesis of Protein Constructs
onN terminus ofHumanTRPM3—TheN-terminal sequence of
human TRPM3 was analyzed for a presence of potential CaM
binding motifs with the Calmodulin Target Database (15).
Based on this analysis, two putative CaMbinding domainswere
found, Ala-35–Lys-124 (TRPM335–124) and His-291–Gly-382
(TRPM3291–382). cDNA from the human TRPM3 N terminus
corresponding to these sequences was cloned into the bacterial
expression vector pET32b (Novagen). Using the QuikChange
(Stratagene) method, point mutations were created in both
N-terminal protein constructs. The integrity of the coding
region and the results of the mutagenesis were verified by
sequencing.
Expression and Purification of N-terminal Human TRPM3

Protein Constructs—Protein constructs Ala-35–Lys-124 and
His-291–Gly-382 of the human TRPM3 ion channel were
expressed as fusion proteins with thioredoxin and a His tag on
the N terminus to increase their solubility in Escherichia coli
Rosetta cells. Protein expression was induced by isopropyl-1-
thio-�-D-galactopyranoside (Carl-Roth) for 12 h at 25 °C. The
cells were pelleted by centrifugation and resuspended in 1�
PBS buffer (pH 8.0) containing 1 M NaCl, 10 mM imidazole, 0.1
mM PMSF, 1 mM �-mercaptoethanol, and 0.05% Nonidet P-40.
The cells were disrupted by sonication and centrifuged. The
proteins were purified using affinity chromatography in a
chelating Sepharose fast flow column (Amersham Biosciences)
where 1� PBS buffer (pH 8.0) containing 0.5 M NaCl, 2 mM

�-mercaptoethanol, and 400mM imidazolewas used for elution
(see supplemental Fig. 1,A and B). Gel permeation chromatog-
raphy in a Superdex 75 column (Amersham Biosciences) was
used as a final purification step. The protein was eluted with 50
mM Tris-HCl buffer (pH 7.5) containing 250 mM NaCl, 2 mM

�-mercaptoethanol, 0.05%Nonidet P-40, and 10% glycerol (see
supplemental Figs. 1B and 2B). Protein samples were concen-
trated using spin columns for protein concentration (Milli-

pore). Protein concentration was assessed by measuring
absorption at 280 nm and by Bradford assay (16). The purity
was verified using 15% SDS-polyacrylamide gel electrophoresis
(PAGE). The integrity of the protein constructs was verified by
MS analysis.
Mass Spectrometric Analysis—Two excised protein bands

from SDS-PAGE, TRPM335–124 and TRPM3291–382, were
digested with trypsin endoprotease (Promega) directly in the
gel after destaining and cysteinemodification by iodoacetamide
(17). The resulting peptide mixtures were extracted and loaded
onto the MALDI-TOF/TOF target with �-cyano-4-hydroxy-
cinnamic acid as the matrix, and positively charged spectra or
MS/MS were acquired with an UltraFLEX III mass spectrome-
ter (Bruker-Daltonics, Bremen, Germany) (see supplemental
Fig. 3).
CaM Expression, Purification, and Labeling—CaM was

expressed and purified as described previously (8). The protein
was then dialyzed overnight into 10 mM NaHCO3 (pH 10.0) at
4 °C. The protein sample was mixed with 0.6 M dansyl chloride
(DNS) solution (Sigma) at a molar ratio of 1:1.5 and incubated
at room temperature for 8 h. The sample was dialyzed over-
night at 4 °C against 20mMTris-HCl buffer (pH 8.0) containing
250 mM NaCl and 2 mM CaCl2 to remove the free dansyl chlo-
ride. The degree of protein labeling was checked by measuring
the ratio of the fluorescence intensities of the unbound and
bound states (excitation at 340 nm, emission at 500 nm).
S100A1 Cloning, Expression, Purification, and Labeling—

cDNA coding the human S100A1 protein was cloned into the
pET28b expression vector. The protein was expressed in BL21
E. coli cells. Protein expression was induced by isopropyl-1-
thio-�-D-galactopyranoside (Carl-Roth) for 12 h at 25 °C. The
cells were pelleted by centrifugation and resuspended in 50mM

Tris-HCl buffer (pH 7.5) containing 2 mM EDTA and 0.2 mM

PMSF. The cells were disrupted by sonication and centrifuged.
CaCl2 was added to the supernatant (final concentration 5mM).
The protein was purified using affinity chromatography on
phenyl-Sepharose CL4B (Amersham Biosciences), where 50
mMTris-HCl buffer (pH 7.5) containing 1.5 mM EDTA and 100
mMNaCl was used for the elution. Gel permeation chromatog-
raphy in a Superdex 75 column (Amersham Biosciences) was
used as a final purification step. The protein was eluted with 50

FIGURE 1. Sequence alignment of TRPM3 N terminus 41–70 (A) and 304 –324 (B) with their templates voltage-gated calcium channel CaV1.2 IQ domain
(PDB code 2be6) and �II-spectrin (PDB code 2fot), respectively. Identical amino acids are marked with an asterisk, similar amino acids with the more
important groups are indicated with a colon, and dots indicate similar amino acids of the less important groups that are less likely to influence the
protein structure.
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mM HEPES buffer (pH 7.0) containing 250 mM NaCl, 2 mM

CaCl2, 2 mM �-mercaptoethanol, and 10% glycerol. Protein
sampleswere concentrated using spin columns for protein con-
centration (Millipore). Protein concentration was assessed by
measuring absorption at 280 nm. The purity was verified using

15% SDS-PAGE. The protein was labeled with the fluorescent
probe DNS, as described for CaM. The degree of protein label-
ing was checked by measuring the ratio of the fluorescence
intensities of the unbound and bound states (excitation at 340
nm, emission at 500 nm).

FIGURE 2. CD spectra. A, CaM, TRPM335–124 and CaM/TRPM335–124 complex. B, CaM, TRPM3291–382 and CaM/TRPM3291–382 complex. C, S100A1, TRPM335–124 and
S100A1/TRPM335–124 complex. D, S100A1, TRPM3291–382 and S100A1/TRPM3291–382 complex. Deg, degree.

TABLE 1
Calculated incidence (%) of secondary structures of CaM, TRPM335–124, and TRPM3291–382 protein constructs and their complexes with CaM,
determined by CD spectroscopy

CaM TRPM335–124 TRPM3291–382 CaM/TRPM335–124 complex CaM/TRPM3291–382 complex

Helix 64 19 22 31 32
Antiparallel 4 12 11 9 9
Parallel 4 12 11 9 9
�-Turn 13 18 18 17 17
Random coil 16 39 38 34 33

TABLE 2
Calculated incidence (%) of secondary structures of S100A1, TRPM335–124, and TRPM3291–382 protein constructs and their complexes with
S100A1, determined by CD spectroscopy

S100A1 TRPM335–124 TRPM3291–382 S100A1/TRPM335–124 complex S100A1/TRPM3291–382 complex

Helix 66 19 22 36 35
Antiparallel 3 12 11 8 8
Parallel 3 12 11 8 8
�-Turn 12 18 18 16 17
Random coil 15 39 38 31 32
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TRPM335–124 and TRPM3291–382-CaM and S100A1 Binding
Assays—Steady-state fluorescence anisotropy measurements
were performed on an ISS PC1TM photon counting spectro-
fluorometer at room temperature in a buffer containing 20 mM

Tris-HCl (pH 7.5), 6 mM CaCl2, and 5.4 mM DNS-CaM and
DNS-S100A1, respectively. The samples were titrated with
increasing amounts of a 200�M solution of TRPM3N-terminal
protein constructs. At each TRPM3 concentration, the steady-
state fluorescence anisotropy of DNS-CaM or DNS-S100A1
was recorded (excitation at 340 nm, emission at 500 nm). The
fraction of bound TRPM3 protein (FB) was calculated from
Equation 1 (18)

FB � �robs � rmin����rmax � robs�Q � �robs � rmin�� (Eq. 1)

whereQ represents the quantum yield ratio of the bound to the
free form andwas estimated by the ratio of the intensities of the
bound to the free fluorophore. The parameter rmax is the an-
isotropy at saturation, robs is the observed anisotropy for any
TRPM3 protein concentration, and rmin is the minimum
observed anisotropy for the freeCaMor S100A1.FBwas plotted
against TRPM3 protein concentration and fitted using Equa-
tion 2 (18) to determine the equilibrium dissociation con-
stant (KD) for TRPM335–124/CaM, TRPM3291–382/CaM,
TRPM335–124/S100A1, and TRPM3291–382/S100A1 complex
formation.

FB �
KD � �P1� � �P2� � ��KD � �P1� � �P2��

2 � 4�P1��P2�

2�P1�

(Eq. 2)

[P1] stands for the DNS-CaM or DNS-S100A1 concentration,
and [P2] is the TRPM3 protein concentration. Nonlinear data
fitting was performed using the program SigmaPlot 10.0. All
experiments were carried out in at least triplicate. Control
experimentswith thioredoxin (Sigma-Aldrich)were performed
to show that this protein is not involved in the binding to CaM
or S100A1 in the fusion protein (data not shown).
To assess the role of Ca2� on the binding of TRPM3 proteins

to CaM and S100A1, we buffered Ca2� present in the buffer
after CaM and S100A1 purification with 10 mM EDTA. Then
we performed the binding assays for the wild types of
TRPM335–124 and TRPM3291–382.
Surface Plasmon Resonance—Surface plasmon resonance

(SPR) measurements were performed at 25 °C using a ProteOn
XPR36 protein interaction array system (Bio-Rad). CaM and
S100A1 proteins were diluted to concentrations of 5–50 �g/ml
in 10 mM acetate buffer (pH 3.5) and immobilized on a GLC
chip using a ProteOn amine coupling kit (Bio-Rad) at a flow rate
of 30 �l/min. Nonreacted activated groups were blocked by the
injection of 1 M ethanolamine (pH 8.5). The subsequent SPR
measurements were carried out in Hanks’ balanced salt buffer
(10 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl2) enriched

FIGURE 3. Binding of CaM to TRPM335–124. Columns A and B, summary of equilibrium dissociation constants obtained by steady-state fluorescence anisotropy
measurement (column A) and dissociation constants obtained by SPR (column B). A, fluorescence anisotropy binding isotherms of wild type and mutants. B, SPR
binding assay of wild type and mutants. RU, relative units.
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with 0.005% Tween 20 at a flow rate of 25 �l/min for both the
association and the dissociation phase of the sensorgrams. To
determine the equilibrium binding, the association phases of
five different concentrations of each analyte were brought to
near equilibrium values (Req). Surfaces were typically regener-
ated with 200 �l of buffer containing 50 mM EDTA, 1 M NaCl,
and50mMNaOH.Sensorgramswere evaluatedusing theProte-
On Manager software (Bio-Rad). Response curves were gener-
ated by subtracting the sensor background signal generated
simultaneously in the “interspot” areas (those sites within the
6 � 6 array that were not exposed to ligand immobilization but
were exposed to analyte flow). The background-subtracted
curves were prepared for fitting by subtracting the signal gen-
erated simultaneously by buffer alone in the flow channel (5
test � 1 control channel). Assuming a Langmuir-type binding
between the ligand (L) and analyte (A) (i.e. L � A7 LA), Req
values were then plotted versus protein concentration (P0), and
the Kd value was determined by a nonlinear least squares anal-
ysis of the binding isothermusing the equation,Req� rmax/(1�
Kd/P0).
Circular Dichroism Spectroscopy—Circular dichroism (CD)

experiments were carried out in a JASCO J-815 spectrometer
(Tokyo, Japan). The peptide concentration was kept constant
for all measured samples andwas 0.35mg/ml. The spectra were
collected from200 to 300 nmusing a 0.1-cmquartz cell at room
temperature. A 0.5-nm step resolution, 20 nm/min speed, 8 s
response time and 1-nm bandwidth were used. After baseline
correction, the final spectra were expressed as a molar elliptic-

ity	 (degrees cm2/dmol) per residue. Secondary structure con-
tent was estimated using Dichroweb software (19).
Computer Homology Modeling—The sequences of human

TRPM3 N terminus 41–70 and 304–324 were modeled via
homology modeling using the program Modeller 9 version 5
(20). The structure of the voltage-gated calcium channel
CaV1.2 IQ domain-Ca2�-CaM complex (Protein Data Bank
(PDB) code 2be6) (21), with a 63% sequence similarity, was used
as a template for TRPM3 41–70, and the structure of the com-
plex between CaM and �II-spectrin (PDB code 2fot) (22), with
a 65% sequence similarity, was used for TRPM3 304–324. The
sequences were aligned using CLUSTALX 2.0.10 (see Fig. 1)
(23). Themodels were optimized by energyminimization using
the GROMOS96 parameter set (24) (implementation of Swiss-
PdbViewer (24)) and checked with ProSA-web (25, 26) for rec-
ognizing errors in the three-dimensional protein structure.

RESULTS

PurificationandExpressionofTRPM335–124andTRPM3291–382—
We used the Calmodulin Target Database (15) to search for
potential CaM binding motifs present in the intracellular ter-
mini of hTRPM3. Using our results from the database, we pre-
dicted two putative CaM binding sites in the regions 35–124
and 291–382 in the N terminus of the TRPM3. We cloned
cDNA coding these regions into a suitable vector for protein
expression in bacterial cells. To improve the solubility and
expression yield of the proteins, we expressed and purified all
the wild types and mutants as fusion proteins with the thiore-

FIGURE 4. Binding of CaM to TRPM3291–382. Columns A and B, summary of equilibrium dissociation constants obtained by steady-state fluorescence anisot-
ropy measurement (column A) and dissociation constants obtained by SPR (column B). A, fluorescence anisotropy binding isotherms of wild type and mutants.
B, SPR binding assay of wild type and mutants. RU, relative units.
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doxin tag andHis6 tag on theirN terminus. All expressed fusion
proteins were soluble and in sufficient amounts to perform the
binding experiments. No interference between thioredoxin and
the ligands was detected.
CD Spectroscopy—The secondary structure of the studied

proteins was checked by CD spectroscopy (Fig. 1). Numerical
analysis of the experimental spectra (19) enabled the relative
abundance of the various secondary structures to be estimated
(Tables 1 and 2). The �-helical conformation was found to be a
major secondary structure component for CaM and S100A1
proteins, which is in good agreement with the conformation
found in their native states. Although there is no known struc-
ture of the TRPM3 N terminus, the structural composition of
both TRPM3 fusion proteins TRPM335–124 and TRPM3291–382
is mostly an unordered structure, which is in a good agreement
with the theoretical prediction based on their primary struc-
ture, suggesting that the proteins adopt their native fold. The
experiment was also used to observe changes in secondary
structural element composition during the creation of the
TRPM3 fusion proteins/CaM or S100A1 complexes (Fig. 2).
We compared the CD spectra of the complexes with the CD
spectra of the proteins alone. Because the CD spectra of the
mixture are the sum of the CD spectra for the TRPM3 protein
constructs and CaM or S100A1 individually, this suggests that
changes in the secondary structure of TRPM335–124 and
TRPM3291–382 have no significant influence on their binding to
CaM or S100A1 (Fig. 2).

CaM Binds to Regions 35–124 and 291–382 on TRPM3 N
Terminus—We used two different biophysical methods to test
the binding of CaM to the potential binding sites. First, we
employed steady-state fluorescence anisotropy measurements
for both the wild types and the mutants (Figs. 3A and 4A). We
titrated increasing amounts of TRPM3 protein constructs into
a solution containing fluorescently labeled CaM. The equilib-
rium dissociation constant of the TRPM335–124/Ca2�-CaM
complexwas estimated to be 1.29
 0.14 and 0.92
 0.17�M for
the TRPM3291–382/Ca2�-CaM complex. To further evaluate
the binding sites, we investigated the role of somebasic residues
present within the binding domains. In the 35–124 region, the
K45A/R67A/K71A/R72Amutation caused a 6-fold decrease in
binding affinity to CaM. In the 291–382 region, both of the
triple mutants K308A/R310A/R311A and K308A/R310A/
K315A were unable to bind CaM.
To confirm the data obtained by steady-state fluorescence

anisotropy, we used SPR as a different type of binding assay
(Fig. 3B and 4B). CaM was bound covalently onto the chip,
and the TRPM3 protein constructs and their mutants were
washed over the chip. The dissociation constants of the
TRPM335–124/Ca2�-CaM and TRPM3291–382/Ca2�-CaM
complex were estimated to be 0.198 
 0.018 and 0.481 

0.074 �M, respectively. Mutations of the basic residues in
TRPM335–124 caused an up to 4-fold decrease in binding
affinity to CaM. The mutations K308A/R310A/R311A and
K308A/R310A/K315A in TRPM3291–382 resulted in a com-

FIGURE 5. Binding of S100A1 to TRPM335–124. Columns A and B, summary of dissociation constants assessed by steady-state anisotropy measurement
(column A) and SPR experiment (column B). A, fluorescence anisotropy binding isotherms of wild type and mutants. B, SPR binding assay of wild type and
mutants. RU, relative units.
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plete loss of binding affinity to CaM, as detected by fluores-
cence anisotropy.
S100A1 Binds to TRPM335–124 and TRPM3291–382—As

reviewed in previous studies, S100A proteins have been sug-
gested to bind to similar structuralmotifs to CaM (11). Thuswe
used the same experimental approach to investigate whether
the S100A1 protein is able to bind to TRPM335–124 and
TRPM3291–382 constructs in the same or a similar way to CaM.
Equilibrium dissociation constants assessed by steady-state
anisotropymeasurement for theTRPM335–124/Ca2�-S100A1and
TRPM3291–382/Ca2�-S100A1 complexes were estimated to be
1.43 
 0.37 and 1.06 
 0.29 �M, respectively (Figs. 5A and 6A).
Dissociation constants determined by SPR for the TRPM335–124/
Ca2�-S100A1 and TRPM3291–382/Ca2�-S100A1 complexes were
0.304 
 0.037 and 1.8 
 0.5 �M, respectively (Figs. 5B and 6B).
Mutant K45A/R67A/K71A/R72A of TRPM335–124 exhibited an
inability to bind S100A1, and there was also no interaction
detected for thismutantwhenmeasuredbySPR.Bothsteady-state
anisotropymeasurementandSPRconfirmed that triplemutations
K308A/R310A/R311A and K308A/R310A/K315A caused a total
loss of binding affinity for S100A1 in region 291–382 of the
TRPM3N terminus.
Binding of CaM and S100A1 to TRPM335–124 and

TRPM3291–382 Is Calcium-dependent—To determine the role
of Ca2� on CaM and S100A1 binding to regions 35–124 and
291–382 in the TRPM3N terminus, we performed steady-state
fluorescence anisotropy binding experiments in a solution lack-
ing calcium (Fig. 7). We observed no increase in fluorescence
anisotropy in either of the experiments, and thus we suggest
that the binding is calcium-dependent.

CaM and S100A1 Compete for Overlapping Binding Sites in
TRPM3 N Terminus—Wemixed the CaM and S100A1 proteins
in a1:1molar ratiowith theTRPM335–124 andTRPM3291–382 pro-
tein constructs. To investigate whether the complexes are able
to bind CaMor S100A1, we carried out an SPR experiment.We
gradually washed the TRPM335–124/Ca2�-CaM, TRPM3291–382/
Ca2�-CaM, TRPM335–124/Ca2�-S100A1, and TRPM3291–382/
Ca2�-S100A1 complexes over the CaM/S100A1 chip and
observed the binding/nonbinding of the complexes to CaM or
S100A1 (Fig. 6). Complexes of TRPM335–124 (Fig. 8A) and
TRPM3291–382 (Fig. 8C) with Ca2�-CaM did not bind the
S100A1 protein. Complexes of TRPM335–124 (Fig. 8B) and
TRPM3291–382 (Fig. 8D) with Ca2�-S100A1 were not able to
bind CaM. These data might imply that CaM and S100A1 bind
to the same or overlapping binding sites within the TRPM3 N
terminus.
Computer Homology Modeling—To visualize the interac-

tions of the CaM binding sites on the TRPM3 N terminus with
Ca2�-CaM in more detail, we created computer homology
models of the corresponding sequences. A structure of the
ankyrin repeat domain on TRPV1 was reported to bind CaM
(27), but no structure with this sequence was found in the com-
plexwithCaM.Thuswe used the structures of otherCaMbind-
ing peptides in complex with Ca2�-CaM with a high degree of
similarity. According to the secondary structure prediction,
these sequences adopt the topology of an �-helix. We used
other CaM binding peptides, namely the voltage-gated cal-
cium channel CaV1.2 IQ domain (PDB code 2be6) and �II-
spectrin (PDB code 2fot), as templates for our models. These
templates have a high degree of sequence similarity with the

FIGURE 6. Binding of S100A1 to TRPM3291–382. Columns A and B, summary of dissociation constants assessed by steady-state anisotropy measurement
(column A) and SPR experiment (column B). A, fluorescence anisotropy binding isotherms of wild type and mutants. B, SPR binding assay of wild type and
mutants. RU, relative units.
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modeled sequences, especially in the positions of hydropho-
bic residues important for the interactions. Thus we mod-
eled both the sequence 41–70 (Fig. 9A) and the sequence
304–324 (Fig. 9B) as �-helixes running through the central
cavity of CaM, as was observed for the majority of such
sequences. The model also suggested that basic residues
could interact through ionic interactions with the negatively
charged residues in CaM.

DISCUSSION

The TRPM3 ion channel has been proposed to play an
important role in Ca2� homeostasis serving as a Ca2� entry
pathway (2, 5). To date, no regulation via Ca2�-binding pro-
teins have been reported for this channel. CaMwas shown to be
an important regulator of various TRP ion channels, serving as
both an activator and an inhibitor (7). The identification of
more CaM binding sites was predicted from other TRP chan-
nels, and the functional implications of these interactions were
suggested to be very complex, ranging from channel activation,

facilitation, and inhibition/desensitization to subunit assembly,
surface expression, recycling, and other regulation (7). It is
known that the TRP channels are expressed without additional
exogenous proteins. The channels require participation of
endogenous signaling proteins for their activation and regula-
tion (e.g. Gq protein, phospholipase C, CaM, protein kinases,
and phosphatases).
Because Ca2� and CaM are tightly linked, it is difficult to

know whether CaM is involved in TRP channel activation or
only in its inhibition. Furthermore, it is unclear whether these
two processes act solely on the TRP channel or affect other
stages of the signal transduction cascade (28).
Accordingly, TRPV1 channel expressed in Xenopus oocytes

shows inhibition of the channel activity by Ca2�. This effect is
mediated by CaM as application of Ca2�-CaM, but not of Ca2�

or CaM separately, inhibits the channel. In this system, no acti-
vating effects of either Ca2�-CaM or Ca2� were observed (29).
In agreement with the inhibitory effects of Ca2�-CaM, it has

FIGURE 7. Calcium-dependent binding of CaM and S100A1 proteins to TRPM335–124 and TRPM3291–382. A, CaM binding to TRPM335–124 in the presence
(circles) and absence of calcium (triangles). B, S100A1 binding to TRPM335–124 in the presence (circles) and absence of calcium (diamonds). C, CaM binding to
TRPM3291–382 in the presence (circles) and absence of calcium (squares). D, S100A1 binding to TRPM3291–382 in the presence (circles) and absence of calcium
(triangles).
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been demonstrated that TRPC3 and TRPC4 are inhibited by
Ca2�-CaM but not by Ca2� or CaM alone (7).

In the TRPM subfamily, CaM was demonstrated to be the
Ca2� sensor responsible for Ca2�-dependent activation of
TRPM2 via binding to the IQ motif present on the N terminus
of this channel. Replacement of the motif disrupts the interac-
tion of CaM and TRPM2, therefore abolishing TRPM2 activa-
tion evoked by Ca2�. These results establish that Ca2� is
necessary and sufficient for TRPM2 activation and also elu-
cidate that the Ca2�-CaM binding to TRPM2 is required for
Ca2�-mediated TRPM2 activation. The data reveal a gating
mechanism of TRPM2 and its alternative spliced isoforms
that may represent a major gating mechanism in vivo and
therefore confer novel, as yet unknown, physiological and/or
pathological functions (30, 31). Moreover, five CaM binding
sites were revealed on the N and C termini of TRPM4, and

the three binding sites on the C-tail were suggested to be
important for the Ca2�-induced activation of this ion chan-
nel (32).
The aim of this study was to identify and characterize the

putative CaM binding sites within the intracellular amino and
carboxyl termini of TRPM3.We used two independent binding
assays, steady-state fluorescence anisotropy measurement and
SPR, to identify two CaM binding sites in regions Ala-35–Lys-
124 and His-291–Gly-382 on the TRPM3 N terminus. These
regions contain the 1-14, 1-10, and 1-5-10 consensus CaM rec-
ognition motifs with hydrophobic residues located in these
positions (7), which is a common feature of CaM binding
domains typically containing a basic amphiphilic �-helix,
which can be classified into motifs based upon variations in the
positions of conserved hydrophobic residues (14). We found
several important basic residues in the N-terminal CaM bind-

FIGURE 8. SPR competition assay sensorgrams. A, binding of TRPM335–124, TRPM335–124/Ca2�-CaM and TRPM335–124/Ca2�-S100A1 to S100A1. RU, relative
units. B, binding of TRPM335–124, TRPM335–124/Ca2�-CaM, and TRPM335–124/Ca2�-S100A1 to CaM. C, binding of TRPM3291–382, TRPM3291–382/Ca2�-CaM, and
TRPM3291–382/Ca2�-S100A1 to S100A1. D, binding of TRPM3291–382, TRPM3291–382/Ca2�-CaM, and TRPM3291–382/Ca2�-S100A1 to CaM.
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ing domains, namely Lys-45, Arg-56, Lys-62, Arg-67, Lys-71,
and Arg-72 on the TRPM335–124 and Lys-308, Arg-310, Arg-
311, and Lys-315 on the TRPM3291–382, which are crucial for
CaM binding. Replacing these residues had a critical impact on
the interaction, leading to a total loss of binding ability when
three or more of these residues were replaced. The cluster of
basic residues within the CaM binding motif was reported to
interact with the negatively charged residues on CaM (33, 34),
which was also found with the TRP channel family members
TRPV1 (10), TRPV2 and TRPV5 (8).
TheCa2�-binding S100 proteinswere shown to interactwith

similar binding motifs to CaM (14, 35). Here we show that the
S100A1 protein binds the same regions with equal affinity on
the TRPM3 N terminus to CaM. Moreover, the mutation of
positively charged residues within these domains affected the
binding to S100A1, as was observed for CaM.
As was shown for the CaM binding sites present on the TRP

channels, the binding of CaM to these sequences is calcium-de-
pendent (7). To assess the role of calcium on CaM and S100A1
binding to the TRPM3 Ala-35–Lys-124 and His-291–Gly-382
N-terminal sequences, we performed the steady-state anisot-
ropy measurement in a solution lacking calcium. We observed
no changes in the anisotropy values, in contrast to the experi-
ment when calciumwas present, and thus we conclude that the
binding is calcium-dependent.
To show that the binding sites for CaM/S100A1 on the

TRPM3 N terminus overlap, we performed the SPR experi-
ment. It is clear from the data that the complexes of the TRPM3
N-terminal constructs with Ca2�-CaM do not bind S100A1,
and similarly, the TRPM3 N-terminal complexes with Ca2�-
S100A1 do not bind CaM. A similar interaction was reported at
the ryanodine receptor, where CaM and S100A1 compete for
the same binding site with the same hydrophobic and basic
residues being involved in CaM/S100A1 binding (36, 37). How-
ever, such evidence was missing for TRP channels, and here we
show that the same basic residues participate in CaM/S100A1
binding.
To explain the interactions of the TRPM3 N-terminal CaM

binding sites with CaM in detail, we created homology models

of the sequences with CaM. According to the secondary struc-
ture prediction, the models are suggested to have the structure
of an �-helix running through the central pore of CaM. We
expect that the positively charged residues that we found to be
crucial for CaM/S100A1 binding interact with the negatively
charged residues in CaM.
Undoubtedly, CaM is a very important regulator of TRP

channels, and it is therefore highly probable that, together with
other Ca2�-binding proteins, it could play an important role in
the regulation of the TRPM3 ion channel via binding to its
intracellular termini in the same way as was reported for other
members of the TRPM subfamily. A possible role of Ca2�-CaM
in the gatingmechanismwas proposed for TRPM2 andTRPM4
(30, 31, 32) channels, and a similar way of regulation of TRPM3
could be assumed, but more functional studies will be required
to elucidate the role of these Ca2�-binding proteins in regula-
tion of the channel.
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