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A Hot-Sensing Cold Receptor: C-Terminal Domain
Determines Thermosensation in Transient Receptor

Potential Channels
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Temperature transduction in mammals is possible because of the presence of a set of temperature-dependent transient receptor potential
(TRP) channels in dorsal root ganglia neurons and skin cells. Six thermo-TRP channels, all characterized by their unusually high
temperature sensitivity (Q,, > 10), have been cloned: TRPV1-4 are heat activated, whereas TRPM8 and TRPA1 are activated by cold.
Because of the lack of structural information, the molecular basis for regulation by temperature remains unknown. In this study, we
assessed the role of the C-terminal domain of thermo-TRPs and its involvement in thermal activation by using chimeras between the heat
receptor TRPV1 and the cold receptor TRPMS, in which the entire C-terminal domain was switched. Here, we demonstrate that the
C-terminal domain is modular and confers the channel phenotype regarding temperature sensitivity, channel gating kinetics, and PIP,
(phosphatidylinositol-4,5-bisphophate) modulation. Thus, thermo-TRP channels contain an interchangeable specific region, different
from the voltage sensor, which allows them to sense temperature stimuli.
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Introduction
Transient receptor potential (TRP) ion channels are one of the
largest groups of ion channels comprising six protein families
(Montell et al., 2002; Clapham, 2003; Moran et al., 2004). A sub-
set of these channels, the thermo-TRPs, is activated by distinct
physiological temperatures. Six thermo-TRP channels, all char-
acterized by their unusually high temperature sensitivity (Q,, >
10), have been cloned: TRPV1—4 are heat activated (Caterina et
al., 1997, 1999; Peier et al., 2002b; Xu et al., 2002), whereas
TRPMS8 (McKemy et al., 2002; Peier et al., 2002a) and TRPAI
(Story et al., 2003) are activated by cold. With a Q,, of ~26 for
TRPV1 (Liu et al., 2003) and ~24 for TRPMS (Brauchi et al.,
2004), they far surpass the temperature dependence of the gating
processes characterized by other ion channels (Q,o, ~3) (Hille,
2001). Because of the lack of structural information, the molec-
ular basis for regulation by temperature remains unknown.
C-terminal domains of TRPV1 and TRPMS are structures
that are critical for proper channel function. For example, the
TRPV1 C terminal contains an inhibitory phosphatidylinositol-
4,5-biphosphate (PIP,) binding site (Prescott and Julius, 2003)
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and a tetramerization domain in the proximal C-terminal region
(Garcia-Sanz et al., 2004) (Fig. 1A). Partial deletions performed
in the C-terminal domain of TRPV1 result in functional channels
with attenuated heat sensitivity, and truncation of the whole
TRPV1 C-terminal domain completely hindered channel expres-
sion (Vlachova et al., 2003; Liu et al., 2004). In TRPMS8 channels,
binding of PIP, leads to channel activation (Liu and Qin, 2005;
Rohacs et al., 2005). The proximal C-terminal TRP domain is
conserved in TRPMS and appears to serve as a PIP, site (Rohacs
et al., 2005). These results underscore the importance of the
C-terminal domain of TRPV1 and TRPM8 as a structural domain
able to modulate thermo-TRP channel activity.

We performed multiple alignments of the different C termi-
nals of thermo-TRPs. These alignments showed that the tet-
ramerization domain is conserved between thermo-TRPs. Sec-
ondary structure analysis revealed the existence of three « helices
in the region near S6, which were also found to be conserved
among thermo-TRPs (supplemental material, available at www.
jneurosci.org). In contrast, almost all similarities among the C
terminals of these channels are lost in the distal region. These
previous observations, and the fact that the key question regard-
ing what makes thermo-TRPs temperature sensitive remained
unanswered, prompted us to build C-terminal chimeras between
TRPV1 and TRPMS.

Materials and Methods

Molecular biology. cDNAs coding for rat TRPV1 (GenBank accession
number NM_031982) and rat TRPMS8 (kindly provided by Dr. David
Julius; GenBank accession number NM_134371) were used. The bound-
aries of the transmembrane domains of both channels were defined by
consensus using multiple transmembrane prediction tools (supplemen-
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tail current when possible. Activation and de-
activation rates were calculated from the slow
component of a double exponential fit. Activa-
tion rates in both cases were calculated from
activation time constants of current traces elic-
ited at +150 mV. Deactivation rates were cal-
culated from deactivation time constants of
current traces elicited at —40 mV for the case of
VRctCR and —70 mV for the case of CRctVR.
EPC7 patch-clamp amplifier (HEKA Elek-
tronik, Lambrecht/Pfalz, Germany) and 6052E
acquisition board (National Instruments, Aus-
tin, TX) were used.

Recording solutions, Calcium imaging, Im-
munocytochemistry, Temperature control and
ramps, and Data analysis can be found in the
supplemental material (available at www.
jneurosci.org).

Figure 1.

Results

We created chimeric channels between
TRPV1 and TRPMS8 in which the com-
plete C-terminal domain was exchanged
(Fig. 1A, B). The chimeras were dubbed CRctVR [C terminal of
vanilloid receptor (TRPV1) attached to cold receptor core] and
VRctCR [C terminal of cold receptor (TRPMS) attached to va-
nilloid receptor core].

C-terminal region of TMPMS8 and TRPV1 constitute
exchangeable regulatory modules

To check the presence of the chimeric channels in a subpopula-
tion of transfected HEK cells, we performed immunocytochem-
istry experiments (Fig. 1 B), and functional expression was deter-
mined using calcium imaging. Calcium changes induced by
temperature modifications were detected in transfected cells

Design and expression of thermo-TRP C-terminal chimeras. A, Sequence alignments between rTRPV1 and rTRPM8.
The cut—paste limit for chimera construction is marked by a double arrow. Several important features are highlighted in the
alignment: the TM6 segment, TRPbox, and TRPV1 PIP, binding domain. B, Chimeras and their expression in HEK-293 cells. Each of
the top schemes corresponds to the immunochemistry below (scale bar, 20 m). It s clear that the chimeric channels are able to
reach the membrane, but large amounts of them are retained on intracellular compartments.

loaded with Fluo-4. Approximately 30% of the cells exhibited
fluorescent responses to temperature changes, a value in agree-
ment with the transfection efficiency as determined with the
pTracer vector. Steady-state measurements of internal Ca*" in-
dicate an increase in fluorescence (approximately threefold)
when temperature was decreased (40—15°C) in the case of the
VRCctCR or when the temperature was raised (16—40°C) in the
case of the CRctVR chimera. Nontransfected cells do not present
significant changes in fluorescence at different temperatures. The
baseline calcium levels were essentially the same when comparing
cells expressing the chimeras or cells expressing wild-type chan-
nels. These values were, however, somewhat higher than non-
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Figure2. Temperature sensitivity of chimeric channels. A, VRctCR chimera normalized cur-
rent as a function of temperature. B, CRctVR chimera normalized current as a function of tem-
perature. Data obtained using slow temperature ramps (0.25°C/s) and a holding potential of 80
mV. The solid lines are the best fits to a Boltzmann function. Each point represents an average of
at least four different experiments. Error bars indicate SD.

transfected cells. This set of experiments demonstrates that both
chimeric channels are permeable to calcium. After checking the
functional expression of both chimeras, we measured whole-cell
currents during temperature ramps. These experiments show
that VRctCR and CRctVR are activated by cold and heat, respec-
tively (Fig. 2 A, B). The analysis of the current versus temperature
plots gives a Q,, value of 7 * 1 for VRctCR and 11 = 1 for
CRctVR. Although highly temperature sensitive, the Q,, values of
the chimeric channels are about three times smaller than ob-
served in wild-type channels. This suggests that the functional
coupling between temperature and channel opening is main-
tained but with a lower efficiency in our chimeric channels. The
overall behavior in terms of reliability of the chimeras was ana-
lyzed through a statistical analysis that comprises 51 experiments
(supplemental material, available at www.jneurosci.org).
CRctVR behaves inversely in 95% of trials, whereas VRctCR re-
sponds inversely in 74% of trials. Moreover, both chimeras have
the tendency to lock themselves in one state, either activated or
deactivated after stimulation, ~20% of the time (supplemental
material, available at www.jneurosci.org). These observations
support the idea that the lower efficiencies (lower Q,, values) are
attributable to the loss of some specific interactions present in
wild-type channels.

To better characterize the effects of the C-terminal exchange
between TRPV1 and TRPMS, we studied the voltage activation at
fixed temperatures (Fig. 3). Figure 3, C and D, shows macro-
scopic current traces obtained from the same whole-cell patch at
different temperatures for each chimera, showing the inverse gat-
ing behavior and a change in kinetic properties when compared
with the wild-type channels (Brauchi et al., 2004; Voets et al.,
2004). For both chimeras, at all of the temperatures tested, there
was a strong outward rectification of the steady-state current.
Figure 3, E and F, shows the normalized conductance—voltage
curves for the VRctCR (n = 9) and CRctVR (n = 14) chimeric
channels. These plots are well fitted by a Boltzmann function of
the form G = G,,,,,/[1 + exp—(zF(V — V, 5)/RT], where z is the
voltage dependency, V5 is the half-activation voltage, and G,,,,,
is the maximum conductance (F, R, and T have their usual mean-
ings). The voltage dependence of the parental ion channels are
maintained in the chimeras, and the observed z values are in the
range of 0.55-0.80, very similar to the ones reported previously
for TRPV1 and TRPMS (Brauchi et al., 2004; Voets et al., 2004)
(Fig. 3A, B). Cooling induced a leftward shift of the voltage acti-
vation curve of the VRctCR chimera; the V{ 5 decreases by ~100
mV on cooling from 35 to 15°C (Fig. 3E). This shift in the voltage
dependence of activation agrees reasonably well with the left shift
of the voltage activation curve of the TRPMS8 channel induced by
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Figure 3.  Electrophysiological analysis of the chimeras. 4, B, Plots showing the normalized

conductance (for details, see Materials and Methods) in function of voltage at the indicated
temperatures for TRPM8 and TRPV1, respectively. The solid lines correspond to the best fit to
Boltzmann functions. €, Whole-cell recordings of a cell expressing the VRct(R chimera and
exposed to the indicated temperatures. The voltage protocol is shownin the top of the figure. D,
Whole-cell recordings of a cell expressing the CRctVR chimera and exposed to the indicated
temperatures. E, F, Plots showing the normalized conductance in function of voltage at the
indicated temperatures for VRctCR and CRctVR, respectively. The solid lines correspond to the
best fit to Boltzmann functions. G, H, Arrhenius plots for activation and deactivation process of
VRctCR and CRctVR chimeras, respectively (each data point represent at least three experi-
ments). Activation (<) and deactivation ([3) rates were calculated from double exponential
function fits (see Materials and Methods). Activation energy was calculated directly from the
slope of the Arrhenius plots (slope = —E,/R). Error bars indicate SD.

cooling (Brauchi et al., 2004; Voets et al., 2004) (Fig. 3A). A
leftward shift is also observed when heating in the case of the
CRctVR chimera, and V, 5 decreases ~75 mV when the temper-
ature is increased from 15 to 35°C (Fig. 3F). Thus, the behavior of
the CRctVR is similar to that of the TRPV1 channel (Fig. 3B).
Closer inspection of the records shows that the activation rate
(a) of the VRctCR chimera has a shallow temperature depen-
dence and that the closing rate (3) is steeply temperature depen-
dent (Fig. 3G). This is a characteristic of the TRPMS8 channel as
reported by Voets et al. (2004) and Brauchi et al. (2004). On the
other hand, analysis of the macroscopic current records of
CRctVR chimera indicates that the temperature dependence re-
sides mainly in the activation rate (Fig. 3H ), which is a charac-
teristic of the TRPV1 channel (Voets et al., 2004). This is an
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important result, because it allows us to conclude that the major
determinants of TRPV1 and TRPMS kinetic behavior are associ-
ated with the C-terminal domain. Thus, the functional coupling
is maintained and the overall phenotype is switched.

PIP, is able to inversely regulate the chimeras

PIP, has been shown to be an important modulator molecule for
thermo-TRP channels, and there are solid data supporting the
idea that there is a PIP, binding site and/or specific interaction
between PIP, and amino acids present in the C-terminal domain.
The PIP, site in the case of TRPMS8 islocated on the very proximal
C terminus (Rohacs et al., 2005), whereas in TRPV1 it is located
on the distal C-terminal domain (Prescott and Julius, 2003; Liu
and Qin, 2005). Individual analysis of our chimeras revealed that
VRCctCR, which has the C terminal of TRPMS, loses its current
almost completely after 10 or 15 min in a way that was indepen-
dent of the applied voltage protocol, suggesting an inherited PIP,
control mechanism. Another characteristic of VRctCR is that the
steady-state currents reach a maximum and saturate (macro-
scopic current showed in Fig. 3C). This saturation takes place at
potentials >120 mV. This behavior is not present when channel
activity is measured in cell attached patches or when PIP, (10 um)
is added to the patch pipette (supplemental Fig. S5, available at
www.jneurosci.org as supplemental material). Furthermore, we
observed that the C-terminal domain carries the phenotype for
PIP,-related responses. Responses from VRctCR chimera are po-
tentiated by the presence of PIP, (10 uMm) in the patch pipette
(Fig. 4A,C). As predicted from previous reports (Prescott and
Julius, 2003), we observed an inhibitory response against PIP, (10
M) in the CRctVR chimera (Fig. 4 B,C).

C terminus is not essential for capsaicin or

menthol responsiveness

A comparison between mammalian and avian (heat-sensitive but
capsaicin-insensitive) TRPV1 channels resulted in a map of the
structural determinants for capsaicin interaction. Results re-
vealed that residues located at the transition between the second
intracellular loop and the third transmembrane domain (Jordt
and Julius, 2002) are required for capsaicin binding. The same
approach revealed that the amino acid residues essential for the
binding of icilin, a super-cooling agent, are also located in the
intracellular loop connecting transmembrane domains 2 and 3
(Chuang et al., 2004). The menthol binding site has not yet been
identified. Taking into account these observations, we tested the
VRctCR and CRctVR chimeras for their ability to be activated by
capsaicin and menthol, respectively (Fig. 4 D, F). We found that 1
mM menthol and 50 uM capsaicin were able to strongly activate
CRctVR and VRctCR, respectively (Fig. 4E,G). Full dose-re-
sponse curves for these two compounds show that the VRctCR
chimera is ~10-fold less sensitive to capsaicin than the TRPV1
channel (Fig. 4H) and that the CRctVR chimera has the same
sensitivity to menthol as the TRPM8 channel (Fig. 41). For the
TRPV1 and the TRPMS8 channels, the ICs, values for capsaicin
and menthol were 0.6 and 22 uM, respectively (Fig. 4 H,I). These
values are in reasonable agreement with those reported previ-
ously by Caterina et al. (1997) (capsaicin ICs,, 1 um) and by
Chuang et al. (2004) (menthol ICs,, 50 um). These results indi-
cate, as previously proposed, that the transmembrane core of
TRPV1 carries the response element to capsaicin and suggest that
the region for menthol interaction in TRPMS is located outside of
the C-terminal domain. Moreover, we found that the VRctCR
chimera is insensitive to menthol and that the CRctVR chimeric
channel is not activated by capsaicin (Fig. 4E, G).
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Figure4. Pharmacological properties of the chimeras. Current records obtained at 100 mV.
Temperature, 25°C. A, PIP, (10 wum) activates the VRctCR channel. B, PIP, (10 wm) inhibits the
CRctVR channel. ¢, Bar plot of several experiments exposing the CRctVR and VRctCR channels to
PIP, (10 wm). Unpaired ¢ test showed that both chimeras were affected by PIP, addition. D,
Current traces showing menthol-induced activation and La>* blocking of CRctVR chimera. F,
Current traces for capsaicin-induced activation and La>* blocking of VRctCR chimera. E, G, A
summary of the experiments performed for the indicated chimera. La>" was added to check
whether the chimeras were able to be blocked (the addition was always performed after a
maximal activation of the respective channel). Capsaicin (Cap) (200 m) and menthol (Men)
(500 pem) were added to CRctVR and VRCtCR, respectively, as control experiments. One-way
ANOVA and Bonferroni's statistical analysis were performed for the two data setsin Fand G, and
in both cases the populations were found to be statistically different ( p << 0.05). H, Capsaicin
dose—response curves for TRPVT (IC5,, 0.6 wum) and VRctCR (ICyp, 7.8 wum). 1, Menthol dose—
response curves for TRPM8 (ICgg, 22 ) and CRtVR (ICg, 28 um). Current values were normalized
and expressed as percentage of maximal response to the agonist. Each point represents mean val-
ues == SD from at least three different patches. The Hill equation was used to it the data.

Discussion

A regulatory role for the C terminus of thermo-TRPs has been
proposed before, in terms of its participation in the effect of PIP,
and temperature on channel behavior (Prescott and Julius, 2003;
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Vlachova et al., 2003; Liu et al., 2004; Liu and Qin, 2005; Rohacs
et al.,, 2005). Deletions in the distal portion of the C-terminal
domain of TRPV1 have severe repercussions on channel activity
(Vlachova et al., 2003). TRPV1 channel expression is affected by
deletions in the TRP domain, located in the proximal C-terminal
sequence (near TM6) (Fig. 1 A), likely because of the removal of a
putative tetramerization domain (Garcia-Sanz et al., 2004).

The relevant contribution of this study is the finding that, for
both TRPV1 and TRPMS, modulation of channel gating behav-
ior by temperature arises from the C-terminal structure that fol-
lows the S6 inner helix. A notable aspect of these results is the
exchangeable modularity not only of the temperature-sensitive
elements but also of the PIP, regulatory elements. Thus, most of
the key structural elements of the ligand regulatory process, in-
cluding binding and coupling machinery that converts the free
energy of ligand binding into mechanical work (pore opening)
are intrinsic to the C terminal.

We have proposed a mechanism to describe the process of
opening of thermo-TRP channels (Brauchi et al., 2004). In this
model, both voltage-dependent and temperature-dependent ac-
tivation of the channel involve an allosteric mechanism that de-
mands the existence of separate structures able to sense specific
stimuli and, in doing so, transfer the electrical or thermal energy
to the gate. The modularity of the C-terminal structure suggests
that most of key elements necessary for the main function of
thermo-TRP channels (to sense temperature) are self-contained
in this cytoplasmic region.

TRP channels form tetramers of identical subunits (Kadei et
al., 2001); just as voltage-gated K™ channels (Clapham, 2003).
The voltage dependence in these channels appears to be intrinsic
to the channel-forming protein. The voltage sensor of these chan-
nels is, however, unknown, and a closer inspection of the pre-
dicted S4 segment of these channels reveals the presence of only
one basic residue in TRPV1 and three in TRPMS. It is possible
that the weak voltage dependence showed by thermo-TRPs is
attributable to the scarcity of positive charges in the S4 domain.

C-terminal role in thermo-TRP channels

The observations presented here led us to the conclusion that the
C terminal has an essential role not only as a regulatory domain
involved in determining the so-called “activation thresholds” but
also as a thermal modulator for the channel aperture. In support
of this, we have clearly shown that the C terminal is able to define
the phenotype of activation. The fact that temperature depen-
dency is transposable constitutes a remarkable aspect of the re-
sults presented here, because they clearly show that the coupling
between temperature stimuli and channel gating, although weak-
ened, is maintained in the chimeras.

Channels are most likely built as modular structures (Schre-
iber et al., 1999; Jiang et al., 2001; Choe, 2002; Zagotta et al., 2003;
Long et al., 2005; Murata et al., 2005), and thus the interactions
between different modules (e.g., pore, binding sites, sensors, etc.)
are defined by mechanic and electrostatic interactions that could
be represented or understood as coupling factors and/or alloste-
ric constants. Our data indicate that the modular nature of the
structures involved in activation processes allow different stimuli
(voltage, temperature, and agonists) to promote thermo-TRP
channel opening by different interrelated mechanisms as has
been suggested in the form of allosteric interaction (Brauchi et al.,
2004; Rohacs et al., 2005).

To explain our results, we suggest three possible scenarios:
One possibility is that the temperature affects the interaction of
the C terminus with PIP,. However, although TRPV1 has a PIP,
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binding site, its presence is not necessary to maintain the temper-
ature dependence (Prescott and Julius, 2003; Liu et al., 2004). A
general mechanism of PIP, activation on TRP channels has been
proposed by Rohacs et al. (2005). They have hypothesized that
the PIP, activation site found in TRPMS is present is most TRP
channels, including TRPV1, because the TRP domain is highly
conserved. If this PIP, site were involved in temperature sensing,
all TRPs channels would present some degree of temperature
dependence, which is not the case. Another possibility could be
that temperature affects the interaction between a particular por-
tion of the proximal C-terminal and some other region of the
channel, probably an intracellular loop. Finally, it may be that
independent arrangements induced by temperature on
C-terminal domains directly promote gate opening.

It is possible that channel opening is controlled by a mecha-
nism similar to the one observed for HCN channels (Zagotta et
al.,, 2003), considering then that a direct coupling between the S6
and the C-linker may exist in thermo-TRP channels. This is based
on the structural similarities between the C terminals of HCN
and TRPV1 channel. Garcia-Sanz et al. (2004) found that com-
parison between the predicted secondary structure of TRPV1
C-terminal domain and the C terminal of HCN channels reveals
significant similarities. Moreover, the C-linker that connects the
cAMP-binding site with the pore in the case of HCN channels
and the TRP domain in TRPV1 functions as tetramerization do-
mains. In HCN channels, it has been proposed that the structural
rearrangement produced by cAMP leads to a change in tension
on the helical linker connecting the C-terminal domains with S6
segment. This tension on the linker provides the energy necessary
to move the S6 inner helix to the open conformation. Similar
structural rearrangements may be induced by temperature in
thermo-TRP channels.

In summary, our results show that the TRPV1 C terminal
confers heat-dependent regulation on the TRPMS8 pore module,
whereas the TRPMS8 cytosolic module confers cold-dependent
regulation on the TRPV1 pore module. The main conclusion of
our work is that thermo-TRP channels have a modular
C-terminal domain that is able to determine channel phenotype
regarding temperature sensitivity.
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