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Abstract
TRPM2 channels, activated by adenosine diphosphoribose (ADPR) and related molecules, are
assembled as oligomers and most likely tetramers. However, the molecular determinants driving
the subunit interaction and assembly of the TRPM2 channels are not well defined. Here we
examined, using site-directed mutagenesis in conjunction with co-immunoprecipitation and patch
clamp recording, the role of a coiled-coil domain in the intracellular C-terminus of TRPM2
subunit in the subunit interaction and the channel assembly. Deletion of the coiled-coil domain
resulted in severe disruption of the subunit interaction and substantial loss of the ADPR-evoked
channel currents. Individual or combined mutations to glutamine of the hydrophobic residues at
positions a and d of the abcdef heptad repeat, key residues for protein-protein interaction,
significantly reduced the subunit interaction and the channel currents; the mutational effects on the
subunit interaction and the channel currents were clearly correlated. Furthermore, deletion of the
coiled-coil domain in a pore mutant subunit abolished its dominant negative phenotypic functional
suppression. These results provide strong evidence that the coiled-coil domain is critically
engaged in the TRPM2 subunit interaction and such interaction is required for assembly of
functional TRPM2 channel. The coiled-coil domain, which is highly conserved within the TRPM
subfamily, may serve as a general structural element governing the assembly of TRPM channels.

Mammalian transient receptor potential (TRP) proteins, homologues of the Drosophila TRP
proteins (1), form a large group of cation channels that are activated via diverse mechanisms
and serve numerous physiological functions. They are subdivided into TRPC, TRPV,
TRPM, TRPP, TRPML and TRPA subfamilies based on sequence relatedness (2–5).
TRPM2 channel, the second member of TRPM subfamily, is activated by ADPR and related
molecules, and also by exposure to oxidative stress and to warm temperature (6–11). High
expression of the TRPM2 channels is well documented in excitable cells and in particular in
the brain (12–14), although the physiological roles are largely elusive. TRPM2 shows
widespread expression in non-excitable cells, where the TRPM2 channels constitute a
calcium entry system (7, 8, 11, 15–17).

All the TRP family proteins including TRPM2 have a membrane topology similar to the
voltage-gated potassium channels, calcium-activated channels and cyclic nucleotide-gated
channels; each subunit comprises six transmembrane segments (S1–S6), a pore loop
between the S5 and S6, and intracellular N- and C-termini (2–4,18). TRPM2 subunit
contains an N-terminal calmodulin binding site, which mediates functional regulation of the
TRPM2 channel by calmodulin (19), and a TRP motif in the proximal C-terminal part.
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Unique to the TRPM2 subunit, the distal C-terminal part shares substantial homology to the
NUDT9 proteins (thus termed NUDT9-H domain). Between the TRP motif and NUDT9-H
domain is a region showing a strong propensity of coiled-coil formation (Fig.1A).

TRPM2 channels presumably form tetramers, like the TRPV channels (20–22). Despite the
overall structural similarity, rather surprisingly studies on the TRPV subfamily have
revealed distinct molecular domains within different locations that mediate the TRPV
subunit interaction and the channel assembly. Thus, for example, a C-terminal coiled-coil
domain, located immediately after S6, directs the subunit interaction and tetramerization of
the TRPV1 channel (23), but a later study points the importance towards both the
transmembrane and the C-terminal domains in the TRPV1 channel assembly (24). For the
TRPV4 channel, the N-terminal ankyrin domains play a key role in subunit multimerization
(25), whereas both N- and C-terminal domains contribute to the TRPV5 channel assembly
(26). Compared to the TRPV channels, the molecular domains mediating the subunit
interaction and the assembly of TRPM channels (and other TRP subfamilies) are less clear.
A previous study implied a role of the C-terminus in the subunit interaction and assembly of
the functional TRPM4 channel (27). Coiled-coil, a common protein-protein interaction
domain (28, 29), has been shown to direct the subunit interaction and assembly of several
ion channels, including the ether-a-go-go potassium channel (30), the KCNQ potassium
channel (31), the TRPV1 channel (23), and very recently the TRPM8 channel (32). Here, by
using molecular biology in conjunction with biochemistry and electrophysiology
approaches, we provide evidence to indicate that the C-terminal coiled-coil domain is
engaged in the subunit interaction and the assembly of the TRPM2 channel.

EXPERIMENTAL PROCEDURES
Cell and molecular biology

Human embryonic kidney (HEK) 293 cells were maintained in Dulbecco’s modified Eagle
medium supplemented with 2 mM glutamine and 10% heat-inactivated foetal bovine serum
(Invitrogen) at 37ºC under 5% CO2 humidified conditions. Transient transfection was
performed using lipofectamin2000 reagents according to the manufacturer’s instructions
(Invitrogen). The cDNA encoding the hTRPM2 protein with a C-terminal Glu-Glu (or EE)
epitope tag (EYMPME) was subcloned in pcDNA3 vector in a previous study (33). The
plasmid expressing a C-terminal FLAG-tagged hTRPM2 protein was made as follows. The
sequence from the initiation codon to the SfiI site (fragment A) of the TRPM2 subunit was
amplified using a forward primer (5’-ATG GAG CCC TCA GCC CTG AGG AAA GC) and
a reverse primer (5’-GCG CTC GTT GTG GAT GAG G), and the sequence from the SfiI
site to the stop codon (fragment B) was amplified using a forward primer (5’-GTG TGG
GTG GTG TCC TTC) and a reverse primer (5’-AAAC TCA CTT GTC ATC GTC GTC
CTT GTA GTC TCT AGA GTA GTG AGC CCC GG, the underlined sequence for the
FLAG tag). The PCR products were separately inserted into pCR2.1 vector (Invitrogen).
The fragment A was excised using HindIII and SfiI, and the fragment B using SfiI and
EcoRV, and then ligated with pcDNA 3.1/Myc-His/A vector (Invitrogen), which was prior
restricted using HindIII and PmeI. The C-terminal cMyc-tagged TRPM2 construct was
made using similar protocols. Deletion of the coiled-coil domain (residues from 1167 to
1201) was performed by overlapping extension PCR (34), and site-directed mutagenesis
using the QuikChange II procotols (Stratagene). All constructs were confirmed by
sequencing.

Electrophysiological recording
As previously described, whole cell recordings were carried out using an Axopatch 200B
amplifier at room temperature (32). Patch pipettes were fabricated from borosilicate glass
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capillaries with a resistance of 4–6 MΩ. Extracellular solutions contained 147 mM NaCl, 2
mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES and 13 mM glucose. Intracellular
solution contained 147 mM NaCl, 50 μM EGTA, 10 mM HEPES, 1 mM ATP and 1 mM
ADPR. Cells were held at −40 mV, and voltage ramps from −120 mV to 80 mV with 1 s
duration were applied every 5–10 s. Recordings started before changing the cell attached
configuration into whole cell configuration, seen as an increase in the transient capacitance
currents at the beginning and the end of the voltage ramp, and thus no capacitance and
resistance compensation was made. Flufenamic acid (FFA) (0.5 mM) was used via a rapid
solution changer RSC-160 system (Biologic Science Instruments, France).

Co-immunoprecipitation, biotin-labeling and Western blotting
These experiments were performed as detailed previously (33). In brief, HEK293 cells were
prepared in T25 flask (~ 3 x 106 cells), transfected with 3 μg plasmid, and were used 24 hr
later. For co-immunoprecipitation, cells were collected and lysed in 300 μl lysis buffer (50
mM Tris-HCl pH8.0, 150 mM NaCl, 2 mM EGTA, 1% Triton X-100 and 5% glycerol)
supplemented with protease inhibitor cocktail (Roche) at 4°C for 30 min. After cleared by
centrifugation, the cell lysates were mixed with 3 μl anti-FLAG M2 antibody (Sigma) and
then incubated at 4°C for 2 hr. Upon addition of 20 μl Protein A/G-agarose bead suspension
(Santa Cruz), the mix continued to incubate overnight. Following extensive washing with
the lysis buffer, the agarose beads were re-suspended in 40 μl electrophoresis buffer (50
mM Tris-HCl pH 7.4, 100 mM DTT, 2% SDS, 10% glycerol and 0.05% bromophenol blue).
Protein in the cell lysates or immunoprecipitated samples were separated on 10% SDS-
PAGE gels, transferred onto nitrocellular membranes, and detected using mouse anti-FLAG
M2 (1:1000, Sigma), rabbit anti-EE (1:2000, Bethyl), or mouse anti-cMyc antibody (1:500,
Santa Cruz) primary antibodies, and horseradish peroxidase (HRP) conjugated anti-mouse or
anti-rabbit IgG secondary antibodies (1:2000, Santa Cruz). Proteins were visualized using a
supersignal west pico chemiluminescence system (Pierce), and the protein intensities were
quantified using a gel doc XR quantity system (Biorad). The subunit interaction was
determined by the intensity of the EE-tagged wild type subunit co-immunoprecipitated with
the FLAG-tagged mutant subunits, normalized to the intensity of the EE-tagged wild type
subunit co-immunoprecipitated with the FLAG-tagged wild type subunit. The variation in
the protein expression level was corrected by normalizing the intensity of the mutant
subunits to that of the parental wild type subunit in each parallel experiment.

For biotin-labelling, cells were washed extensively with phosphate buffer solution (PBS)
(136 mM NaCl, 1.4 mM KCl, 10 mM Na2HPO4, 1.7 mM KH2PO4, pH 8.0) and incubated
with in PBS solution containing 1 mg/ml sulfo-NHS-biotin (Pierce) for 30 min at 4°C. Then
the cells were washed with PBS containing 50 mM glycine and lysed in 300 μl lysis buffer
(see above) supplemented with protease inhibitor cocktail (Roche) at 4°C for 30 min. The
cell lysates were immunoprecipitated with anti-FLAG M2 antibody (Sigma) and the
immunoprecipitated proteins were analysed by Western blotting as described above using
HRP conjugated streptavidin (1:1000, Pierce) and mouse anti-FLAG M2 antibody (1:1000,
Sigma) to detect the proteins at the cell surface and the total amount of proteins respectively.

Immunostaining
Cells were fixed in Zamboni’s fixative at room temperature for 30 min. For double staining
of TRPM2 and calreticulin (a ER protein marker), cells expressing the FLAG-tagged wild
type or [ΔC] subunit, after permeabilized with 2% Triton X-100 and blocked with 5% goat
serum, were incubated with mouse anti-calreticulin antibody (1:500, Stressgen) at 4°C
overnight, and then with a FITC-conjugated goat anti-mouse IgG antibody (1:500, Sigma)
for 2 hr. After extensively rinsed, the cells were incubated with a rabbit anti-FLAG antibody
(1:500, Sigma) for 3–4 hr at room temperature, and then with a TRITC-conjugated goat anti-
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rabbit IgG antibody (1:500, Sigma) for 2 hr. For double staining of FLAG-tagged TRPM2
and TGN46 (a trans-Golgi network protein), cells expressing the FLAG-tagged wild type or
[ΔC] subunits, after permeabilized with Triton X-100 and blocked with 5% donkey serum
(Sigma), were incubated with a sheep anti-TGN46 antibody (1:400) at 4°C overnight, and
then with FITC-conjugated a donkey anti-sheep IgG antibody (1:500, Jackson
ImmunoResearch Laboratories) for 2 hr. After extensively rinsed, the cells were incubated
with a mouse anti-FLAG antibody (1:500, Sigma) for 3–4 hr at room temperature, and then
with a TRITC-conjugated goat anti-mouse IgG antibody (1:500, Sigma) for 2 hr. For double
staining of cMyc-tagged wild type and FLAG-tagged [ΔC] mutant TRPM2 proteins, cells
were permeabilized with Triton X-100 and blocked with 5% goat serum (Sigma). Cells, co-
expressing cMyc-tagged wild type and FLAG-tagged [ΔC] mutant subunits, were incubated
with a mouse anti-cMyc antibody (1:80, Santa Cruz.) at 4°C overnight, and then with FITC-
conjugated a goat anti-mouse IgG antibody (1:500, Sigma) for 2 hr. After extensively rinsed,
the cells were incubated with a rabbit anti-FLAG antibody (1:500, Sigma) for 3–4 hr at
room temperature, and then with a TRITC-conjugated goat anti-rabbit IgG antibody (1:500,
Sigma). The images were captured using a Zeiss AxioVert 200M confocal microscope and
LSM510 META software.

All data, where appropriate, are presented as mean ± SEM, and statistical analysis was
carried out using Student’s t test.

RESULTS
TRPM2 coiled-coil domain mediates subunit interaction

Analysis of the TRPM2 subunit sequence using the coiled-coil domain prediction program
(www.ch.embnet.org) indicates that a stretch of residues in the C-terminus between the TRP
motif and the NUDT9-H domain (Gly1171 to Ala1200 in the human TRPM2 subunit; Fig.1A)
exhibit a strong probability of coiled-coil formation. To determine the potential role of this
coiled-coil domain in the TRPM2 channel, we firstly generated a mutant subunit in which
the coiled-coil domain was deleted ([ΔC] mutant subunit). The total protein expression level
of the [ΔC] mutant subunit was virtually the same as the parental wild type subunit
determined by Western blotting (Fig.1C), but the surface expression level was about half of
the wild type subunit shown by biotin-labelling assay (Fig.1D). As shown by double
labelling with antibodies against calreticulin (an endoplasmic reticulum or ER protein) or
TGN46 (a trans-Golgi network protein), the TRPM2 proteins were strongly co-localized
with calreticulin (Fig.1E), but lacked noticeable co-localization with TGN46 (Fig.1F). These
results suggest that deletion of the coiled-coil domain seems to not significantly alter the
targeting of the TRPM2 protein from the ER to the plasma membrane. For multi-subunit
channels, reduction in the surface expression could result alternatively from defects in
assembly of multi-subunit protein complex. Subunit interaction is the first step in the
assembly of multi-subunit channel. To address the possible role of the coiled-coil domain in
the TRPM2 subunit interaction, C-terminal FLAG-tagged [ΔC] mutant were co-expressed
with C-terminal EE-tagged wild type subunit or with C-terminal cMyc-tagged [ΔC] mutant,
and the subunit interaction was examined by co-immunoprecipitation. The interaction
between wild type and [ΔC] mutant subunits were severely disrupted (Fig.2A); the average
residual subunit interaction was less than 20% of the interaction between two wild type
subunits (Fig.2B). The interaction between two mutant subunits was also dramatically
attenuated (Fig.2C), and the reduction was slightly greater than that seen between wild type
and mutant subunits (data not shown). In cells co-expressing wild type and mutant subunits,
double staining shows strong co-localization rather than segregate distribution of two
subunits (Fig.2D), suggesting that loss of co-immunoprecipitation was due to reduced
interaction between wild type and mutant subunits rather than potential preferential homo-
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subunit interaction. All these results indicate that the coiled-coil domain is important in the
TRPM2 subunit interaction.

Canonical coiled-coil domain comprises a heptad repeats denoted by abcdefg where the
positions a and d are preferably occupied by hydrophobic residues and are important to the
protein-protein interaction (28, 29). Therefore, to testify further the importance of the coiled-
coil domain in the TRPM2 subunit interaction, we introduced substitutions of these
hydrophobic residues (Fig.1B) in the FLAG-tagged TRPM2 subunit with the hydrophilic
residue glutamine, co-expressed the resultant mutant subunit with the EE-tagged wild type
subunit, and performed co-immunoprecipitation to assess the mutational effect on the
subunit interaction. Fig.3 shows the results. Similar to the co-expression of deletion mutant
and wild type subunits, co-expression of any of the FLAG-tagged point mutants with EE-
tagged wild type subunit resulted in no significant alteration in the protein expression level
for both proteins. However, as expected, mutation of each of these hydrophobic residues
(Leu1177, Leu1180, Val1184, Leu1191, Ile1194 and Leu1198) indeed strongly reduced the
subunit interaction, although the reduction was variable (the order of the potency: Ilu1194 >
Leu1180 > Leu1198 > Leu1177 ≥ Leu 1191 ≥ Val1184). In contrast, substitution of the
hydrophilic residue Thr1187, which was predicted not to alter the coiled-coil formation, had
no effect on the subunit interaction (Fig.3), arguing against the possibility that the effects of
mutating the hydrophobic residues on the subunit interaction were non-specific. We then
introduced combined mutations in the four most outstanding positions (Ilu1194, Leu1180,
Leu1198 and Leu1177) to see to which extent mutation of these residues could mimic the
effect of the [ΔC] mutant. The double mutants have substitutions in two close ([L1177/
L1180] and [I1194/L1198]) or distant positions ([L1177/L1194] and [L1177/L1198]), the
triple mutants contain additional substitution in distant positions ([L1177/L1180/I1194],
[L1177/L1180/L1198], [L1177/I1194/L1198] and [L1180/I1194/L1198]), and the quadruple
mutant includes mutations of all the four residues. Introduction of two substitutions
enhanced the reduction in the subunit interaction. Of all the triple and quadruple mutants,
the subunit interaction was not different from that of the [ΔC] mutant subunit (Fig.3C).
These results clearly strengthen the argument that the C-terminal coiled-coil domain plays
an important role in mediating the TRPM2 subunit interaction.

Coiled-coil domain is important for functional TRPM2 channel assembly
Subunit interaction is the prerequisite for functional channel assembly. Thus, we next
investigated whether the subunit interaction mediated by the coiled-coil domain is essential
for the assembly of functional TRPM2 channel. We used whole cell patch clamp recording
to measure ADPR-evoked TRPM2 channel currents, a functional assay widely used in
similar studies of other ion channels (e.g., 23, 27, 30–32, 36, 37). Robust TRPM2 channel
currents were rapidly evoked by a supermaximal concentration of ADPR (1 mM) (10, 17),
and blocked by flufenamic acid as expected for the TRPM2 channels (33, 35). We firstly
compared the ADPR-evoked currents in cells expressing the wild type channel or the [ΔC]
mutant channel. The ADPR-evoked currents were readily detected in cells expressing the
[ΔC] mutant channel. However, the average current amplitude was substantially smaller
than that of the wild type channel recorded in parallel experiments (Fig.4). The decrease in
the current amplitude was about 75%, approximating to the decrease seen in the subunit
interaction (Fig.2). We performed another set of experiments to compare the currents
evoked by 1 mM and 3 mM ADPR in cells expressing the wild type or [ΔC] mutant
channel. The currents evoked by 1 mM ADPR (WT: 4382 ± 238 pA, n = 3; [ΔC]: 709 ± 322
pA, n = 8) reached the maximal values at both the wild type and mutant channels, as there
was no significant increase in currents evoked by 3 mM ADPR (WT: 3805 ± 505 pA, n = 3;
[ΔC]: 650 ± 197, n = 5; in both cases p > 0.3). In addition, the mutant channel showed a
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typical I/V relationship like the wild type channel (Fig.4A). These results indicate that the
agonist sensitivity and the I/V relationship are not responsible for the reduced currents.

Fig.5 summarizes the ADPR-evoked currents recorded in cells expressing the point mutant
channels. The current amplitude for single mutant channel [L1177Q], [1180Q], [I1194Q] or
[L1198Q] was significantly reduced compared to that of the wild type channel. The current
amplitude for the [L1191Q] mutant channel showed a tendency of reducing but the
reduction was not statistically significant, whereas there was no difference between the
[V1184Q] mutant and the wild type channels. Thus the order of potency of reducing the
expression of the functional TRPM2 channels is: Leu1180 ~ Leu1198 > Leu1177 ≥ Ile1194 >
Leu1191 ~ Val1184. Of notice, both biochemical and functional approaches unequivocally
identified Leu1177, Leu1180, Ile1194 and Leu1198 as the most important residues (Fig.3C and
Fig.5B), although the orders were slightly different. The mean ADPR-evoked current of the
[T1187Q] mutant channel was not significantly different from that of the wild type channel,
again in line with the lack of effect on the subunit interaction. Combined mutations of the
most outstanding four hydrophobic residues caused further decrease in the ADPR-evoked
currents; there were no significant differences between the triple and quadruple mutant
channels and the wild type channel (Fig.5B). Furthermore, there was clear correlation
between the mutational effects on the subunit interaction and the ADPR-evoked channel
currents (Fig.5C). Thus the biochemical and functional results are consistent with the notion
that the coiled-coil domain is critical in mediating the TRPM2 subunit interaction and in the
assembly of the functional TRPM2 channel.

Deletion of coiled-coil domain removes functional suppression of TRPM2 subunit carrying
a phenotypic pore mutation

Mutation of the completely conserved residue Cys996 in the pore region of the TRPM2
subunit (Fig.1A) confers dominant negative phenotypic functional suppression (33). To seek
further evidence for the role of the coiled-coil domain in the TRPM2 subunit interaction and
the channel assembly, we asked whether deletion of the coiled-coil domain can abolish the
functional suppression by C996S mutation. Similar approach was successfully applied in
previous studies to attest to the role of the coiled-coil domains in the assembly of the large
conductance calcium-activated potassium channel (38) and the TRPV1 channel (23). We
introduced deletion of the coiled-coil domain into the [C996S] mutant, and co-expressed the
[C996S] or [C996S/ΔC] mutant subunit with the wild type subunit. We examined the
assembly of functional channels by recording ADPR-evoked currents and the subunit
interaction by co-immunoprecipitation. Fig.6 shows the results. In striking contrast with
[C996S] mutant subunit, the [C996S/ΔC] mutant subunit almost entirely lost its dominant
negative phenotypic suppression of the ADPR-evoked currents (Fig.6A), and its ability of
subunit interaction (Fig.6B). These results further support the critical role of the coiled-coil
domain in both subunit interaction and assembly of the TRPM2 channel.

DISCUSSION
The key finding of this study is that the C-terminal coiled-coil domain is important in the
subunit interaction and the assembly of the TRPM2 channel, supported by the following
major results obtained by using molecular, biochemical and functional approaches. Firstly,
we showed that deletion of this coiled-coil domain resulted in severe disruption of the
subunit interaction and significant loss of the channel currents. Secondly, progressive
introduction of glutamine mutation of the hydrophobic residues at the positions a and d of
the abcdef heptad repeats in the TRPM2 coiled-coil domain gave rise to gradual loss of the
subunit interaction and channel currents. The mutational effects on the subunit interaction
and the channel currents were clearly correlated. Thirdly, the dominant negative functional
suppression by a pore mutation C996S was abolished as a result of removing the coiled-coil
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domain. These results are in good agreement with the demonstration by Tsuruda et al (32)
that the TRPM2 coiled-coil domain is able to form tetramers, and together offer convincing
evidence indicating that the coiled-coil domain represents the key molecular determinant for
efficient assembly of the TRPM2 channel.

Subunit interaction is the first step in the assembly of multi-subunit functional channels. The
best understood example of the channel assembly is the voltage-gated potassium channels.
However, even though these channels bear strong structural relatedness, studies have
revealed channel subunit specific assembly domains with distinct locations and/or features.
Thus, the hydrophilic domain governing tetramerization of the Shaker voltage-gated
potassium channel is localized to the beginning of the N-terminus (39, 40), whereas the
hydrophilic tetramerization domain is present in the C-terminus of the large-conductance
calcium-activated channel (38). A C-terminal coiled-coil domain is engaged in the assembly
of the KCNQ channels (31, 35, 41) and the ether-a-go-go potassium channels (30, 34), and
the cyclic nucleotide-gated channels (42, 43). Among the TRP superfamily, the assembly of
the TRPV subfamily has been subjected to extensive investigation. Surprisingly these
studies have also identified diverse regions and/or domains mediating the subunit interaction
and the assembly of the TRPV channels (2–4) (see Introduction). Identification of naturally
occurring truncated or mutant subunits with functional phenotypes suggests involvement of
the N-terminus and/or transmembrane domains in the TRPM subunit interaction (44–46).
The requirement of the C-terminus in TRPM subunit interaction and functional channel
assembly was firstly demonstrated in the TRPM4 channel; deletion of the majority of its C-
terminus including the coiled-coil domain results in loss of subunit interaction and
functional channel activity, determined by co-immunoprecipitation and patch clamp current
recording (27). Sequence analysis indicates that a coiled-coil domain is present in the C-
termini of the TRPM channel subfamily (Fig.1B). The results presented here have
demonstrated the importance of the coiled-coil domain in the subunit interaction and
assembly of the TRPM2 channel. In a very recent study, Tsuruda et al have nicely
demonstrated that the coiled-coil domain is necessary to direct the TRPM8 channel
assembly (32). Moreover, they have also demonstrated that the coiled-coil domains from
several TRPM channels including TRPM2 and TRPM8 channels can form tetramers or
oligomers (32). Therefore, it is tempting to hypothesize that this coiled-coil domain may
serve as a common tetramerization motif in the TRPM subfamily channels. The relative
contributions for each of the residues in the abcdefg heptad repeats to the specificity of the
subunit interaction and selective assembly of the homomeric and heteromeric TRPM
channels remain to be determined. Along with previous reports on the ether-a-go-go
potassium channel (30), KCNQ potassium channel (31), cyclic nucleotide-gated channel
(42, 43), and TRPV1 channel (23), studies on the TRPM8 channel (32) and the TRPM2
channel (this study) demonstrate that the coiled-coil domain play a general role in directing
the subunit interaction and the assembly of multi-subunit channels.

The present study on the TRPM2 channel and the study on the TRPM8 channel (32) are
converging to support the importance of the C-terminal coiled-coil in the TRPM channel
assembly. There are differences between the two channels in the role of the coiled-coil
domains illustarted by the effects of manipulating the coiled-coil domain, although the exact
reasons for the discrepancies are currently unclear. Removal and mutation of the coiled-coil
domain in the TRPM8 subunit leads to complete loss of the protein expression and the
channel activity, implying additional roles in channel maturation and/or membrane
trafficking (32). Thus, the first major different finding from this study was that deletion of
the TRPM2 coiled-coil domain caused no obvious change in the global protein expression
(Fig.1C), and significant but incomplete loss in the surface expression (Fig.1D). TRPM2
channel is similar to the TRPM4 channel in a sense that the latter channel lack of most of its
C-terminus including the coiled-coil domain can express a substantial level of protein that
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reaches the cell surface (27). We have performed a number of experiments and made the
following observations. Firstly, double staining with antibodies recognizing the ER
(calreticulin) and the trans-Golgi network (TGN46) proteins showed no detectable
difference in the targeting of mutant TRPM2 protein from the ER to the plasma membrane
conferred by deleting the coiled-coil domain (Fig.1E–F). Secondly, co-immunoprecipitation
analysis shows that removal of the TRPM2 coiled-coil domain resulted in dramatic
reduction in the subunit interaction (Fig.2). Introduction of point mutations in the key
hydrophobic residues in the coiled-coil domain nicely recapitulated the effects on the
subunit interaction of deleting the coiled-coil domain (Fig.5). Thirdly, removal of the coiled-
coil domain led to loss of the phenotypic functional suppression by the pore mutation C996S
(Fig.6). Fourthly, double immunostaining shows no substantial segregation but co-
localization of wild type and deletion mutant proteins (Fig.2C). Finally, there was similar
degree of loss by deleting the coiled-coil domain (Fig.2 and Fig.4) and clear correlation of
the decrease by mutating the coiled-coil domain (Fig.3 and Fig.5) in both the subunit
interaction and the channel functional activity. The most consistent and simplest
interpretation of all these results is that the coiled-coil domain is important in the TRPM2
subunit interaction and, although minor defect in the membrane trafficking remains possible,
the apparent reduction in the surface expression of the deletion mutant subunit is primarily
attributable or secondary to the impaired subunit interaction and channel assembly.

The second finding that differs from the TRPM8 channel was that loss of the TRPM2
coiled-coil domain strongly reduced but did not completely abolish the formation of
functional TRPM2 channels. It has been well established that the tetramerization domain is
required for efficient assembly of the Shaker voltage-gated potassium channels and that the
subunits lack of the N-terminal tetramerization domain can still form but with a low
efficiency functional channels (e.g., 39, 40, 47, 48). Of relevance, replacement with a coiled-
coil domain can restore efficient assembly of the voltage-gated potassium channel lacking
the N-terminal tetramerization domain (48). Our results describe a similar role of the
TRPM2 coiled-coil domain in the TRPM2 channel assembly. A short TRPM2 subunit
isoform comprising the N-terminus and first two transmembrane segments identified in a
previous study can interact with the full length subunit (45). In our hands, the expression of
this short subunit was very poor. Nevertheless, its interaction with the full length wild type
subunit was also detectable, which was largely abolished by deleting the transmembrane
domain (data not shown), suggesting that the transmembrane domain is able to mediate the
subunit interaction, as proposed for the TRPV1 subunit (24). To reconcile with these results,
it is very likely that the C-terminal coiled-coil domain is the key molecular determinant that
is essential for efficient assembly of the TRPM2 channel, whereas the subunit interactions in
other parts may be required at the different stages of the TRPM2 channel assembly and
could mediate with a low efficiency assembly of the TRPM2 channel lack of the C-terminal
coiled-coil domain as in the case of the voltage-gated potassium channels (48–50).

TRPM2 channel is activated by binding of ADPR and related molecules to the NUTD9-H
domain in the distal C-terminus (6–11), which is linked to the pore forming domain via the
coiled-coil domain (Fig.1A). Thus, in the sense of structural domain arrangement, the
TRPM2 channel is analogous to that of the cyclic nucleotide-gated channels. In the latter
channels, structural rearrangements upon binding of agonist (e.g., cAMP) to the distal C-
terminal domain change the energy of the coupling between the linker region and the pore
forming domain and thereby lead to the channel opening (51). The location of the coiled-coil
domain between the agonist binding NUDT9-H domain and the channel pore domain raises
the possibility that a similar mechanism controls the TRPM2 channel gating. Thus, the
coiled-coil domain may play a role in the channel gating as well as in the channel assembly.
This could explain in part the differences in the cell surface and functional activity of the
channels lacking the coiled-coil domain (Fig.2D and Fig.4B) and in potency of the effects of
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mutating the hydrophobic residues in the coiled-coil domain on the subunit interaction and
the channel function (Fig.5C).

In conclusion, we have provided biochemical and functional evidence supporting that the
coiled-coil domain in the C-terminus of the TRPM2 subunit mediates the subunit interaction
and the assembly of the functional TRPM2 channel. This study gives insight into a general
structural domain governing the TRPM channel assembly.
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Fig. 1. TRPM2 coiled-coil domain is not required for protein expression
A. Schematic representation of the membrane topology of the human TRPM2 subunit,
showing the cytosolic N- and C-termini, six membrane-spanning segments (S1 to S6) and
the pore region (P). The N-terminus contains four domains (I – IV) that are highly conserved
with the TRPM subfamily, and the C-terminus has a TRP motif in the proximal C-terminal
region, a coiled-coil domain (Gly1171 to Ala1200, see panel B) and a NUTD9-H domain in
the distal C-terminal region. Cys996 in the pore region is indicated. B. Sequence alignment
of the human TRPM subunit C-terminal coiled-coil domains. Highlighted in bold are the
residues at the position a and d of the abcdef heptad repeats. The numbers above denotes the
residues in the TRPM2 subunit. C–D. Western blot of whole cell lysates (C) or total and
biotin-labelled TRPM2 (D) from cells expressing the FLAG-tagged wild type (WT) or
coiled-coil domain deletion mutant ([ΔC]) or untransfected cells (HEK). The arrow head
indicates the TRPM2 protein. Similar results were observed in two dependent experiments.
The arrow heads indicate the TRPM2 proteins (also applied in other figures). E–F. Confocal
images showing the immunoreactivities of TRPM2 and calreticulin (E), or TRPM2 and
TGN46 proteins (F). The scales are 10 μM. Note that there was clear co-localization of
TRPM2 proteins with calreticulin but not with TGN46.
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Fig. 2. TRPM2 coiled-coil domain supports subunit interaction
A. Co-immunoprecipitation analysis of interaction between EE-tagged wild type and FLAG-
tagged wild type or deletion mutant TRPM2 subunits. Cells were co-transfected with
plasmids in a 1:1 ratio encoding EE-tagged wild-type TRPM2 subunit and FLAG-tagged
wild type or coiled-coil deletion mutant ([ΔC]). Western blots of the EE-tagged wild type
TRPM2 protein in whole cell lysate (left), the FLAG-tagged wild type or mutant TRPM2
protein (middle), and the EE-tagged wild type TRPM2 protein immunopreciptated using an
anti-FLAG antibody (right). The arrow heads, * and ** (middle) indicate the TRPM2
proteins, non-specific band and the antibody heavy chain respectively. B. Mean data from 3
independent co-immunoprecipitation experiments are shown in A. *** p < 0.001. C. Co-
immunoprecipitation analysis of TRPM2 subunit interaction between FLAG-tagged and
cMyc-tagged deletion mutant TRPM2 subunits, and between the parental wild type subunits.
Western blots using an anti-cMyc antibody of the cMyc-tagged TRPM2 protein co-
immunoprecipitated using an anti-FLAG antibody. Similar results were observed in two
independent experiments. D. Confocal images showing double immunostaining of cMyc-
tagged wild type and FLAG-tagged deletion mutant subunits. The scale is 10 μM. Note that
wild type and mutant subunits were substantially co-localized.
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Fig. 3. Effects of mutating the hydrophobic residues in the coiled-coil domain on the subunit
interaction
A–B. Western blots of EE-tagged wild type TRPM2 protein in cell lysates (top blot in each
panel) and co-immunopreciptated (middle blot in each panel) with FLAG-tagged wild type
or mutant TRPM2 (bottom blot in each panel). Experiments examined single (A), double,
triple and quadruple mutants (B). C. Mean data from experiments as shown in A–B. The
number of independent experiments in each case is indicated next to the bar. Statistical
analysis results are denoted by different color or pattern of the bars: black, similar to the
wild type (p > 0.1); gray, significantly smaller than the wild type, but higher than the
deletion mutant [ΔC] (p < 0.05); hatched, significantly smaller than the wild type (p < 0.01),
and not significantly different to the [ΔC] mutant (p > 0.1). The dotted line denotes the
reduction in the coiled-coil domain deletion mutant. Note the progressive tendency of
reducing the subunit interaction by increasing the number of mutations.
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Fig. 4. The coiled-coil domain is important for formation of functional TRPM2 channel
A. Representative ADPR-evoked currents at a membrane potential of −80 mV (top) and the
I/V relationship (bottom) before and after FFA application (at time points indicated by 1 and
2) in a cell expressing the wild type or coiled-coil deletion mutant ([ΔC]) TRPM2 channel.
The arrows indicate the first recordings in the whole cell configuration. Flufenamic acid
(FFA) (0.5 mM) was used to block the TRPM2 channel currents. B. Mean amplitude of the
ADPR-evoked peak currents from experiments shown in A. The number of cells examined
in each case is indicated above the bar. *** p < 0.001.
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Fig. 5. Effects of mutating the hydrophobic residues in the coiled-coil domain on formation of
functional TRPM2 channel
A. Examples of ADPR-evoked whole cell currents in cells expressing the wild type or
indicated point mutant TRPM2 channels. The membrane potential was −80 mV. The arrows
indicate the first recordings in the whole cell configuration. B. Mean peak currents for the
wild type and mutant TRPM2 channels as shown in A. The number of cells examined in
each case is indicated next to the bar. Statistical analysis results are denoted by different
color or pattern of the bars: black, similar to the wild type (p > 0.1); gray, significantly
smaller than the wild type, but higher than the deletion mutant [ΔC] (p < 0.05); hatched,
significantly smaller than the wild type (p < 0.01), and not significantly different to the [ΔC]
mutant (p > 0.1). The dotted line indicates the currents for the coiled-coil domain deletion
mutant (scaled from Fig.4B). Note the progressive tendency of reducing the currents by
increased the number of mutations. C. The amplitude of ADPR-evoked peak currents for the
wild type and all the mutant TRPM2 channels is plotted against the subunit interaction (from
Fig.3C). The hatched, open, grey and black circles indicate the wild type, single, double, or
triple and quadruple mutants respectively. Note that there is clear correlation (r = 0.8)
between the subunit interaction and functional channel currents.
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Fig. 6. Deletion of coiled-coil domain removes functional suppression of pore mutation C996S
A. Examples (top) and mean ADPR-evoked whole cell currents (bottom left) in cells
expressing the wild type (WT) or indicated mutant subunits alone, or co-expressing wild
type and indicated mutant subunits. The arrows indicate the first recordings in the whole cell
configuration. The number of cells examined in each case is indicated above the bar. *** p <
0.001. There were no significantly differences between WT subunit plus mutant subunit lack
of the coiled-coil domain ([ΔC]) and WT subunit plus mutant subunit containing both
C996S and coiled-coil domain deletion ([ΔC/C6S]). Note that the currents were
significantly reduced in cells co-expressing wild type with mutant containing C996S ([C6S])
and deletion of the coiled-coil domain results in loss of the functional suppression by C996S
mutation. B. Co-immunoprecipitation analysis of the subunit interaction between the FLAG-
tagged wild type, [C6S], [ΔC] or [ΔC/C6S] and the EE-tagged wild type subunits. Western
blots of the EE-tagged wild type TRPM2 protein (top) co-immunoprecipitated with the
FLAG-tagged wild type or mutant TRPM2 protein (bottom). Similar results were observed
in two independent experiments.
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