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Summary

Transient receptor potential (TRP) channels mediate
numerous sensory transduction processes and are

thought to function as tetramers. TRP channel physi-
ology is well studied; however, comparatively little is

understood regarding TRP channel assembly. Here,
we identify an autonomously folded assembly domain

from the cold- and menthol-gated channel TRPM8. We
show that the TRPM8 cytoplasmic C-terminal domain

contains a coiled coil that is necessary for channel as-
sembly and sufficient for tetramer formation. Cell bio-

logical experiments indicate that coiled-coil formation
is required for proper channel maturation and traffick-

ing and that the coiled-coil domain alone can act as
a dominant-negative inhibitor of functional channel

expression. Our data define an authentic TRP modular
assembly domain, establish a clear role for coiled coils

in ion channel assembly, demonstrate that coiled-coil
assembly domains are a general feature of TRPM

channels, and delineate a new tool that should be of
general use in dissecting TRPM channel function.

Introduction

Transient receptor potential (TRP) channels comprise
a large family of nonselective cation channels that
contribute to a range of sensory processes, including
thermosensation, phototransduction, chemosensation,
and nociception (Clapham, 2003; Julius and Basbaum,
2001; Montell et al., 2002). In keeping with such varied
physiological roles, TRP channels are activated by di-
verse stimuli that include exogenous chemical agonists
(such as capsaicin and menthol), changes in ambient
temperature, and neurotransmitters or growth factors
that stimulate phospholipase C signaling systems (Clap-
ham et al., 2003). A number of TRP channels respond to
combinations of stimuli and function as polymodal sig-
nal detectors that assess changes in the chemical and
physical environment of the cell. While the sphere of
TRP channel function and physiology has received
intensive study, little is presently known about TRP
channel structure.

TRP channels are members of the cation channel
superfamily that includes voltage-gated channels for
calcium, potassium, and sodium, as well as cyclic
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nucleotide-gated channels (Hille, 2001). In common
with other superfamily members, TRP channels are
complexes consisting of four pore-forming subunits
(Hoenderop et al., 2003; Kedei et al., 2001). Each subunit
is thought to contain six transmembrane regions (S1–S6)
in which the loop between transmembrane segments S5
and S6 constitutes the selectivity filter. The N- and C-ter-
minal domains are thought to be intracellular, where
they may engage in subunit-subunit interactions, asso-
ciate with other cellular proteins, and interact with cyto-
plasmic factors.

Although TRP channels appear to share a common
transmembrane scaffold, individual family members
display varied mechanisms of activation and ion selec-
tivity (Clapham et al., 2001). In accordance with these
varied functions and physiological stimuli, TRP protein
sequences are quite diverse and have identities that
run as low as 20% across the different subfamilies
(Clapham, 2003). This molecular variegation is particu-
larly manifest within the cytoplasmic domains. Different
TRP subtypes have intracellular ankyrin repeats, TRP
domains, nudix hydrolase domains, and kinase domains
(Clapham, 2003; Montell, 2005). Both the ankyrin repeats
and TRP domains have been proposed to interact with
components of the cytoskeleton or lipid bilayer (Howard
and Bechstedt, 2004; Liedtke et al., 2000; Rohacs et al.,
2005; Sotomayor et al., 2005), but the precise physiolog-
ical roles for these elements remain enigmatic. Finally,
some members of the TRPC, TRPM, and TRPV sub-
families have been suggested to contain cytoplasmic
coiled-coil domains (Jenke et al., 2003; Montell, 2005).

Coiled coils are the most common and best under-
stood protein-protein interaction domain (Lupas and
Gruber, 2005; Woolfson, 2005). The hallmark structural
feature is a heptad repeat, denoted (abcdefg)n. Hydro-
phobic amino acids at the ‘‘a’’ and ‘‘d’’ positions form
a nonpolar stripe along the helical surface that is used
for multimerization (Crick, 1953). The identities of the
‘‘a’’ and ‘‘d’’ amino acids provide the dominant feature
that determines whether a given coiled-coil helix will as-
sociate into a two-, three-, four-, or five-stranded bundle
(Harbury et al., 1993, 1994; Malashkevich et al., 1996).

Several prior studies are suggestive of a role for TRP
channel coiled coils in subunit-subunit interactions.
Yeast two-hybrid experiments show that the putative
N-terminal coiled-coil domain from Drosophila TRPg is
sufficient to mediate interactions with the N terminus
of TRPL, a channel subunit with which TRPg forms het-
eromeric channels in vivo (Xu et al., 2000). Other work
has shown that deletions in TRPM4 and TRPV1 that
eliminate predicted C-terminal coiled-coil domains
impair the ability of these subunits to form homomeric
interactions (Garcia-Sanz et al., 2004; Launay et al.,
2004). While these observations are consistent with
a role for these putative coiled-coil domains in assembly
of functional TRP channels, direct evidence that any of
these domains adopt a coiled-coil structure and form
a quaternary complex is lacking (Garcia-Sanz et al.,
2004). Thus, whether TRP channels have authentic
coiled coils has remained a matter of conjecture.
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Figure 1. TRPM Coiled-Coil Domains

(A) Coiled-coil diagram of rat TRPM8 residues 1064–1104. Coiled-coil positions a–g are indicated. Amino acids are colored: hydrophobic, black;

basic, blue; acidic, red; and polar, green.

(B) Alignment of conserved TRPM family coiled coils. ‘‘a’’ and ‘‘d’’ positions are indicated.
Recent studies of other ion channel families have
shown that coiled-coil motifs contribute to mechanisms
of subunit-subunit assembly (Jenke et al., 2003; Kanki
et al., 2004; Zhong et al., 2002) (R.J. Howard and
D.L.M., unpublished data). Given the potential for the
coil-coiled domain to mediate specific protein-protein
interactions, it seemed likely that TRP channel coiled
coils might also function as modular assembly domains.
To address the importance of coiled coils in TRP chan-
nel subunit assembly, we have focused our studies on
the cold- and menthol-sensitive channel, TRPM8
(McKemy et al., 2002; Peier et al., 2002). TRPM8 has
the shortest C-terminal domain (120 amino acids) of all
TRPM subfamily members and contains no other pre-
dicted enzymatic motifs or structural elements aside
from a predicted coiled-coil domain. These sequence
features reduce the likelihood for disrupting other chan-
nel-associated activities in the course of targeted dele-
tion studies. Here, we use biochemical methods to
show that the last 50 residues of the C-terminal cyto-
plasmic domain of TRPM8 do, indeed, form a coiled
coil that is capable of tetrameric self-assembly. More-
over, we demonstrate that this domain is required for
the expression of functional channels at the plasma
membrane and is a common feature of TRPM channels.

Results

A Conserved C-Terminal Domain Is Required for

TRPM8 Function
Using a coiled-coil prediction algorithm (Lupas et al.,
1991), we identified a domain with a high coiled-coil
probability at the extreme TRPM8 C terminus (residues
1064–1104). Display of this sequence on a coiled-coil
helical wheel diagram shows that the predicted ‘‘a’’
and ‘‘d’’ core positions correspond predominantly to
hydrophobic residues. In contrast, the other positions
(‘‘b,’’ ‘‘c,’’ ‘‘e,’’ ‘‘f,’’ and ‘‘g’’) are largely polar or charged
amino acids (Figure 1A). A similar analysis of other mem-
bers of the TRPM subfamily indicates that all possess
a comparable C-terminal coiled coil at a conserved loca-
tion in the primary sequence that is 88–120 residues
distal to the last putative transmembrane domain, S6
(Figure 1B). We also identified a second potential coiled
coil within the N-terminal cytoplasmic domain of
TRPM8. Both N- and C-terminal coiled coils are found
in TRPM8 orthologs from rat, mouse, chick, and human.
However, the N-terminal coil had a much weaker coiled-
coil score compared to the C-terminal domain (40% ver-
sus 96% probability for the C-terminal coil) and, unlike
the C-terminal coil, is not well conserved among other
TRPM family members. Thus, we focused our attention
on the C-terminal coil.

To investigate the functional significance of the puta-
tive C-terminal coiled coil, we expressed a TRPM8 mu-
tant lacking this region (TRPM8Dcc) in Xenopus oocytes
and examined its sensitivity to thermal and chemical
stimuli. Voltage-clamped cells expressing wild-type
channels showed robust inward currents to cold (6�C)
or menthol (500 mM) (Figure 2A), whereas oocytes in-
jected with TRPM8Dcc cRNA did not respond to either
stimulus (Figure 2B). Similar results were obtained with
mammalian (HEK293T) cells using calcium imaging to
assay for channel function (Figures 2A–2C). Cells were
cotransfected with TRPM8 or TRPM8Dcc, plus a TRP
channel from a different family (the capsaicin receptor,
TRPV1) to control for transfection and calcium imaging.
TRPM8- or TRPM8Dcc-expressing cells showed clear
differences in menthol responses but no difference in
capsaicin sensitivity. TRPV1 and TRPM8 share limited
sequence homology (15% identity) and are not known
to interact in heterologous systems. Thus, the lack of
a response for TRPM8Dcc suggests that the deletion of
the coiled coil has rendered the channel nonfunctional.

To control for possible differences in channel expres-
sion, we compared TRPM8 levels by Western blotting.
These experiments demonstrated that the coiled-coil
deletion construct, TRPM8Dcc, was not expressed in ei-
ther cell type and provide a clear explanation for the lack
of functional responses (Figure 2D). The absence of
TRPM8Dcc protein indicates that the predicted C-termi-
nal coiled-coil region is required for stable TRPM8
monomer expression.

The Putative Coiled-Coil Region Is Sufficient
for Tetrameric Self-Assembly

We asked whether the putative TRPM8 coiled coil could
function as an autonomously folded assembly domain.
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Figure 2. TRPM8 C-Terminal Coiled Coil Is

Required for Channel Function and Expres-

sion

(A) Oocytes expressing TRPM8 (left) were

subjected to a temperature ramp (indicated

in gray) and a saturating dose of menthol

(500 mM) (indicated by the black bar). Zero-

current levels are shown (dashed line). Re-

sponses to 500 mM menthol and 1 mM capsa-

icin in TRPM8/TRPV1-expressing HEK293T

cells (right) were measured by fura-2 AM

calcium imaging.

(B) Treatments as in (A), for cells expressing

TRPM8Dcc (left) and TRPM8Dcc/TRPV1

(right).

(C) Calcium imaging traces normalized to the

maximal capsaicin response. Each trace is an

average of all capsaicin-responsive cells in

the field.

(D) Western blots of the cell lysates of trans-

fected HEK293T cells (left) and injected

Xenopus oocytes (right). Expected molecular

weights for HA-tagged TRPM8 and

TRPM8Dcc are 129 kDa and 125 kDa, respec-

tively. Westerns are immunoblotted with an

anti-HA (a-HA) or an anti-a-tubulin antibody

(a-atub).
We expressed and purified a fusion protein (termed
‘‘HMT,’’ see Experimental Procedures) in which the
TRPM8 coiled coil formed the C-terminal domain of
a protein that contained, in sequence, His6, maltose
binding protein, and a TEV protease site to make the
protein HMT-1055cc. The inclusion of the dual-affinity
tags facilitates purification. Purified HMT-1055cc eluted
from a gel filtration column with an apparent molecular
weight of w253 kDa. This is significantly larger than the
size predicted for a monomer (50.5 kDa) (Table 1) and in-
dicates that the coiled-coil domain self-assembles into
a complex of discrete size. Following proteolytic removal
of the affinity tags, the purified coiled coil (1055cc) mi-
grated as an w22 kDa protein in gel filtration (monomer
molecular weight, 6.1 kDa), a size that suggests that the
coiled-coil domain is a tetramer (Figure 3A).

To test whether the C-terminal coiled coil is a general
self-assembly domain for TRPM channels, we examined
the self-assembly properties of HMT fusion proteins of
the putative coiled coils from TRPM1, TRPM2, TRPM3,
TRPM6, and TRPM7 (Figure 1). Gel filtration experi-

Table 1. Size Exclusion Chromatography Results for HMT-TRPM

Coiled-Coil Fusion Proteins

HMT Fusion Calculated Apparent Stoichiometry Relative Area

TRPM1 51.0 69.2 1.4 1

TRPM2 50.5 196.3 3.9 1

TRPM3 50.9 195.4 3.8 1

TRPM6 50.7 272.5 5.4 1

67.5 1.3 5.5

TRPM7 50.8 269.9 5.3 2.7

64.5 1.3 1

TRPM8 50.5 253.0 5.0 1

HMT 44.5 29.7 0.7 1

Calculated and apparent molecular weights (kDa) are shown.
ments in which all constructs were assayed at the
same monomer concentration (40 mM) demonstrate
that all coiled-coil domains tested, except for TRPM1,
are capable of some degree of self-assembly (Table 1
and Figure S1 [see the Supplemental Data available on-
line]). Both the TRPM2 and TRPM3 HMT fusions form
tetramers. HMT fusions of TRPM6 and TRPM7 run as
a mixture of monomers and larger oligomers. Together,
these data suggest that the TRPM coiled coil is a general
self-assembly domain. The differences in the relative
degrees of assembly of the different isolated coiled-
coil domains may arise because certain TRPM coils pre-
fer to form heteromeric complexes or because interac-
tions with other parts of the channel may be necessary
to stabilize the final folded state.

The relationship between molecular weight and elu-
tion volume in gel filtration experiments relies on a cor-
respondence between the hydrodynamic properties of
the protein standards and the test protein. Because
our experiments were calibrated with globular proteins,
the resulting standard curve may not be the most accu-
rate metric for determining the molecular weight of a pro-
tein with an elongated structure, such as a coiled coil.
Therefore, we used equilibrium sedimentation experi-
ments, which are unsusceptible to the features of pro-
tein shape (Laue, 1995), to measure the multimerization
state of the purified 1055cc peptide precisely. The equi-
librium sedimentation behavior of 1055cc was similar
over a range of protein concentrations, rotor speeds,
salt concentrations, and detection wavelengths. These
data can be described accurately by a single species
fit (Figure 3B) and show that the 1055cc complex has
a molecular weight four times that of a 1055cc monomer
(Table 2). Thus, the putative TRMP8 coiled coil self-
assembles into tetramers that mirror the expected stoi-
chiometry of TRP channels.
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To examine 1055cc’s secondary structure, we used
circular dichroism (CD) experiments. The 1055cc CD
spectrum displays prominent double minima at 208
and 222 nm that are characteristic of an a helix and con-
sistent with formation of a coiled coil (Figure 3C) (Berova
et al., 2000). Examination of the CD signal at 222 nm over
a range of temperatures (4�C–80�C) showed that the
peptide is quite stable (Tm w60�C). Moreover, the ther-
mal denaturation was reversible (Figure 3C, inset), a
feature that is consistent with the ability of this domain
to fold autonomously. Together with the equilibrium
sedimentation experiments, these data indicate that

Figure 3. The TRPM8 Coiled-Coil Peptide Forms Tetramers

(A) Gel filtration chromatography data for purified coiled-coil peptide

(1055cc) (green squares). Standards (gray circles), predicted mono-

mer (open black circle), and predicted tetramer (open black squares)

elution volumes are indicated.

(B) 1055cc peptide analytical ultracentrifugation. Data are shown for

100 mM 1055cc at 27,000 rpm at Abs277 nm. Top panel shows the data

(black points), single-species fit (black line), and curves for pre-

dicted monomeric (red), dimeric (orange), trimeric (green), and tetra-

meric (blue) species. Bottom panel shows residual errors of the

single-species fit of the data.

(C) Circular dichroism spectra of 100 mM 1055cc peptide at 4�C

(black), 80�C (blue), and 4�C post-melt (gray). Inset shows signal at

222 nm during the forward (black) and reverse (blue) temperature

scans.
the C-terminal cytoplasmic domain (residue numbers
1055–1104) is a four-stranded coiled coil.

A Membrane-Tethered Coiled-Coil Domain

Efficiently Inhibits Channel Function and Assembly
The only other well-characterized assembly domain for
the voltage-gated ion channel superfamily is the N-ter-
minal T1 domain of Kv potassium channels (Deutsch,
2002). Isolated T1 domains are capable of causing
a dominant-negative effect on Kv channel currents
when coexpressed with full-length Kv channels (Babila
et al., 1994; Li et al., 1992; Shen and Pfaffinger, 1995).
As our biochemical experiments demonstrate that the
TRPM8 coiled-coil domain folds autonomously, we
asked whether it could disrupt TRPM8 function through
a dominant-negative mechanism. We measured men-
thol-evoked currents from Xenopus oocytes injected
with TRPM8 cRNA and cRNA encoding HMT or HMT-
1055cc (TRPM8 residues 1055–1104). We also ex-
pressed an HMT coiled-coil fusion that included seven
additional N-terminal residues, HMT-1048cc (TRPM8
1048–1104), in the event that a longer coiled-coil con-
struct was more effective at disrupting TRPM8 channel
expression. Responses to menthol in both HMT-
1055cc- and HMT-1048cc-injected oocytes varied
greatly from cell to cell (data not shown). We also found
that expression of a coiled-coil construct tagged with
the FLAG epitope (Hopp et al., 1988) (FLAG-1048cc) had
an insignificant effect on menthol-evoked responses in
transfected HEK293T cells as measured by calcium
imaging (p = 0.55, n = 385–570 cells) (Figure 4A). We rea-
soned that the inability of HMT- and FLAG-tagged
constructs to interfere with TRPM8 activity might be due
to a low local concentration of these soluble fusion pro-
teins near the membrane. Consistent with this hypothe-
sis, HEK293T cells transfected with a ten-fold higher ra-
tio of FLAG-1048cc to TRPM8 plasmid DNA showed
a slight but significant (p = 2 3 10210, n = 334–385 cells)
decrease in menthol-evoked responses (Figure 4A).

To raise the effective concentration (Jencks, 1987) of
1048cc for TRPM8 channels, we constructed a trans-
membrane-tethered fusion protein in which the TRPM8
coiled coil was fused C-terminally to the transmembrane
domain of CD8 (1048 CD8) (Figure 4B). Coexpression of
1048 CD8 and TRPM8 decreased the average TRPM8
response by 24.5% 6 5.0% (n = 900–1000 cells) and
was dose dependent (Figures 4C and 4D).

To evaluate specificity further, cells were also co-
transfected with plasmid encoding the capsaicin recep-
tor, TRPV1. Expression of 1048 CD8 had no effect on
capsaicin-evoked responses, demonstrating that the
dominant-negative action of the TRPM8 coiled coil is

Table 2. Equilibrium Sedimentation Data for 1055cc

[1055cc]

(mM)

Observed Molecular

Weight (kDa)

Oligomeric

State

50 25.9 6 1.5 4.2

100 24.9 6 0.3 4.1

200 23.0 6 0.3 3.8

Average: 24.6 6 1.5 4.0

Monomer molecular weight is 6.1 kDa. Errors indicate standard

deviations.
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Figure 4. Transmembrane Tethered TRPM8

Coiled Coil Acts as Specific Dominant-Nega-

tive Inhibitor of TRPM8 Channel Function

(A) Normalized calcium imaging traces of

TRPM8 (black) and TRPM8 + FLAG 1048cc

(shades of blue) transfected HEK293T cells.

13, 53, and 103 indicate TRPM8:FLAG

1048cc ratios of 1:1, 1:5, and 1:10, respec-

tively (n = 334–570 cells).

(B) Schematic diagram of TRPM8 subunit in-

teraction with the membrane-tethered coiled

coil (1048 CD8). TRPM8 coiled coil (green) is

C-terminal to the CD8 transmembrane do-

main (blue). This construct also contains the

extracellular domain of the thrombin receptor

and a FLAG epitope (black).

(C) Ratiometric calcium imaging of TRPM8,

TRPV1, and CD8 coiled-coil constructs

(transfected at 53 over TRPM8) in HEK293T

cells. Menthol (500 mM) was applied followed

by capsaicin (1 mM).

(D) Normalized calcium imaging traces from

different ratios of transfected plasmids.

+13, +53, and +103 represent a 1:1, 1:5,

and 1:10 ratio of TRPM8:1048 CD8, respec-

tively. The +LZ trace represents a transfection

ratio of 1:5 for TRPM8:LZ CD8. Each trace is

the average of 255 to 318 cells.

(E) Representative current traces from in-

jected oocytes with applications of menthol

(500 mM) and capsaicin (1 mM). Dashed line in-

dicates zero-current levels. All oocytes were

coinjected with TRPM8 and TRPV1 +1048

CD8- and +LZ CD8-injected oocytes also con-

tain the indicated coiled coil. +13 and +53

correspond to 1:1 and 1:5 TRPM8:1048 CD8

cRNA ratios.

(F) Maximal menthol currents normalized to

maximal capsaicin currents for increasing ra-

tios of TRPM8:1048 CD8 cRNA (n = 6–9 cells

each). Standard errors are shown.

(G) Effects of dominant-negative CD8-

anchored coils on TRPM8 glycosylation.

Lysates from HA-tagged TRPM8 (TRPM8), HA-tagged TRPM8 and 1048 CD8 (+1048 CD8), and TRPM8 and LZ CD8 (+LZ CD8) transfected

HEK293T cells are shown with and without PNGase treatment. Detection with anti-HA (a-HA) and anti-a-tubulin (a-atub) antibodies are indicated.

Molecular weight standards (in kDa) are indicated.
specific for TRPM8 channels. Recent studies have sug-
gested that TRPM8 activation is linked to or influenced
by voltage sensitivity of the channel (Brauchi et al.,
2004; Voets et al., 2004). While 1048 CD8 alters the mag-
nitude of the menthol-evoked current, the characteristic
TRPM8 current-voltage relationship is preserved
(Figure S2A). Thus, 1048 CD8 does not alter the biophys-
ical properties of TRPM8.

We also examined the effects of an unrelated coiled
coil (GCN4-LI) on TRPM8 responses. This coiled coil
forms parallel tetramers (Harbury et al., 1993), and
when expressed as a transmembrane fusion (LZ CD8)
produced no decrement in menthol-evoked responses
(p = 0.8, n = 405–555) (Figures 4C and 4D). Similar results
were obtained in Xenopus oocytes when TRPM8 cRNA
was coinjected with TRPV1 and the CD8 fusions (n =
6–9 cells) (Figures 4E and 4F). These data suggest that
inhibition of TRPM8 by 1048 CD8 is not due to the pres-
ence of a coiled-coil sequence per se, but rather relies
on a specific interaction with TRPM8.

Western blots of lysates from TRPM8-transfected
HEK293T cells show that the TRPM8 protein runs as
two distinct species. Coexpression of 1048 CD8 and
TRPM8 caused a preferential decrease in the higher mo-
lecular weight species (Figure 4G). Treatment of lysates
with PNGase F to remove N-linked glycosylation selec-
tively converted the higher molecular weight species
to the lower molecular weight species. These data sug-
gest that the lower band corresponds to unglycosylated
TRPM8 and that the inhibitor causes a differential loss of
the glycosylated species. Cells coexpressing 1048 CD8
predominantly produced the unglycosylated TRPM8
species, consistent with inhibition of channel assembly
at a stage in secretory transport preceding the Golgi
(Nagaya and Papazian, 1997); however, some degree
of inhibition by 1048 CD8 at the plasma membrane can-
not be strictly discounted. In accord with its inability to
block functional channel assembly, LZ CD8 had no
effect on the glycosylation of TRPM8.

While the loss of glycosylated TRPM8 upon coexpres-
sion with 1048 CD8 appears nearly complete by Western
blot, we still observe considerable responses to menthol
in these cells. Previous studies have reported TRPM8-
mediated calcium release from the ER in prostate
cancer epithelial cells (Thebault et al., 2005; Zhang and
Barritt, 2004). While it is possible that unglycosylated
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Figure 5. Lipid-Modified Coiled Coil Can Dis-

rupt TRPM8 Channel Function

(A) Schematic diagram of interactions be-

tween TRPM8 subunit and the lipid-modified

coiled coil (ai 1048). Lipid anchors (yellow)

and TRPM8 coiled coil (green) are indicated.

(B) Traces from Xenopus oocytes expressing

TRPM8, TRPV1, and ai-modified coiled coils.

cRNA was injected at a ratio of 1:1:5. Applica-

tions of menthol (500 mM) and capsaicin (1 mM)

are shown as black and gray bars, respec-

tively. Dashed line indicates zero-current

levels.

(C) Average responses from (B), n = 9–13 cells.

Maximal menthol-evoked currents were nor-

malized to the maximal capsaicin responses.

Error bars indicate standard errors. The

p value for the difference between TRPM8

and +ai-1048 is 8.9 3 1023.

(D) Normalized calcium imaging traces of

TRPM8 (black), TRPM8 + ai-LZ (gray), and

TRPM8 + ai-1048 (green) transfected

HEK293T cells. Each trace is an average of

1067–1473 cells.

(E) Effects of dominant-negative lipid-an-

chored coils on TRPM8 glycosylation. Ly-

sates from HA-tagged TRPM8 (TRPM8), HA-

tagged TRPM8 + ai 1048 (+ai 1048), and

TRPM8 + ai LZ (+ai LZ) transfected HEK293T

cells are shown with and without PNGase

treatment. Detection with anti-HA (a-HA) and

anti-a-tubulin (a-atub) is indicated. Molecular

weight standards (in kDa) are indicated.
TRPM8 is responsible for menthol responses from the
ER, we did not observe menthol-evoked calcium store
release in TRPM8-transfected HEK293T cells (Fig-
ure S2B). Another possibility is that unglycosylated
TRPM8 is functional and reaches the plasma membrane,
although this is inconsistent with normal mechanisms of
protein trafficking, where transmembrane proteins are
glycosylated in the Golgi prior to presentation on the
plasma membrane (Dempski and Imperiali, 2002; Dun-
phy and Rothman, 1985). Thus, we conclude that the
high sensitivity of calcium imaging detects menthol re-
sponses from a small fraction of glycosylated TRPM8
protein on the plasma membrane that is not readily de-
tected by Western blot.

In addition to anchoring the TRPM8 coiled coil to
membranes via a transmembrane tether, we also modi-
fied FLAG-1048cc with a 15 residue sequence derived
from the N terminus of Gai3 containing myristoylation
and palmitoylation sites that target Gai3 to the plasma
membrane (Thiyagarajan et al., 2002) (Figure 5A). Using
two-electrode voltage-clamp analysis in oocytes, we
found that ai-anchored coiled coils behave identically
to the transmembrane-tethered coiled coils. Specifi-
cally, coexpression of ai-1048cc with TRPM8 resulted
in a substantial decrease (57% 6 6%, n = 9–12 cells) in
the average TRPM8 menthol-evoked responses while
having no effect on capsaicin-evoked responses in
these TRPV1 coinjected cells (Figures 5B and 5C). In
contrast, inclusion of a coil of unrelated sequence
(ai-LZ) had no effect compared to controls (13% 6
14% increase, n = 7–9 cells) (Figures 5B and 5C). To
test whether the dominant-negative effects depended
on the particularities of the cell type, we performed sim-
ilar experiments in transfected HEK293T cells. Averaged
responses to menthol were decreased by 31% 6 6%
(n = 2327–2595 cells) when ai-1048cc was cotransfected
with TRPM8, and addition of ai-LZ did not cause a de-
crease (4% 6 2% increase, n = 1362–1473 cells) in either
TRPM8- or TRPV1-mediated responses (Figure 5D).
Western blots showed that coexpression of ai-1048
with TRPM8 resulted in a considerable decrease of the
glycosylated TRPM8 species (Figure 5E). This decrease
is similar to the effect on TRPM8 glycosylation caused
by coexpression of 1048 CD8 (Figure 4G) and suggests
that dominant-negative inhibition of TRPM8 by the
membrane-tethered coiled coils occurs by similar
mechanisms. Thus, the dominant-negative effects ap-
pear to arise from the specific action of the TRPM8
coiled-coil assembly domain.

Coiled-Coil Interface Positions Are Required

for Channel Function
A key feature of coiled coils is the hydrophobic core
formed by the ‘‘a’’ and ‘‘d’’ positions of each strand. To
address the importance of these putative core positions
in mediating TRPM8 subunit-subunit interactions, we
generated alanine point mutations at two ‘‘a’’ and ‘‘d’’
pairs (Figure 6A). Introduction of these mutations into
full-length TRPM8 (TRPM8 ccFL and TRPM8 ccLI) re-
sulted in nonfunctional channels, as deduced by lack
of menthol responses in transfected HEK293T cells
(n = 303–494 cells) (Figure 6B). Gel filtration experiments
with purified HMT fusion proteins bearing the same mu-
tations (HMT 1048FL and HMT 1048LI) show that these
mutations disrupt the ability of the TRPM8 coiled coils
to self-assemble (Figure 6C). Both mutants have appar-
ent molecular weights (68 kDa and 72 kDa, respectively)
that are consistent with monomeric species (51.2 kDa
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Figure 6. Mutations in TRPM8 Coiled-Coil

Core Alter Oligomerization and Channel

Function

(A) TRPM8 coiled-coil sequence. Positions of

‘‘a’’ and ‘‘d’’ mutations are indicated, FL/AA

(orange) and LI/AA (purple).

(B) Normalized calcium imaging traces from

303 to 494 capsaicin-sensitive cells express-

ing TRPM8, TRPM8 and TRPM8-ccFL, and

TRPM8 and TRPM8-ccLI.

(C) Gel filtration of FL and LI mutant HMT fu-

sion proteins. Wild-type coiled coil (HMT-

1048) is shown in green for comparison.

HMT-1048FL (orange) and HMT-1048LI (pur-

ple) elute as monomers.

(D) BS3 crosslinking of wild-type TRPM8, full-

length TRPM8 bearing the FL coiled-coil

mutation (TRPM8ccFL), and TRPM8 coex-

pressed with ai 1048. No specific crosslinking

is seen with TRPM8ccFL. Coexpression of ai

1048 does not prohibit crosslinking of

TRPM8.

(E) Normalized calcium imaging traces from

HEK293T cells cotransfected with CD8 fu-

sions: 1048 CD8 (green), 1048LI CD8TM (pur-

ple), and 1048FL CD8TM (orange). Each trace

is an average of 376 to 536 cells.

(F) Normalized calcium imaging traces cells

cotransfected with ai fusions, ai-1048 (green),

ai-1048FL (orange), and ai-1048LI (purple).

Each trace is an average of 398 to 830 cells.

(G) Average maximal menthol responses nor-

malized to maximal capsaicin responses for

oocytes expressing TRPM8, TRPV1, and the

indicated ai fusions. Standard errors are indi-

cated (p < 0.001, n = 9–12 cells).
predicted molecular weights). These results support the
idea that the mutations prevent coiled-coil assembly.

In contrast to the effect of deleting the coiled coil
(TRPM8Dcc, Figure 2D), impairment (by the FL muta-
tions) in the ability of the coiled coil to associate did
not prevent monomer expression as assessed by West-
ern blot, albeit only the unglycosylated form was ob-
served (Figure 6D). Similar results were seen for the
TRPM8 ccLI mutant (data not shown). These results
suggest that the mutant protein is produced, but re-
tained within the endoplasmic reticulum. This behavior
parallels that observed in dominant-negative inhibition
by the membrane-tethered coiled coil (Figures 4G
and 5E).

To test whether the coiled-coil core mutations disrupt
channel function by preventing channel tetramer as-
sembly, we asked whether TRPM8ccFL monomers
could be crosslinked to form tetrameric complexes. As
a control, lysates from HEK293T cells expressing wild-
type TRPM8 channels were treated with an amine-reac-
tive crosslinker, BS3, yielding complexes that ran as
monomer, dimer, tetramer, and higher-order oligomer
on SDS-PAGE. In stark contrast, the mutant that dis-
rupts coiled-coil association, TRPM8ccFL, appeared
only as a monomer. These data indicate that point muta-
tions in the core of the coiled coil are capable of interfer-
ing with self-association of the full-length channel
subunits (Figure 6D). We also examined whether sup-
pression of functional channel assembly by coexpres-
sion of the ai-1048 dominant-negative coiled coil
interfered with the ability to form chemically crosslinked
TRPM8 complexes. TRPM8 channels produced under
these conditions were predominantly unglycosylated
yet retained the ability to form oligomeric species (Fig-
ure 6D). This result suggests that TRPM8 subunit
assembly occurs prior to the completion of glycosyla-
tion events and that glycan addition is a later step in
maturation that is likely linked to functional channel
expression.

We next asked whether the mutations that disrupt
coiled-coil assembly are sufficient to prevent the domi-
nant-negative effect of the isolated coiled coil. 1048FL
and 1048LI mutations were expressed in the context of
membrane-anchored (ai-1048FL and ai-1048LI) and in-
tegral membrane (1048FL CD8 and 1048LI CD8) fusions.
ai-1048FL, ai-1048LI, and 1048FL CD8 did not act as
dominant-negative inhibitors of the functional expres-
sion of TRPM8 in HEK293T cells (n = 398–532 cells) (Fig-
ures 6E and 6F). Similarly, ai-1048FL had no effect on
menthol-evoked currents in TRPM8-expressing oocytes
(n = 9–12 cells) (Figure 6G). Interestingly, 1048LI CD8 did
inhibit menthol-evoked responses in TRPM8-express-
ing HEK293T cells (n = 494–536 cells) (Figure 6E). How-
ever, the LI mutations are near the C-terminal end of
the coiled coil, suggesting that the CD8 anchor facili-
tates association of the uninterrupted four remaining
turns of the coil that precede these mutations. The posi-
tion-dependent effects of the FL versus LI mutations fur-
ther support the notion that the TRMP8 C-terminal
coiled coil is part of the full-length channel architecture.
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Discussion

All voltage-gated cation channel superfamily pore-form-
ing subunits, with the exception of voltage-gated so-
dium and calcium channel a subunits, assemble into
multimeric complexes to form the ion-conduction path-
way (Hille, 2001). For the protein chains to associate fol-
lowing synthesis, the primary sequence must encode
determinants that direct subunit assembly and specify
whether the subunits form homomeric or heteromeric
channel complexes. Despite the generality of this prob-
lem, the mechanisms that govern channel assembly are
well understood in only one case. Kv channels bear an
N-terminal domain, known as T1, that functions as an
autonomously folded assembly and specificity domain
(Bixby et al., 1999; Kreusch et al., 1998; Li et al., 1992;
Shen and Pfaffinger, 1995). Although the T1 domain pro-
vides a modular assembly unit that is compatible with
the transmembrane architecture shared by voltage-
gated ion channel superfamily members, no other chan-
nels have T1 domains (Hille, 2001). Distinct domains that
are critical for channel assembly and that bear features
of coiled-coil motifs (Jenke et al., 2003; Kanki et al.,
2004; Zhong et al., 2003) have been identified in the C-
terminal cytoplasmic tails of a number of voltage-gated
cation channel superfamily members, including KCNQ
(Kv7) channels (Schmitt et al., 2000; Schwake et al.,
2003), cyclic nucleotide-gated channels (Zhong et al.,
2002, 2003), and Eag potassium channels (Jenke et al.,
2003; Ludwig et al., 1997). The exact details of how
such domains might direct assembly and determine
subunit assembly preferences remain unclear.

TRP channels are the largest, most diverse group
within the voltage-gated cation channel superfamily
(Clapham, 2003). Biochemical and physiological studies
suggest that TRP family members form homomeric
(Hoenderop et al., 2003; Kedei et al., 2001) or hetero-
meric complexes depending on the subunit types (Gillo
et al., 1996; Hellwig et al., 2005; Schaefer, 2005; Strubing
et al., 2001, 2003; Xu et al., 2000). To date, the mecha-
nisms that direct TRP channel assembly and determine
the specificity of subunit interactions are not clearly elu-
cidated. TRP channel ankyrin repeats (Erler et al., 2004)
and coiled-coil regions (Engelke et al., 2002) have been
suggested to play an assembly role; however, evidence
supporting any single motif in TRP biogenesis has res-
ted largely on mutational studies that abrogate channel
assembly without direct characterization of the rele-
vant biochemical properties of these domains. Our
identification and characterization of an autonomously
folded C-terminal coiled coil in TRPM8 that functions
as an authentic tetramerization domain establishes
a mechanism by which TRP channels use coiled coils
to direct assembly. Moreover, this domain is conserved
among all TRPMs (Figure 1) and shows a conserved
biochemical function (Figure S1). The presence of sim-
ilar domains in other superfamily members suggests
that coiled coils are likely to direct channel assembly
in other cases and may represent a general assembly
strategy.

TRPM8 is thought to function as a homomeric com-
plex. The tetrameric stoichiometry of the coiled-coil mo-
tif indicates that, like other superfamily members (Hille,
2001), functional TRPM channels are tetramers. While
it is clear that the TRPM8 coiled coil is an assembly
domain, we do not yet know whether this domain fosters
formation of homomers by excluding interactions with
other TRPM subtypes or if additional determinants
within the channel sequence are required.

Examination of TRPM coiled-coil sequences shows
substantial variability at both the core ‘‘a’’ and ‘‘d’’ posi-
tions and the flanking ‘‘e’’ and ‘‘g’’ positions. Studies of
designed coiled coils have demonstrated the impor-
tance of amino acid identity at ‘‘a’’ and ‘‘d’’ positions
for specifying the number of strands in the coil (Harbury
et al., 1993), but how natural variation at these positions
might affect homomeric or heteromeric preferences
among tetramer strands is unknown. The ‘‘b,’’ ‘‘c,’’ ‘‘e,’’
and ‘‘g’’ positions can also make interstrand contacts
within the context of a four-stranded coiled coil and
may also contribute to assembly specificity (Harbury
et al., 1993; Lupas and Gruber, 2005; Woolfson, 2005).
Presently, no systematic studies have been done to
examine how interactions among these other heptad
positions might contribute to specificity in tetramers. It
seems plausible that the determinants that encode
homotetramer or heterotetramer preferences for a given
strand might lie in a combination of central (‘‘a’’ and ‘‘d’’)
and peripheral amino acids (‘‘e,’’ ‘‘g,’’ ‘‘b,’’ and ‘‘c’’). The
sequence diversity among the TRPM coiled coils may
provide an opportunity to address this question.

It is interesting that the majority of putative voltage-
gated superfamily channel assembly domains are C-ter-
minal rather than N-terminal. In the Kv channel case,
synthesis of the T1 assembly module precedes that of
the pore-forming components. Tetramers of nascent
channels assemble before the entire polypeptide chain
is made and incorporated into the membrane (Deutsch,
2002; Lu et al., 2001; Robinson and Deutsch, 2005;
Schulteis et al., 1998). In the case of a C-terminally lo-
cated assembly domain, the temporal order of assembly
must be very different. There is presently little informa-
tion with regard to how this process might proceed.
Modifications of the coiled-coil assembly domain or
expression of the dominant-negative assembly module
may prove useful for dissecting this question.

Structural studies have shown that ion channel sub-
units from the voltage-gated ion channel superfamily en-
gage in extensive protein-protein contacts over a large
surface area within both the membrane and cytoplasmic
domains (Long et al., 2005). Although a single domain
may contribute significantly to assembly, it will comprise
only a portion of the final total interaction surface be-
tween channel monomers. One mechanistic possibility
for the utility of distinct assembly domains is that they
serve as the critical point of contact that directs specific-
ity and stoichiometry. Once subunits are brought to-
gether during early stages of secretory transport, subse-
quent interactions in the remainder of the complex lead
to maturation of the final channel structure. In support of
this idea, studies of Kv voltage-gated potassium chan-
nel have shown that tetramerization directed by the
N-terminal T1 domain is a distinct and early event that
occurs in the endoplasmic reticulum before other inter-
subunit associations are initiated (Nagaya and Papa-
zian, 1997; Schulteis et al., 1998). In the case of very
high levels of expression, deletion of T1 does not com-
pletely prevent Kv channel formation (Kobertz and
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Miller, 1999; Zerangue et al., 2000) and demonstrates
that under some conditions other interaction surfaces
can support formation of channels, albeit less efficiently.

We found that point mutations in core residues of the
TRPM8 coiled coil lead to accumulation of underglyco-
sylated channel protein that is unable to form tetrameric
complexes. The block in channel maturation is consis-
tent with a failure to move out of the endoplasmic retic-
ulum and reach the late Golgi (Nagaya and Papazian,
1997). Thus, even though it is the final part of the protein
that is made by the ribosome, the coiled-coil domain ap-
pears to be required at an early stage of channel matu-
ration. Similar effects of C-terminal coiled-coil deletions
have been reported for Eag channels (Jenke et al., 2003).
Furthermore, when we attempted to replace the TRPM8
coiled coil with a designed tetrameric coiled coil (GCN4-
pLI), we were unable to restore channel function. This
result differs from Kv channel protein engineering exper-
iments in which the same designed tetrameric coiled coil
could replace (although less efficiently) the role of the T1
domain in promoting channel assembly (Minor et al.,
2000; Zerangue et al., 2000). The observation that the
TRPM8 coiled coil cannot be replaced with a designed
tetrameric coiled coil that should have very similar di-
mensions and overall architecture suggests that the
TRPM8 coiled coil participates in other inter- and intra-
subunit interactions that are critical for channel folding
and maturation.

Ion channels associate with a range of cellular pro-
teins that act as modulatory factors and that couple
channel activity to cellular signaling networks (Hille,
2001). There is increasing evidence that preorganized
complexes of the components of such networks form
dedicated signaling supramolecular entities (Davare
et al., 2001; Hille, 2001). The scaffolding platforms that
organize these complexes are just beginning to be de-
fined for channels in the voltage-gated cation channel
superfamily. Drosophila TRP exists in a large complex
at the plasma membrane that includes close associa-
tion with calmodulin and PLCb. This complex is orga-
nized by the direct binding of the scaffolding protein
InaD to TRP via a dedicated PDZ binding domain on
the channel (Chevesich et al., 1997; Li and Montell,
2000; Tsunoda and Zuker, 1999). The protein complex
that controls b-adrenergic receptor modulation of car-
diac IKS channels provides a second example of the im-
portance of supramolecular complexes for channel reg-
ulation. Here, the C-terminal coiled-coil domain of
KCNQ1 that is also implicated in subunit-subunit as-
sembly (Jenke et al., 2003) interacts with the scaffolding
protein yotiao to recruit protein kinase A and protein
phosphatase 1 to the channel (Marx et al., 2002). This
example suggests that coiled coils may play multiple
roles in formation of functional channel complexes. It
seems likely that there could be a similar case for
TRPM8, where the coiled-coil tetramer could form a
site for interaction with other proteins required for regu-
lation of channel activity.

Our data identify an autonomously folded assembly
domain that is conserved throughout the TRPM subfam-
ily and appears related to other C-terminal voltage-
gated ion channel assembly domains. These results
highlight how modular domains are used to solve the
problem of directing the assembly of channel pore-
forming subunits. The use of a modular assembly is
likely to be a common feature of many voltage-gated
ion channel superfamily members.

Experimental Procedures

Plasmid Construction

DNA sequences for rat TRPM8 (residues 1055–1104 or 1048–1104)

were amplified by PCR and cloned into the NarI/XhoI sites of

a pET27(Novagen) derived vector denoted ‘‘HMT’’ (Van Petegem

et al., 2004) that contains, in sequence, a His6-tag, maltose binding

protein (MBP), and a cleavage site for the Tobacco Etch Virus prote-

ase (TEV) to produce HMT fusion proteins or into BamHI/XhoI sites

of pcDNA3-based vectors (Invitrogen) for expression in Xenopus oo-

cytes and HEK293T cells. CD8 fusions contain a FLAG epitope and

PAR1 thrombin receptor extracellular domain on the N-terminal

side of the CD8 transmembrane domain and coiled coils at the C-ter-

minal intracellular side. Lipid modified coiled-coil constructs were

made by insertion of oligonucleotides encoding two repeats of

amino acids 1–15 of Gai. LZ coiled coils were amplified by PCR

from a template containing the pIL sequence (Kv1.2_LZ) (Minor

et al., 2000). Point mutations were made by Quikchange (Strata-

gene). The full-length TRPM8 sequence was subcloned into pcDNA3

with a hemaglutinin (HA) epitope tag on the N terminus.

Protein Expression and Purification

HMT fusion proteins were expressed in BL21(DE3) RIL in LB media

at 37�C and induced at 0.6–0.8 OD600 nm with 1 mM IPTG for 3 hr.

Cells were harvested by centrifugation (5000 3 g, 15 min, 4�C) and

frozen. Thawed cells were lysed by sonication in 300 mM NaCl, 10

mM imidazole, and 50 mM NaPO4 (pH 8.0). Insoluble material was re-

moved by centrifugation (12,000 3 g, 20 min, 4�C). The resulting sol-

uble fraction was applied to a Ni-NTA column (Qiagen), washed with

300 mM NaCl, 50 mM imidazole, and 50 mM NaPO4 (pH 8.0), and

eluted in 300 mM NaCl, 400 mM imidazole, and 50 mM NaPO4

(pH 8.0). Protein was dialyzed in 15,000 MWCO tubing (Spectrapor)

against 10 mM NaCl, 20 mM NaPO4 (pH 8.0), followed by purification

on a SOURCE Q column (Amersham Biosciences) using a linear gra-

dient to 500 mM NaCl in the same buffer. For purified coiled-coil

peptide experiments, protein was dialyzed with His6-TEV protease

(Van Petegem et al., 2004) at room temperature for 2 hr. The reaction

was passed over Fast Flow Q resin (Amersham Biosciences) and the

flow-through was run over Ni-NTA resin. The column was washed

with 300 mM NaCl, 50 mM NaPO4 (pH 8.0) and the coiled coil was

purified by elution in 300 mM NaCl, 20 mM imidazole, and 50 mM

NaPO4 (pH 8.0). Purified peptide was dialyzed into 100 mM or 200

mM NaCl, 10 mM NaAcetate (pH 5.0).

Size Exclusion Chromatography

Gel filtration with HMT fusion proteins was performed at 4�C using

a Superdex 200 HR 10/30 column (Amersham Biosciences) run in

200 mM NaCl, 20 mM Tris (pH 8.0). Purified TRPM8 coiled-coil gel fil-

tration experiments used a Superdex 75 HR 10/30 column run in 200

mM NaCl, 10 mM MES (pH 5.5) at 4�C. Gel filtration calibration stan-

dards (Amersham Biosciences) were used to generate standard

curves for each column.

Sedimentation Equilibrium Centrifugation

Protein samples in 100 mM or 200 mM NaCl, 10 mM NaAcetate (pH

5.0) were concentrated (3000 MWCO Amicon centrifugal filtration

devices, Millipore) and diluted to 200 mM, 100 mM, and 50 mM.

Peptide concentration was determined by absorbance (Edelhoch,

1967). Data sets were collected at 4�C in an XL-A ultracentrifuge

(Beckman Coulter) at rotor speeds of 15,000, 20,000, and 27,000

rpm. Approach to equilibrium was monitored by absorbance scans

at 280 nm every 2 hr until three sequential scans overlapped. Data

were fit (ProFit) to the exponential equation describing a single spe-

cies: y = exp(lnA0 + ((1 2 Vr)(2pu)2)/(2RT)) 3 M 3 (x2 2 X0
2)), where

A0 is the absorbance at X0, V is the partial specific volume, r is the

solvent density, u is the rotor angular velocity, R is the gas constant,

T is the sample temperature, M is the calculated molecular mass,

and X0 is the value of the initial x position.
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Preparation of peptide sample was the same as for sedimentation

equilibrium centrifugation. Wavelength scans from 300 nm to 190

nm were taken using an Aviv Model 215 spectrometer equipped

with a peltier device and a 0.1 cm quartz cuvette at 4�C. Thermal de-

naturation used 2�C step sizes from 4� to 80�C. After a wavelength

scan at 80�C, the sample temperature was reduced in 4�C steps to

4�C. Equilibration time at each temperature was 60 s. The Tm (tem-

perature where 50% of the protein is unfolded) was calculated as de-

scribed (Becktel and Schellman, 1987).

Calcium Imaging

HEK293T cells were transfected with HA-tagged TRPM8, TRPV1,

and indicated coiled-coil constructs using Lipofectamine 2000 (Invi-

trogen). Unless noted otherwise, plasmids were transfected at

a mass ratio of 1:0.1:5 of TRPM8:TRPV1:coiled-coil construct, with

0.4 mg TRPM8. These ratios represent 1:0.1:3 molar ratios. One

day posttransfection, cells were plated into chambered coverglass

coated with poly-D-lysine and incubated at 37�C, 5% CO2 for 3–5

hr. Cells were loaded with 10 mM fura-2 AM (Molecular Probes),

0.02% pluronic F-127 (Molecular Probes) in a 2 mM Ca2+ Ringer’s

solution (140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM glucose, 2

mM CaCl2, 10 mM HEPES [pH 7.4]) for 1 hr at room temperature,

washed with 2 mM Ca2+ Ringer’s, and equilibrated in 200 ml of the

2 mM Ca2+ Ringer’s solution. Agonist application was as follows:

200 ml of 200–500 mM menthol (100–250 mM final) was added at the

indicated time point followed by 200 ml of 1 mM capsaicin (0.33 mM

final). Ratio data was logged from all capsaicin-sensitive cells in

the field, averaged, and normalized to the capsaicin response.

Errors indicated are the calculated standard errors.

Deglycosylation and Crosslinking

HEK cells were lysed by trituration in 1% Triton X-100 in PBS and

cleared by centrifugation (10,000 3 g, 15 min, 4�C). Lysates were

treated with PNGase F (New England Biolabs) for 1 hr at 37�C before

addition of sample buffer in preparation for SDS-PAGE. Crosslinking

was carried out using amine-reactive BS3 (Pierce). Lysates were pre-

pared as described above, and BS3 was added to a final concentra-

tion of 50 mM. Reactions were incubated at room temperature for 30

min and quenched with 90 mM Tris (pH 7.5) for 15 min before dena-

turation with SDS-PAGE sample buffer.

Western Blotting

Cell lysates were analyzed by SDS-PAGE using a Mini-PROTEAN II

system (Bio-Rad). Gels were transferred to Immobilon-P mem-

branes (Millipore) using a Trans-Blot SD apparatus (Bio-Rad). Block-

ing and antibody incubations were done in PBS that contained 3%

BSA and 0.05% Tween-20 (Sigma). Washing steps used the same

solution lacking BSA. Detection of HA-tagged TRPM8, TRPM8Dcc,

and TRPM8ccFL used an anti-HA antibody (Covance) and HRP-

anti-mouse anitbody (Jackson Immunoresearch). Tubulin controls

were blotted with an anti-a-tubulin antibody (Sigma) and the same

HRP antibody as above. Blots were visualized with Western Light-

ning chemiluminescence reagents (PerkinElmer).

Oocyte Recording

After surgical removal and defolliculation by collagenase I (Wor-

thington), Xenopus oocytes were maintained at 17�C in ND96 (96

mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES

[pH 7.5]) and injected with cRNA (Mmessage Mmachine kit, Ambion)

from HA-tagged TRPM8, TRPV1, and indicated coiled coils. cRNA

concentration was determined by absorbance at 260 nm and was

injected at a mass ratio of 1:1:5 of HA TRPM8:TRPV1:coiled-coil

construct (corresponding to a 1:1:2.5 molar ratio) unless indicated

otherwise. Two-electrode voltage-clamp recordings were done at

260 mV in calcium-free ND96 (supplemented with 0.1 mM BaCl2).

Agonist solutions were prepared in calcium-free ND96 and perfused

into the bath as indicated. Recordings were made with a Geneclamp

500 amplifier (Axon Instruments) controlled by a PC and digitized

with a Digidata 1322A (Axon Instruments). Electrodes were filled

with 3 M KCl and had resistances of 0.5–1.0 MU. Currents were nor-

malized to the maximal capsaicin-evoked responses. Errors shown

are calculated standard errors.
Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/51/2/201/DC1/.
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Supplemental Figure S1 Size exclusion chromatography of HMT TRPM fusions: 
TRPM1 (HMT-M1cc, red), TRPM2 (HMT-M2cc, orange), TRPM3 (HMT-M3cc, green), 
TRPM6 (HMT-M6cc, blue), TRPM7 (HMT-M7cc, purple), and TRPM8 (HMT-1055cc, 
pink) are shown.  Displayed elution profiles were used to calculated the apparent 
molecular weights in Table 1.  Elution profile of HMT alone (which runs as a monomer) 
is shown in black. 



         

 

Supplemental Figure S2 Functional characteristics of heterologously expressed 
TRPM8.  (A)  Current-voltage relationships for TRPM8 with and without the coiled-coil 
CD8 fusions.  I-V curves in the presence of 200µM menthol for oocytes injected with 
TRPM8 (black), TRPM8 +LZ CD8 (grey), and TRPM8 +1048 CD8 (solid green) display 
characteristic outward-rectification.  The dashed green line represents the +1048 CD8 
curve when scaled to a similar magnitude as TRPM8 alone.  (B) TRPM8 is not involved 
in Ca2+ store release in HEK293T cells.  Each trace represents an average of five cells 
transfected (solid line) or not transfected (dashed line) with TRPM8.  Cells were 
perfused with 2mM EGTA solution (grey bar), followed by 500µM menthol in 2mM 
EGTA (black bar).  Thapsigargin treatment released Ca2+ stores (orange bar), and 
menthol applied in 2mM Ca2+ Ringer’s solution (blue bar) activated TRPM8 transfected 
cells. 
 



         

SUPPLEMENTAL METHODS 

 

Size exclusion chromatography 

TRPM channel coiled-coils were amplified by PCR and cloned into pSV272 to make 

HMT fusions as described in the main text.  cDNA from rat tissues was synthesized and 

used as template material for PCR of TRPM 2,3,6 and 7.  The TRPM1 coiled-coil was 

amplified from a plasmid containing human TRPM1 (gift from D. Clapham).  The HMT 

fusion proteins were purified and gel filtration experiments were carried out as described 

in the main text. 

 

Oocyte electrophysiology 

Oocytes were prepared, injected, and maintained as described in the main text. 

Recordings were done in 120 mM CsCl, 2 mM MgCl2, 1 mM EGTA, 10 mM HEPES, pH 

7.4,  using voltage ramps from –100mV to +80mV once per second.  Current-voltage 

relationships were determined by measurements taken in 250µM menthol at 26-28°C, 

with subtraction of the basal current at 26-28°C in the absence of menthol. 

 

Calcium imaging 

TRPM8 transfected HEK293T cells were loaded with FURA 2-AM as described in the 

main text.   Bath solution was changed to 2 mM EGTA, 140 mM NaCl, 5 mM KCl, 2 mM 

MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.4, and 500µM menthol was applied in this 

solution.  Calcium store release was stimulated by application of 1µM thapsigargin, and 

extracellular calcium influx through TRPM8 was evoked by 500µM menthol in standard 

2 mM Ca2+ Ringer’s solution.   
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