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A Role of the Transient Receptor Potential Domain of
Vanilloid Receptor I in Channel Gating
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Transient receptor potential vanilloid receptor subtype 1 (TRPV1) is an ionotropic receptor activated by temperature and chemical
stimuli. The C-terminal region that is adjacent to the channel gate, recognized as the TRP domain, is a molecular determinant of receptor
assembly. However, the role of this intracellular domain in channel function remains elusive. Here, we show that replacement of the TRP
domain of TRPV1 with the cognate region of TRPV channels (TRPV2-TRPV6) did not affect receptor assembly and trafficking to the cell
surface, although those receptors containing the TRP domain of the distantly related TRPV5 and TRPV6 did not display ion channel
activity. Notably, functional chimeras exhibited an impaired sensitivity to the activating stimuli, consistent with a significant contribu-
tion of this protein domain to channel function. At variance with TRPV]1, voltage-dependent gating of chimeric channels could not be
detected in the absence of capsaicin and/or heat. Biophysical analysis of functional chimeras revealed that the TRP domain appears to act
as a molecular determinant of the activation energy of channel gating. Together, these findings uncover a role of the TRP domain in

intersubunit interactions near the channel gate that contribute to the coupling of stimulus sensing to channel opening.
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Introduction

Transient receptor potential (TRP) ion channels are considered
molecular gateways in sensory systems, because several of them
participate in the transduction of chemical and physical stimuli
into an impulse discharge at sensory receptor nerve terminals
(Montell, 2005; Ramsey et al., 2006). The TRP vanilloid receptor
(TRPV) family is composed of six members, named TRPV1 to
TRPV6, which play an important role in peripheral detection of
innocuous and noxious stimuli, as well as in intracellular Ca**
homeostasis. TRPV1 is activated by noxious temperature =42°C,
vanilloids, acidic pH, and proinflammatory substances (Caterina
and Julius, 2001; Scholz and Woolf, 2002; Montell, 2005;
Planells-Cases et al., 2005; Dhaka et al., 2006; Ramsey et al.,
2006). TRPV2 responds to high noxious heat (=53°C) (Caterina
and Julius, 2001). TRPV3 is gated by temperatures =33°C and
camphor (Smith et al., 2002; Mogqrich et al., 2005; Ramsey et al.,
2006), whereas TRPV4 is activated at =27°C and also by osmotic
changes and phorbol esters (Guler et al., 2002; Watanabe et al.,
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2002; Chung et al., 2003; Vriens et al., 2004; Liedtke, 2005). In
contrast, the most distant members, TRPV5 and TRPV6, do not
respond to physical or chemical stimuli but are modulated by
intracellular Ca®" levels in the epithelium of the kidney and in-
testine (Nijenhuis et al., 2005; Nilius et al., 2007).

Structurally, a functional TRPV channel is a tetrameric mem-
brane protein with four identical subunits assembled around a
central aqueous pore (Kedei et al., 2001; Hoenderop et al., 2003).
TRPV subunits preferentially, but not exclusively, assemble as
homo-oligomers (Schaefer, 2005). Each subunit shows a topol-
ogy of six transmembrane segments with a pore region between
the fifth and sixth segment and cytoplasmic N and C termini
(Montell, 2005; Ramsey et al., 2006). At the N terminus, TRPV
monomers contain ankyrin domains that contribute to channel
function (Jung et al., 2002) and subunit multimerization (Chang
et al., 2004; Erler et al., 2004; Hellwig et al., 2005; Arniges et al.,
2006) and are involved in protein—protein interactions with in-
tracellular proteins that modulate their trafficking and function
(Morenilla-Palao et al., 2004). A key role of the N terminus as a
target for regulatory factors has been substantiated by its crystal
packaging interactions (Jin et al., 2006; McCleverty et al., 2006).
The protein also exhibits a cytosolic C terminus that harbors
phosphoinositide, calmodulin binding domains, PKC consensus
sites, and a TRP domain (Ramsey et al., 2006). In TRPV1, the
TRP domain has been proposed to serve as a molecular determi-
nant of subunit tetramerization (Garcia-Sanz et al., 2004). Note-
worthy, this region appears involved in the functional modula-
tion of TRP melastatin receptor (TRPM) channels by
phosphoinositides (Rohacs et al., 2005; Rohacs and Nilius, 2007).
Thus, in addition to its participation in TRPV subunit multim-
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erization, the TRP domain may also contribute to important as-
pects of channel function.

To address this question, we have replaced the TRP domain of
TRPV1 with that of TRPV channels and evaluated the phenotype
of the resulting chimeric channels. We uncover a dual function-
ality of the TRP domain of TRPV1 as a tetramerization domain
and as a molecular determinant of channel gating. Examination
of macroscopic ion channel activity of functional chimeras indi-
cated that the TRP domain contributed to define the activation
energy of channel opening.

Materials and Methods

TRPV1 chimeric design. TRPV1 chimeric channels containing the TRP
domains [referred to as association domain (AD)] of TRPV2-TRPV6
were obtained by inserting the corresponding amino acid segments into
the TRPV1 (A684-721) deletion mutant (Garcia-Sanz et al., 2004) using
a Kpn21 restriction site. TRP domains were amplified by PCR from the
corresponding TRPV channels using the following primers: AD2 (amino
acids, 645—683 from human TRPV2; GenBank accession number
BC018926), sense, 5 -TTATCCGGAAACAGTGTCGCCACTGAC-3’
and antisense, 5'-TCTCTCCGGACCGCTGCTTCTTCCT-3'; AD3
(amino acids 677—716 from murine TRPV3; GenBank accession number
Q8K424), sense, 5'-CTTATCCGGAGAGAACGTCTCCAAAGAAAG-3’
and antisense, 5'-GCTCTCCGGAGCGGAATCTGCTTCTCAGCC-3';
AD4 (amino acids 718—757 from human TRPV4; GenBank accession
number Q9HBAO), sense, 5'-GTACTCCGGAGGCCAGGTCT-
CCAAGGAG-3' and antisense, 5'-TCTCTCCGGAGCGGAAGGCCT-
TCCTCAG-3"; AD6 (amino acids, 578 —616 from murine TRPV6; Gen-
Bank accession number Q91WD2), sense, 5-GTGACTCCGGA-
TGGAGAGTTGCCCATGAGCGAG-3" and antisense, 5'-CATATTC-
CGGAGCGAGGCCACAGGCAACGAGG-3'. The TRPV5-AD5 was
generated from the TRPV1-AD6 by site-directed mutagenesis of residue
H587 to Q. The sequence TCCGGA is the Kpn21 restriction site. Chi-
meric receptors were confirmed by DNA sequencing.

Cell culture and transfection. Human embryonic kidney HEK293 cells
were cultured in DMEM supplemented with 10% fetal calf serum, 2 mm
L-glutamine, and 1% penicillin-streptomycin solution at 37°C in 5%
CO,. Cells were transfected with 2 ug of DNA encoding the TRPV1 and
chimeric channels with Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
following the recommendations of the manufacturer. Cells were used
48 h after transfection.

Intracellular Ca”* imaging. Transfected cells (10° cells/cm?) were in-
cubated with 5 um Fluo-4 AM (Invitrogen) in the presence of 0.02%
pluronic F-127 (Biotium, Hayward, CA) in isotonic standard solution
(in mM: 140 NaCl, 4 KCl, 2 MgCl,, 2 CaCl,, 5 glucose, and 10 HEPES, pH
7.4). For Ca®" imaging, cells were continuously perfused (1 ml/min)
with isotonic standard solution at 20-22°C. TRPV1 activity was evoked
with 10 s pulses of capsaicin (Cap) (1 and 100 um) using a multibarreled,
gravity-driven perfusion system. Capsaicin stock solutions (Fluka, Siant
Quentin Fallavier, France) (10 and 100 mm) were prepared in dimethyl-
sulfoxide and diluted as indicated in bath medium. Fluorescence mea-
surements were performed with a Zeiss (Oberkochen, Germany) Axio-
vert 200 inverted microscope fitted with an ORCA-ER CCD camera
(Hamamatsu, Bridgewater, NJ) through a 20X water immersion objec-
tive. Fluo-4 was excited at 500 nm using computer-controlled Lambda
10-2 filter wheel (Sutter Instruments, Novato, CA), and emitted fluores-
cence was filtered with a 535 nm long-pass filter. Images were acquired
and processed with AquaCosmos package software (Hamamatsu).

Confocal microscopy. Transfected cells (~2.5 X 10> cells/cm?) were
washed with PBS and fixed with 5% paraphormaldehyde/4% sucrose for
20 min at 4°C. Fixing solution was extensively washed out, and the fixed,
intact cells were incubated with 5 wg/ml wheat germ agglutinin conju-
gated to Alexa Fluor 488 (Invitrogen) for 20 min at 20-22°C under
continuous agitation and protected from light. The excess of the lectin
was washed out with PBS, and cells were permeabilized with 3% horse
serum, 2% BSA, and 0.1% NP-40 in PBS for 20 min at 20—22°C under
mild agitation. Thereafter, cells were incubated with anti-TRPV1
(1:1000, guinea pig; Chemicon, Temecula, CA) overnight at 4°C. After
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extensive washing, cells were exposed to cyanine-conjugated Affinity-
Pure donkey anti-guinea pig (1:200; Jackson ImmunoResearch, West
Grove, PA) for 1 h at ~22°C under continuous agitation and protected
from light. Cells were embedded and mounted in Vectashield Mounting
medium (Vector Laboratories, Burlingame, CA) and analyzed by confo-
cal microscopy in a Zeiss LSM 5 PASCAL.

Electrophysiology measurements in Xenopus oocytes. Capped cRNA was
synthesized using the mMESSAGE mMACHINE from Ambion (Austin,
TX). cRNA (2-5 ng) was microinjected (50 nl volume) into defollicu-
lated oocytes (stage V and VI) as described previously (Ferrer-Montiel
and Montal, 1999). Oocytes were functionally assayed 4872 h after
cRNA injection. Whole-cell currents from oocytes were recorded with a
two-microelectrode voltage-clamp amplifier (Garcia-Martinez et al.,
2000; Garcia-Sanz et al., 2004). Oocytes were continuously perfused (2
ml/min) with Mg>*—Ringer’s solution (in mm: 10 HEPES pH 7.4, 115
NaCl, 2.8 KCl, 0.1 BaCl,, and 2.0 MgCl,) at 20°C. TRPV1 currents were
activated with acidic solution (Mg?"—Ringer’s solution with 10 mm
MES, pH 6.0) or 10 uM capsaicin. The holding potential was kept at —60
mV. Data acquisition and processing was performed in a NPI Electronic
(Tamm, Germany) TEC10 two-microelectrode voltage-clamp amplifier
with the Pulse/PulseFit version 8.5 software package (HEKA Elektronik,
Lambrecht/Pfalz, Germany).

Patch-clamp measurements in HEK293 cells. HEK293 cells were co-
transfected with TRPV1 species and the enhanced yellow fluorescent
protein (Clontech, Mountain View, CA). Membrane currents were re-
corded with the whole-cell configuration using patch clamp. Patch pi-
pettes were prepared from thin-walled borosilicate glass capillaries
(World Precision Instruments, Sarasota, FL), pulled with a P-97 horizon-
tal puller (Sutter Instruments) to have a tip resistance of 2—4 M() when
filled with internal solution. For whole-cell recordings, pipette solution
contained the following (in mm): 150 NaCl, 3 MgCl,, 5 EGTA, and 10
HEPES, pH 7.2 with CsOH. The bath solution contained the following
(in mm): 150 NaCl, 6 CsCl, 1 MgCl,, 1.5 CaCl,, 10 glucose, and 10
HEPES, pH 7.4 with NaOH. The different saline solutions were applied
with a gravity-driven local microperfusion system with a rate flow of
~200 pl/min positioned at ~100 wm of the recorded cells. All measure-
ments were performed at 20-22°C.

A voltage step protocol consisting of 50 ms depolarizing pulses from
—120to 300 mV in steps of 20 mV was used. The holding potential was 0
mV, and the time interval between each pulse of the protocol was 5 s.
Current—voltage (I-V) relationships were studied using a ramp protocol
consisting of a voltage step of 300 ms from the holding potential of 0 to
—120 mV, followed by 350 ms linear ramp up to 160 mV. Time interval
between each pulse was 10 s. Data were sampled at 10 kHz (EPC10 with
pulse software; HEKA Elektronik) and low-pass filtered at 3 kHz for
analysis (PulseFit version 8.54; HEKA Elektronik). The series resistance
was usually <10 M{) and, to minimize voltage errors, was compensated
to 70-90%.

The conductance—voltage ( G-V) curves were obtained by converting
the maximal current values from the a 100 ms voltage step protocol (from
—120 to +160 mV) to conductance using the relation G = I/(V — V),
where G is the conductance, I is the peak current, V'is the command pulse
potential, and Vj, is the reversal potential of the ionic current obtained
form the I-V curves. Conductance values from different cells were nor-
malized to that of +160 mV and fitted to the Boltzmann equation: G =
Goax/{1 + exp [(V — V, 5)/a,]}, where G is the peak conductance, G, ,,
is the maximal conductance, V5 is the voltage required to activate the
half-maximal conductance, and a,, is the slope of the G-V curve. The free
energy difference for a two-state model at 0 mV and T = 25°C (AG,) was
calculated from AG, = zFV, 5 (Caprini et al., 2005), where F is the
Faraday constant (0.023 kcal - mol "'+ mV ), and z, is the apparent
gating valence obtained using z, = 25.69 mV/a,,. Data were analyzed with
PulseFit version 8.11 (HEKA Elektronik) and Origin 7.0 (Microcal Soft-
ware, Northampton, MA). Data were expressed as mean = SD, with n =
number of cells. Statistical analysis was performed with Student’s ¢ test,
and a p < 0.05 was taken as the level of significance.

Temperature stimulation. Coverslips with transfected HEK293 cells
were placed in a microchamber and continuously perfused (~1 ml/min)
with solutions warmed at 25°C. The temperature of the solutions was
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the predicted coiled coil correspond pri-
marily to hydrophobic amino acids,
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shown to function as molecular determi-
nants of subunit tetramerization in
TRPV1 and TRPMS8 channels (Garcia-
Sanz et al., 2004; Tsuruda et al., 2006).
Previous studies shown that deletion of
the TRP domain in TRPV1 (A684-721 de-
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Figure 1.

controlled using a CL-100 bipolar temperature controller and an SC-20
dual in-line heater/cooler and was measured by a TA-29 thermistor
(Warner Instruments, Hamden, CT). The temperature probe was placed
near the solution outflow and <500 wm of the patch-clamped cell. The
time course of the temperature change was ~0.3°C/s. Temperature
ramps were first obtained at —60 mV and, thereafter, at +50 mV in the
same cell.

Macroscopic ion currents were recorded with a Multiclamp amplifier
using pClamp software and a Digidata 1322A digitizer (Molecular De-
vices, Palo Alto, CA). Voltage ramps consisted of a voltage step of 300 ms
from the holding potential of 0 to —120 mV, followed by 350 ms linear
ramp up to 160 mV. Voltage-activated ramps were sampled at 2.5 kHz,
and temperature ramps at —60 and +50mV were sampled at 5 kHz and
low-pass filtered at 650 Hz. Analysis was performed with pClamp9,
WinASCD software [G. Droogmans, Katholieke Universiteit Leuven,
Leuven, Belgium (ftp:/ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.
zip)], and Origin 7.0 (Microcal). The activating threshold temperature
(T) and heat sensitivity (Q,,) of channel gating was determined at +50
mV. The threshold temperature was estimated as that which activates
10% of the maximal response. The Q,, factor was obtained from the
inverse slope of the log(I) versus 1/ T(°K) between 36° and 46°C (Xu et al.,
2002). Data were expressed as mean = SD, with » indicating number of
cells. Statistical analysis was performed using the Student’s ¢ test, and the
p < 0.05 was taken as the level of significance.

Results

Substitution of the TRP domain in TRPV1 by the
corresponding of TRPV proteins did not affect receptor
surface expression

An important molecular property of the TRP domain of TRPV1
was its propensity to fold as an a-helix and to form coiled-coil
structures (Garcia-Sanz et al., 2004; Lupas and Gruber, 2005). A
representation of the heptad repeat sequence on a coiled-coil
helical wheel revealed that amino acids at positions “a” and “d” of

® ANKYRIN DOMAIN

B TRANSMEMBRANE
SEGMENTS

The TRP domain is conserved among TRPV channels. A, Amino acid sequence alignment of the TRP domain of TRPV
channels. The “a” and “d” positions of the predicted coiled coil are boxed. B, Wheel representation of the TRP domain of TRPV1; in
red are denoted the positions of a coiled coil. C, Diagram representing the design of TRPV1 chimeras in which the TRP domain
(denoted as the AD) was replaced with the cognate of TRPV2 (TRPV1—AD2), TRPV3 (TRPV1-AD3), TRPV4 (TRPV1-AD4), TRPV5
(TRPV1-AD5), and TRPV6 (TRPV1-AD6). CC, Coiled coil score obtained in ExPASy Proteomic server (http://expasy.org/).

letion mutant) decreased subunit oli-
gomerization and fully abrogated channel
functionality, implying that this region is
essential for channel activity (Garcia-Sanz
et al., 2004). Therefore, to gain additional
insights on the functional role of the TRP
domain in TRPVI1, we investigated
whether it could be replaced with the cor-
responding stretch of other TRPV chan-
nels. For this task, we inserted the TRP do-
main of TRPV2-TRPV6 into the TRPV1
(A684-721) mutant, thus creating a fam-
ily of TRPV1 chimeras that only differed in
their TRP domain (Fig. 1C). Chimeric
proteins were heterologously expressed in
Xenopus oocytes and HEK293 cells for functional characteriza-
tion. We first investigated whether chimeras were assembled and
delivered to the plasma membrane. Confocal microscopy, using
specific fluorescent probes, showed that chimeras were expressed
at the cell surface to an extent similar to TRPV1, as indicated by
the colocalization of the channel immunoreactivity to a specific
anti-TRPV1 antibody with the fluorescently labeled wheat agglu-
tinin, a selective marker of glycosylated surface-expressed pro-
teins (Fig. 2A). The specificity of the lectin was verified by the lack
of colocalization with the protein calnexin, a marker of endoplas-
mic reticulum (Fig. 2B). Accordingly, this result indicates that
the TRP domain of TRPVs promoted the oligomerization and
efficient membrane delivery of the TRPVI, suggesting a con-
served role of this segment in subunit oligomerization in the
TRPV family.

TRP Domain

Substitution of the TRP domain in TRPV1 by the cognate of
TRPV proteins altered channel function

We next questioned whether the chimeras were assembled as
functional channels. For this purpose, we evaluated whether cap-
saicin could evoke Ca** influx into HEK293 cells expressing the
different channel species. Ca’*-imaging experiments using
Fluo-4 as a fluorescent dye illustrated that 1 and 100 uM capsaicin
facilitated Ca*" influx into cells expressing the TRPV1, TRPV1-
AD3, and TRPV1-AD4 proteins (Fig. 3). Similar results were
obtained using the ratiometric Ca®" dye fura-2 (supplemental
Fig. S1, available at www.jneurosci.org as supplemental mate-
rial). Quantitation of Ca*" influx through TRPV1-AD3 and
TRPV1-AD4 chimeras showed a significantly smaller, capsaicin-
induced intracellular Ca®" rise than that seen through TRPV1
(supplemental Fig. S1, available at www.jneurosci.org as supple-
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TRPV1 chimeras are expressed at the cell surface of HEK293 cells. A, Confocal microscopy images of HEK293 cells transfected with TRPV1 and chimeric subunits sequentially exposed to

a fluorescently labeled wheat agglutinin (Alexa-Lectin) and to a specific anti-TRPV1 antibody against its N terminus. B, Confocal images of untransfected HEK293 cells sequentially exposed to the
fluorescent-lectin and anti-calnexin antibody, a selective marker of the endoplasmic reticulum. Fixed, intact cells were incubated with the fluorescent lectin and thereafter were permeabilized with
detergent and incubated with the anti-TRPV1 or the anti-calnexin antibodies.

mental material), suggesting a lower va-
nilloid sensitivity of the chimeras. The in-
crease in cytosolic Ca*" mediated by both
chimeras was attributable to activation of
surface-expressed receptors, because this
Ca*" influx was abolished when the diva-
lent cation was removed from the extracel-
lular milieu (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental
material). In marked contrast, chimeras
TRPV1-AD2, TRPV1-AD5, and TRPV1-
AD6 did not respond to either concentra-
tion of the agonist (Fig. 3) (supplemental
Fig. S1, available at www.jneurosci.org as
supplemental material), thus implying
that these chimeric proteins did not pro-
duce functional channels or that the incor-
poration of these TRP domains into
TRPV1 drastically impaired functional
coupling.

To substantiate this finding, we evalu-
ated the function of the chimeras with
electrophysiological recordings from Xe-
nopus oocytes injected with cRNA encod-
ing the different channel proteins. Because
TRPV1 is a multimodal channel respond-
ing to vanilloids and extracellular acidic
pH, we used these two activating stimuli.
As seen in Figure 4A, chimera TRPV1-
AD3 responded to both pH 6.0 and 10 uMm
capsaicin. Noteworthy, whereas the pH-
evoked currents exhibited a mean ampli-
tude similar to wild type, the capsaicin-
activated responses were approximately
fourfold smaller (Fig. 4 B), which resulted
in a significantly lower I¢,,/I,,;; ratio (Fig.
4C). TRPV1-AD2 and TRPV1-AD4 chi-
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6000 — TRPV1
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Figure 3.  TRPV1-AD3 and TRPV1—AD4 chimeras display capsaicin-evoked Ca 2 influx. A, Ca® ™ images showing the intra-

cellular rise in Ca ™ evoked by 100 wum capsaicin from HEK293 cells expressing the different TRPV1 species or mock-transfected
cells. B, C,Changein (a 2 -dependent fluorescence of TRPV1-transfected and mock cells as a function of time, before and after the
exposure to 1and 100 wm for 10 s at 20 -22°C, respectively. Representative images and traces of 50 cells measured inn = 3
different experiments. Traces represent that change in fluorescence per cell. Cells were loaded with Fluo-4 AM to record intracel-
lular calcium signals and activated as indicated. The extracellular concentration of Ca%* was 2 mm. The arrows indicate the onset
of capsaicin exposure.
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significantly the capsaicin and pH-evoked
currents (Fig. 4B) (supplemental Fig. S2,
available at www.jneurosci.org as supple-
mental material). Similarly, coinjection of
TRPV1-ADS5 and TRPV1-AD6 chimeras
with Shaker subunits did not alter the
functional expression of neither Shaker
channels nor their voltage sensitivity (data
not shown). Therefore, TRPV1-AD5 and
TRPV1-AD6 chimeras appear to assemble
nonfunctional heteromeric receptors with
TRPV1. Collectively, these results suggest
that TRPV1-AD3 and TRPV1-AD4 chi-
meras form activatable channels, whereas

TRPV1-AD3

Cap

TRPV1-AD6

Cap

e

I 10 pM Cap
[deHe

o
o

Current (uA)
o
B
Icap ! IpH

0.2 05 |

0.0

TRPV1-AD2, TRPV1-AD5, and TRPV1-
ADG6 assemble receptors that do not re-
spond to the activating stimuli. Therefore,
in addition to its role in subunit oligomer-
ization, the TRP domain seems important
for TRPV1 channel activity.

Functional chimeric channels displayed
an altered voltage-dependent gating

We next studied the voltage-dependent
channel activity of the chimeras in the ab-
sence and presence of capsaicin by patch
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Figure 4.

meras displayed barely detectable ionic currents at pH 6.0 but
were unresponsive to 10 um capsaicin (Fig. 4A—C), whereas
TRPV1-AD5 and TRPV1-AD6 chimeras did not show visible
channel function (Fig. 4A—C). Because all these chimeras ex-
pressed at the cell surface, we evaluated whether they coas-
sembled with wild-type subunits using a coexpression approach.
Coinjection of TRPV1-AD2 with wild-type subunits at a ratio of
1:1 (w/w) produced capsaicin and pH responses that were 25%
lower than those characteristic of TRPV1 channels (Fig. 4 B)
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material) and exhibited a similar I,/ ratio to wild-
type channels. The lack of a dominant-negative phenotype for
TRPV1-AD?2 is consistent with the presence of functional homo-
meric TRPV1 channels and some heteromeric assemblies of
TRPV1 and TRPV1-AD2 monomers. A similar result was ob-
tained for coinjection of TRPV4 with TRPV1 (data not shown).

In marked contrast, coinjection of TRPV1-AD5 and TRPV1-
AD6 chimeras with TRPV1 monomers gave rise to pH and va-
nilloid responses that were 75% smaller than those recorded from
homomeric TRPV1 receptors (Fig. 4B) (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material), which
is consistent with a dominant-negative phenotype of these two
chimeras on TRPV1 subunits. This dominant-negative pheno-
type was not attributable to a translational inhibition of TRPV1
monomers because coinjection of TRPV1 with the voltage-gated
K™ Shaker channel, a protein that does not coassemble with
TRPV1 subunits and is highly expressed in oocytes, did not affect

R (Q-
e

Expression of chimeric channels in Xenopus oocytes. 4, lonic currents activated by pH 6.0 and 10 wum capsaicin from
amphibian oocytes injected with the cRNA encoding TRPV1 and chimeric channels. Oocytes were held at —60 mV. lonic currents
were measured 4872 h after cRNA injection in Mg 2 —Ringer’s solution at 20°C. Current traces are representative of n = 3
oocytes. B, Mean amplitude of ionic currents elicited by pH 6.0 and 10 pm capsaicin. G, I, /I, ratio for TRPV1 and chimeric
channels calculated form the recordings shown in A. Data are shown as mean == SD, with number of oocytes of n = 3.

clamp. TRPV1 and chimeras were heter-
ologously expressed in HEK293 cells, and
their voltage-activated responses were
studied with whole cell using a voltage step
and ramp protocol at ~22°C (Voets et al.,
2004). Stimulation with 50 ms depolariz-
ing voltage steps from —120 to +300 mV
elicited non-inactivating macroscopic
currents from TRPV1 wild-type channels
but not in mock-transfected cells (Fig. 5).
A G-V curveyieldeda V|, s for TRPV1 0f 119 = 2mV (n = 8) and
a gating valence (z,) of 0.75 * 0.07, similar to values reported
previously (Voets et al., 2004). Remarkably, none of the chimeras
expressed voltage-dependent channel activity when depolarized
with this family of potential steps (Fig. 5), suggesting that either
the voltage sensor was disrupted or that voltage sensing was un-
coupled from channel opening in chimeric channels.

Because capsaicin strongly modulates the voltage-dependent
gating of TRPV1 by displacing the G-V relationship toward phys-
iological voltages, i.e., to more negative potentials (Voets et al.,
2004), we next evaluated the effect of capsaicin on the voltage-
dependent activation of these chimeras. For this purpose, we ob-
tained I-V relationships from —120 to +160 mV at increasing
concentrations of the vanilloid. As illustrated in Figure 5, addi-
tion of 1 uM capsaicin resulted in large outward rectifying cur-
rents for TRPV1 that reversed at 5 = 3 mV (n = 3). Higher
concentrations of the vanilloid could not be used on TRPV1 be-
cause they evoke sizable currents at positive potentials that lead to
large clamp errors. HEK293 cells expressing the TRPV1-AD3
chimera responded well to increasing concentrations of capsaicin
giving rise to outward rectifying I-V curves akin to wild-type
channels (Fig. 5). These ionic currents reversed at —3 * 5 mV,
indicating that swapping of the TRP domain did not apparently
affect the channel permeation properties. In marked contrast, the
chimera TRPV1-AD4 exhibited modest ionic currents at high
concentrations of capsaicin, and chimeras TRPV1-AD2,
TRPV1-AD5, and TRPV1-AD6 did not show vanilloid-induced,

0 o o
«5“9“ 9“\?*9 i
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voltage-dependent responses (Fig. 5).
Note that the small ionic current seen in
cells expressing the TRPV1-AD4 was me-
diated by the chimera because it was com-
pletely and reversibly blocked by the non-
competitive antagonist Arg-1515C (data

TRPV1

2nA
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the vanilloid concentration. Analysis of
the current density reveals a maximal
value of 0.18 = 0.06 nA/pF (n = 5) at 160
mV in the presence of 100 uM capsaicin
(Fig. 6 B), which is at least fivefold lower
than that exhibited by TRPV1 channels in
the presence of 1 um of the vanilloid. In
addition, dose-response curves for capsa-
icin revealed that the chimera was ~10-

!
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fold less sensitive to the vanilloid than
wild-type channels (ECs, of 10 * 2 um for
TRPV1-AD3 and 0.9 = 0.3 um for
TRPV1) (Fig. 6C). The Hill coefficient of
the curve was also reduced in the chimeric
channel (Fig. 6C). Collectively, these ob-
servations indicate that this chimera has
decreased vanilloid sensitivity that ap-
pears to arise from a change in the maxi-
mal response and the vanilloid efficacy of
gating.

Second, we obtained the G-V curves at increasing concentra-
tions of capsaicin. For TRPV1, the vanilloid produced a leftward
shift toward hyperpolarized potentials of the G-V curve (V5 =
62 = 3mV; n = 3) without affecting its voltage dependency (z, =
0.64 £ 0.05; n = 3) (data not shown). Similarly, capsaicin in-
duced a dose-dependent leftward shift of the activation curve of
the chimera toward lower potentials (Fig. 7A). Fitting of the nor-
malized curves to a Boltzmann distribution revealed a marked
~68 mV hyperpolarizing shift in V,, ; when the vanilloid was
increased from 1 to 100 uM (Fig. 7B), without significantly alter-
ing the gating valence of channel opening (z, = 0.8-1.0) (Fig.
7C). These findings suggest that substitution of the TRP domain
affected the activation energy of channel opening rather than its
voltage-dependent gating. Indeed, inspection of the free energy
difference between the closed and the open stateat O mV and T =
25°C (AG,) obtained from V| 5 and z, of the G-V relationship
(Caprini et al., 2005), considering a simplistic, two-state model,
showed that capsaicin produced a dose-dependent decrease of
the activation energy of channel gating (Fig. 7D). A comparison
ofthe AG, for TRPV1 and TRPV1-AD3, obtained in the presence
of a capsaicin concentration that equals their respective EC,
(Fig. 6C), indicates that the chimera activated at higher potentials
(62 = 2mV, n =5 for TRPV1; 79 = 3 mV, n = 5 for TRPVI-
AD3) and required 0.9 kcal/mol more energy for gating than
wild-type channels (0.92 % 0.12 kcal/mol for TRPV1 and 1.83 *
0.16 kcal/mol for TRPV1-AD3). Together, these results supporta
role of the TRP domain defining the energetics of channel gating
and suggest that this domain may be important for coupling
voltage sensing to channel opening.

Figure 5.

e — T T v
-150-100 -50 1j 50 100 150 200

50 100 150 200
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Voltage-dependent gating of TRPV1 and chimeras expressed in HEK293 cells. Representative family of whole-cell
currents elicited with a voltage protocol consisting of 50 ms depolarizing pulses from — 120 up to 300 mV in steps of 20 mV. /-V/
relationships evoked at increasing concentrations of capsaicin are shown underneath the ionic currents. Ramps consisted of a
voltage step of 300 ms from the holding potential of 0 to — 120 mV, followed by 350 ms linear ramp up to 160 mV. Representative
current traces from n = 6 cells are shown. Whole-cell currents were obtained in symmetrical 150 mm NaCl, from a holding
potential of 0 mV. Ctrl, /-V curves obtained in the absence of capsaicin.

Functional chimeric channels exhibited reduced

heat sensitivity

Because the C terminus of TRPV1 is a key molecular determinant
of heat sensing (Vlachova et al., 2003; Brauchi et al., 2006), we
next investigated the heat sensitivity of our chimeric channels to
determine the contribution of the TRP domain. For this purpose,
we obtained temperature-evoked responses at —60 and +50 mV,
as well as I-V curves at 25°C and 46°C (Fig. 8). Heat-activated
ionic currents from TRPV1 channels at both membrane poten-
tials were readily obtained (Fig. 8 A). At variance with capsaicin-
evoked responses, these ionic currents displayed a strong out-
ward rectification characterized by a virtual lack of ionic currents
at negative potentials (Fig. 8 B). TRPV1-AD3 chimera exhibited
heat-activated currents that were on average 10-fold smaller than
those of wild type (Figs. 84, 9) but characterized by an outward
rectifying I-V relationship such as that of TRPV1 (Fig. 8 B). In
contrast, the other four chimeras did not produce measurable
heat-activated currents at —60 mV, although a small, detectable
response could be observed for TRPV1-AD2 and TRPV1-AD4 at
highly depolarized potentials (=100 mV) (Figs. 8 B, 9), compat-
ible with their poor response to the other activating stimuli used.
Accordingly, replacement of the TRP domain of TRPV1 with that
of TRPV channels affected the temperature sensitivity of channel
gating, implying a potential role of this protein region in temper-
ature sensing.

We next determined the threshold temperature of channel
activation from the I-T relationships for TRPV1 and TRPV1-
AD3. This value was defined as the temperature that activated
10% of the maximal response and was obtained only at +50 mV
for both TRPV1 species because the heat-evoked currents of the



Garcia-Sanz et al. @ TRPV1 Channel Gating

A B o 1.2 I TRPV1
[ I TRPV1-AD3
TRPV1-AD3 <
L Ctrl %
. = g
1A
M osms =
=
g g
1 uM Cap 5
o
P = TRPVi
Ceniueinas C £ 121 e  TRPV1-AD3
===|10uMCap 3 0.8/
b~
Q
160 mv N
omv ‘® 0.4
= somv E
120 mv G
100 ms = 0.0
100 uM Cap 0.1 1 10 100
F [Capsaicin] (uM)
Figure 6.  Capsaicin-evoked ionic currents from TRPV1—AD3 chimeras. A, Representative

family of whole-cell currents elicited with a voltage protocol consisting of 100 ms depolarizing
pulses from — 120 up to 160 mV in steps of 20 mV for TRPV1—AD3 at increasing concentrations
of capsaicin. B, Current densities of TRPV1and TRPV1—AD3 evoked in the presence of capsaicin
at —60 and 160 mV. lonic currents from TRPV1—AD3 were activated by 100 wm capsaicin,
whereas those of TRPV1 were evoked by 1 m. Higher capsaicin concentrations could not be
used for TRPV1 because the large currents evoked at positive potentials could not be clamped. ,
Dose—response relationships for capsaicin activation of TRPV1 and TRPV1—AD3 chimera. Chan-
nel activity was elicited at a holding potential of —60 mV. Solid lines depict the theoretical fits
to a Michaelis—Menten binding isotherm (Garcia-Martinez et al. 2006). The ECy, values for
capsaicin were 0.9 == 0.2 pum for TRPV1 and 10 == 2 pum for TRPV1-AD3. The Hill coefficients
were 1.8 == 0.2 for TRPV1 and 1.4 == 0.2 for TRPV1—AD3. Responses were normalized to the
maximal capsaicin-evoked ionic current inferred from the fit of the dose—response curves de-
picting the total ionic current recorded at increasing concentrations of capsaicin. Each point
represents the mean == SD, with n = 4. ctrl, /-V curves obtained in the absence of capsaicin.

chimera at —60 mV were too small to obtain a reliable value.
TRPV1 activated at 36 * 2°C (n = 8) and TRPV1-AD?3 at 33 *=
3°C (n = 3), thus demonstrating that replacement of the TRP
domain did not alter the threshold temperature of channel gat-
ing. In contrast, both channels exhibited differences in the tem-
perature dependence of the gating process determined as the Q,,
value (Liu et al., 2003; Brauchi et al., 2004). Whereas TRPV1
exhibited a mean Q,, of 25 = 7 (n = 8), the chimera was charac-
terized by an approximate twofold smaller value, i.e., 11 =5 (n =
3; p < 0.05), which lends support to the tenet that lower heat
responses of TRPV1-AD3 were primarily attributable to uncou-
pling of temperature sensing from channel opening rather than
an alteration of the temperature sensor.

To further address this issue, we investigated the effect of rais-
ing the temperature to 45°C on the capsaicin responses from
TRPV1-AD2, TRPV1-AD3, and TRPV1-AD4 (Fig. 10). For
wild-type channels, heat did not augment significantly the ionic
currents evoked by 1 uMm capsaicin (Fig. 10 A). Similarly, heat did
not potentiate the response to 1 um vanilloid of TRPV1-AD?2 that
was primarily insensitive to capsaicin. In marked contrast, the
vanilloid responses of TRPV1-AD3 and TRPV1-AD4 chimeras
were increased by at least fivefold when recorded at 45°C (Fig.
10B,C). Note that both the vanilloid and heat responses were
potentiated when the activating stimuli were applied simulta-
neously. Collectively, these observations further substantiate the
notion that these chimeric channels have an altered functional
coupling and imply that the TRP domain plays a role in channel
gating.

J. Neurosci., October 24, 2007 - 27(43):11641-11650 « 11647

L] 1 uM Cap 140,
Al wwmcw B
. A 100 uM Cap 1204
s
E 08 £ 100
o i
T i 55 80
L
0.0{ * * 601
-120 60 0 60 120 180 10 100
V (mV) [Capsaicin] (uM)

[l
o

[ nd
=)

-
o

AG, (Kcal/mol) U

N

10 100
[Capsaicin] (uM)

I

10
[Capsaicin] (uM)

Figure 7.  Voltage-dependent properties of TRPV1—-AD3 chimera. A, G-V relationships of
TRPV1—-AD3 at increasing concentrations of capsaicin (1-100 wm). The G-V curves were ob-
tained by converting the maximal current values from a voltage step protocol shown in Figure
6 Ato conductance using the relation G = //(V — V/g), where Gis the conductance, /is the peak
current, /is the command pulse potential, and Vg is the reversal potential of the ionic current
obtained form the /-V/ curves. Solid lines depict the best fit to a Boltzmann distribution. B, C,
Variation of the , 5 (B) and z, (C) of TRPV1—AD3 as a function of the capsaicin concentration,
respectively. The apparent gating valence of the activation process obtained using z, = 25.69
mV/a,, where a, is the slope of the G-V curves. V, s and a, values were obtained from the fit of
G-V relationships depicted in A to a Boltzmann distribution. D, Variation of the free energy
(AG,) asafunction of the capsaicin concentration. The AG, was obtained from AG, = z,FV; 5,
where F is the faraday constant (0.023 keal - mol “TemV ). Data are given as mean = SD,
with n = 5 cells. *p << 0.05 obtained with the Student’s ¢ test.

Discussion

The TRP domain of TRPV channels is a segment adjacent to the
inner pore helix that acts as a molecular determinant of subunit
multimerization (Chang et al., 2004; Garcia-Sanz et al., 2004).
However, the equivalent region in TRPM channels has been
shown to contribute to channel activation and desensitization by
phosphoinositides (Rohacs and Nilius, 2007). Thus, we reasoned
that the TRP domain may be also a molecular determinant of
channel activity. Noteworthy, the salient contribution of our
study is the identification that the TRP domain has a dual func-
tionality, serving as a tetramerization domain that is also impor-
tant for the correct coupling of the activating stimulus to channel
opening.

The basic observation of our study was that the TRP domain
of TRPV1 can be functionally swapped with the cognate TRPV2—
TRPV4, although substitution with that of TRPV2 produced chi-
meric channels with barely detectable heat- and pH-activated
channel activity but not capsaicin-gated responses. In contrast,
incorporation of the corresponding domains of TRPV5 and
TRPV6 did not produce functional channels, but they gave rise to
TRPV1 channels that were properly assembled and trafficked to
the plasma membrane. This finding implies that the subunit oli-
gomerization function of the TRP domain appears conserved and
exchangeable within the TRPV family and raises the possibility of
subunit hetero-oligomerization between its members if their as-
sembly were only determined by this protein domain. However,
despite the overall structural similarity of the TRP domain, coas-
sembly of TRPV subunits has been limited to complexes of
thermo TRPVs and TRPV5-TRPV6 (Hoenderop et al., 2003;
Hellwig et al., 2005; Schaefer, 2005), consistent with the tenet that
the TRP domain is unlikely to be the only region responsible of
subunit—subunit interactions. Indeed, our observation that the
TRP domain could be replaced with that of TRPVs without losing
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Figure 8. Heat-dependent gating of TRPV1 and chimeric channels. 4, Traces represent the

jonic currents evoked by heat ramps (depicted on top, 0.3°C/s) from cells held at —60 mV (left)
and +50 mV (right). B, /-V/ curves obtained at 25°C and 46°C for wild-type and chimeric
channels. Cells were depolarized from —120to +160 mV in 350 ms with a linear ramp. Traces
are representative of n = 3 cells.

the ability to assemble as homomers, and heteromers with
TRPV1, substantiates that other channel domains such as the N
terminus and the membrane-spanning segments may participate
in subunit tetramerization (Hellwig et al., 2005; Arniges et al.,
2006).

We found that the lack of activity of a truncated TRPV1 mu-
tant missing the TRP domain could be rescued by inserting the
sequence TRPV3 and TRPV4 as exemplified by the chimeras
TRPV1-AD3 and TRPV1-AD4 and to a lesser extent by TRPV1—
AD2. However, these chimeras were less sensitive to the activat-
ing stimuli than wild-type channels. Noteworthy, at variance
with TRPV1, chimeric channels did not show voltage-activated
currents in resting conditions, implying that the coupling be-
tween the voltage sensor and the channel gate was compromised.
Nevertheless, voltage-dependent gating was not fully abolished
because it was evident in the presence of capsaicin or heat. Bio-
physical analysis of macroscopic currents of the more active chi-
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Figure9. Temperature-dependent properties of wild-type and TRPV1-AD3 chimera. Mean

amplitude of the ionic currents evoked by a heat ramp from 25°C to 46°C recorded at +50 mV
and 46°C for TRPV1 and chimeric channels. lonic currents were obtained from the recordings
shown in Figure 7. Data are given as mean = SD, with n = 3 cells. *p < 0.05 obtained with
Student's t test.
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Figure 10.  Effect of heat on the capsaicin responses of TRPV1, TRPV1-AD2, TRPV1-AD3,

and TRPV1-AD4 chimeras. Mean amplitude of the ionic currents evoked by heat (45°C) and 1
M capsaicinat 25°Cand 45°C for TRPV1, TRPV1-AD2, TRPV1-AD3, and TRPV1—AD4 chimeras.
lonic currents were recorded at + 50 mV. Data are given as mean == SD, with n = 3 cells. *p <
0.05 obtained with the Student’s  test.

mera (TRPV1-AD3) indicated that incorporation of the TRP
domain of TRPV3 into TRPV1 shifted the activation energy of
channel opening to higher values, without affecting the voltage-
dependent gating. Similarly, the exchange of this domain affected
the temperature sensitivity, but it did not appear to alter the
temperature threshold for activation. Together, these findings are
consistent with the notion that the TRP domain is neither the
voltage nor the temperature sensor, but it rather mediates down-
stream steps that lead to pore opening. This conclusion is sup-
ported by data implying that the voltage sensor may be located in
the membrane domain (Voets et al., 2007) and the temperature
sensor in the distal half of the C terminus (Vlachova et al., 2003;
Brauchi etal., 2006). In addition, the impaired ligand-dependent
activation of the most active chimera appears as a result of an
alteration of channel gating, as suggested by the significant de-
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crease in the capsaicin-evoked maximal response. This observa-
tion is compatible with a model in which the TRP domain con-
tributes to translate the initial binding step into channel opening
(Colquhoun, 1998), similar to the role described for the TRP box
of TRPMS (Bandell et al., 2006). Therefore, our findings imply
that subunit-subunit interactions in the TRP domain are impor-
tant for channel gating.

The functional coupling in our chimeras appears to be dis-
torted, probably attributable to an alteration or loss of specific
intersubunit interactions present in the TRP domain of wild-type
channels. Examination of this region in TRPVs shows fair se-
quence conservation but a variable probability to coiled-coil for-
mation (Fig. 1A). The TRP domain displays a high-to-modest
coiled-coil score for TRPV1-TRPV4 channels but not for the
more distant species TRPV5 and TRPV6. The most conspicuous
differences between TRPV1 and TRPV5/TRPV6 are concen-
trated in the amino acids at the core “a” and “d” positions of the
coil. In TRPV1, these positions are occupied by large hydropho-
bic amino acids, whereas in TRPV5/TRPV6, there is a high pro-
pensity of alanine and valine, which are rarely found in coiled
coils (Lupas and Gruber, 2005). Accordingly, these positions of
the coiled coil could to be important for efficient functional cou-
pling. However, other positions of the TRP domain should play a
role in functional coupling, as suggested by severe uncoupling
exhibited by the TRPV1-AD2 chimera. This finding was unex-
pected because the TRP domain of the TRPV2 channel shows a
significant amino acid identity with that of TRPV1. Inspection of
the amino acid sequences reveals the highest sequence divergence
between both regions is located at the C end of the domain in
which the TRPV2 lacks at least three amino acids (Fig. 1). Thus,
this chimeric channel provides a molecular scaffold that may
facilitate unveiling the structural basis of the functional uncou-
pling exhibited by these chimeras to the different activating
stimuli.

We proposed previously a molecular model for the C termi-
nus of TRPV1 using the crystallographic coordinates of the cog-
nate domain of HCN2 as a realistic structural scaffold of the distal
C-end half, because of their fairly conserved pattern of secondary
structural elements (Cortes et al., 2001; Zagotta et al., 2003;
Garcia-Sanz et al., 2004). The TRP domain was represented as a
four helix bundle. We have modeled this domain using as a scaf-
fold a tetrameric four-helix bundle (Yadav et al., 2006) that ex-
hibits a similar distribution of Ile at the “a” position of the coiled
coil. The model consisted of a helical segment encompassing the
entire TRP domain, followed by a binding domain, holding the
calmodulin and phosphatidylinositol-4, 5-biphosphate binding
sites. The TRP domain brought together the subunits in the ho-
motetramer and defined most of the subunit—subunit interac-
tions. Examination of the four-helix bundle shows that the core
“a” and “d” positions of the coil mediate most of the intersubunit
interactions. Thus, incorporation of amino acids that disrupt or
alter these interactions should have an important impact on the
activation energy of channel gating. This notion is substantiated
by the lack of activity of heteromers composed of TRPV1 and
nonfunctional chimeras. Furthermore, the complete exchange of
the C ends between TRPV1 and TRPMS gave rise to active chi-
meras that conserved the functional properties of the respective
cytosolic domains, namely temperature sensitivity and modula-
tion by phosphoinositides (Brauchi et al., 2006). Interestingly, in
TRPMS, the corresponding TRP domain was involved the mod-
ulation of functional aspects (Rohacs et al., 2005) but not in
subunit oligomerization that was mediated by a coiled-coil re-
gion located in the distal C end (Erler et al., 2006; Tsuruda et al.,
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2006). Therefore, preservation of compatible intersubunit and
intrasubunit interactions in the TRP domain appears critical for
functional coupling. It is interesting to note that core of the coiled
coil encompasses the highly conserved segment known as the
TRP box (Clapham, 2003), whose function remains elusive. Our
findings hint to an important role of this segment in the coupling
the conformational change induced by the activating stimulus to
gate opening. Ongoing experiments in our laboratory are ad-
dressing this question.

The central question that emerges is, how does the TRP do-
main contributes to channel gating? Although the mechanism by
which this region influences activation is unknown in other chan-
nels (Paoletti et al., 1999), our results suggest that this protein
region may operate as a negative allosteric modulator of channel
opening, working as a coiled-coil zipper that holds the channel in
the closed state. The energy released on stimuli sensing could
remove this inhibition, thus allowing the gating process. The
conformational changes induced by the activating stimulus could
be coupled to the channel gate through a structural change of the
TRP domain that alters the subunit interface between neighbor-
ing subunits. Thermodynamics studies reveal that channel gating
is associated with a large increase of both the enthalpy (~150
kcal/mol) and the entropy (~470 cal/mol°K) (Nilius et al., 2005).
These high values are in agreement with the thermodynamic sta-
bility of tetrameric coiled coils that also involved large enthalpic
and entropic changes during denaturation (Lupas and Gruber,
2005). Accordingly, partial unfolding of the coiled-coil structure,
triggered by the stimulus-driven conformational change, could
have an impact on subunit packing that, ultimately, would be
transduced into opening of the channel gate. This putative mech-
anism is consistent with the higher order (lower entropy) of the
closed state of the channel. Therefore, a coiled-coil structure for
the TRP domain appears to be compatible with the thermody-
namics of channel gating.

In conclusion, the location of the TRP domain just after the
inner pore helix that structures the channel gate is consistent with
a dual functionality, operating as a tetramerization domain that
stabilizes channel subunits and also a as transduction domain
that couples stimuli sensing to channel gating. Intersubunit and
intrasubunit interactions within this segment seem to contribute
to the setting of the activation threshold of channel opening.
Additional structure—function experiments are necessary to un-
derstand the molecular mechanism underlying the functional
role of this protein domain.
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