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Contribution of the Putative Inner-Pore Region to the Gating
of the Transient Receptor Potential Vanilloid Subtype 1

Channel (TRPV1)
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The transient receptor potential vanilloid receptor-1 (TRPV1) is a sensory neuron-specific nonselective cation channel that is gated in
response to various noxious stimuli: pungent vanilloids, low pH, noxious heat, and depolarizing voltages. By its analogy to K * channels,
the S6 inner helix domain of TRPV1 (Y666-G683) is a prime candidate to form the most constricted region of the permeation pathway and
might therefore encompass an as-yet-unmapped gate of the channel. Using alanine-scanning mutagenesis, we identified 16 of 17 resi-
dues, that when mutated affected the functionality of the TRPV1 channel with respect to at least one stimulus modality. T670A was the
only substitution producing the wild-type channel phenotype, whereas Y666A and N676A were nonfunctional but present at the plasma
membrane. The periodicity of the functional effects of mutations within the TRPV1 inner pore region is consistent with an «-helical
structure in which T670 and A680 might play the roles of two bending “hinges.”
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Introduction

The gating of transduction ion channels in response to various
external signals is a crucial mechanism underlying the func-
tion of sensory neurons. Among the ion channels that have
been proposed to function as important signaling molecules
involved in the perception of noxious chemical and thermal
stimuli in primary afferent neurons, there is one specific chan-
nel with unique polymodal activation properties that have led
to it be considered as a potential target for the treatment of
pain: the transient receptor potential vanilloid type 1 (TRPV1)
channel (Caterina et al., 1997). This nonselective cation chan-
nel can be activated by pungent vanilloid compounds such as
capsaicin or resiniferatoxin, low pH (<6.5), noxious heat
(>43°C), and by voltage (Planells-Cases et al., 2005; Tomi-
naga and Tominaga, 2005; Szallasi et al., 2006). These stimuli,
when applied alone, produce only submaximal activation,
whereas the ceiling for maximal response can only be reached
by their synergistic interaction at the TRPV1 receptor (Tomi-
nagaetal., 1998; Vlachova etal., 2001). How does the vanilloid
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TRPV1 channel transduce its specific stimuli (heat, capsaicin,
voltage) into conformational changes to open the pore? And
what are the structural determinants that control the gating
processes? Despite intensive site-directed mutagenesis and
biophysical studies on the mechanisms underlying TRPV1 ac-
tivation, we are unable to account for all of the functional
results obtained so far, mostly because we do not currently
have enough information about the molecular principles of
the gating of the TRPV1 channel.

Structurally, like other members of the TRP channel super-
family, TRPV1 channels are mainly homotetramers assembled
with fourfold symmetry around a centrally located aqueous
pore (Owsianik et al., 2006). Each subunit contains six
transmembrane-spanning domains (S1-S6) with a pore-
lining P region linking the S5 and S6 domains. The regions
within the S6 segment are most strongly conserved among the
TRP channel subfamilies; in particular, a sequence of five
amino acid residues, NMLIA, is completely conserved across
TRP-related channels, differing only in a leucine-to-tyrosine
substitution in voltage-gated sodium channels (Kuzhikan-
dathil et al., 2001). Although the atomic-resolution structure
is not yet available for any of the TRP channels, it is generally
assumed that their S5-P-S6 regions are potentially analogous
to the molecular architecture of the two membrane-spanning
a helices (TM1 and TM2) of a bacterial K* channel KcsA
(Dodier et al., 2004; Ferrer-Montiel et al., 2004; Voets et al.,
2004a; Nilius et al., 2005a; Yeh et al., 2005). The recently
solved crystal structures of the potassium channels in their
closed (Doyle et al., 1998) and open (Jiang et al., 2002) con-
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formations provide a general model of the pore region struc-
ture and suggest common principles for the gating of many
other P-loop-containing channels, and thus quite possibly
also for the gating of channels from the TRP family.

Here, we used alanine-scanning mutagenesis of the putative
inner pore region of the rat vanilloid TRPV1 receptor, namely the
amino acid sequence Y666-G683 that contains the most con-
served region of the TRP protein family, with the aim of identi-
fying candidate residues that could play a key role in the gating of
the channel. We set out to clarify whether there is a structural
analogy between the gating mechanism of potassium channels
and the vanilloid receptor by molecular modeling of the TRPV1
(S5-P-S6), pore module and by taking the atomic structure of the
Streptomyces lividans KcsA channel as a scaffold.

Materials and Methods

Cell culture and transfection. HEK293T cells were cultured in OPTI-MEM
I medium (Invitrogen, Gaithersburg, MD) supplemented with 5% FBS.
HEK293T cells were transiently cotransfected with 400 ng of cDNA plas-
mid encoding wild-type or mutant rat TRPV1 (wild type in the pcDNA3
vector kindly provided by Dr. D. Julius, University of California, San
Francisco, CA) and with 400 ng of green fluorescent protein (GFP) plas-
mid (TaKaRa, Shiga, Japan) per 1.6 mm dish using either the Lipo-
fectamine 2000 (Invitrogen, San Diego, CA) or Magnet-assisted Trans-
fection (IBA, Louvain-la-Neuve, Belgium) method. Cells were used
2448 h after transfection. For each experimental group, five to eight
GFP-positive cells per coverslip were studied from at least two indepen-
dent transfections.

Site-directed mutagenesis. Alanine mutants were generated by PCR-
mediated mutagenesis using the QuikChange XL Site Directed Mutagen-
esis kit (Stratagene, La Jolla, CA). All site-directed mutated constructs
were confirmed by DNA sequencing using an automated sequencer (ABI
PRISM 3100; Applied Biosystems, Foster City, CA).

Surface biotinylation assay. Biotinylation and purification of cell-
surface proteins was performed using the Cell Surface Protein Isolation
kit protocol (Pierce Biotechnology, Rockford, IL). After 48 h of transfec-
tion with wild-type or mutant TRPV1, HEK293T cells (grown in T25
tissue culture flasks) were rinsed twice in PBS and biotinylated with
membrane-impermeable EZ-Link Sulfo-NHS-SS-biotin in PBS for 30
min at 4°C. The biotinylation reaction was quenched, and the cells were
washed and lysed in lysis buffer containing a HALT protease inhibitor
mixture (Pierce Biotechnology). Protein concentration was determined
using the Coomassie Plus Bradford Assay kit (Pierce Biotechnology).
Samples of equal proteins were separated by SDS-PAGE and transferred
onto nitrocellulose membrane (Amersham Biosciences, Freiburg, Ger-
many). Immunoblots were blocked with 5% milk, 0.5% BSA, and 0.1%
Tween 20 in Tris-buffered saline, pH 7.4, and probed with a TRPV1
N-terminal antibody (1:2000) overnight at 4°C. After washing with TTBS
(20 mm Tris, 150 mm NaCl, and 0.1% Tween 20, pH 7.4), membranes
were incubated with a horseradish peroxidase-conjugated donkey anti-
rabbit secondary antibody (1:2500, 1 h at room temperature; Millipore,
Billerica, MA). For detection, we used SuperSignal West Pico Chemilu-
miniscent Substrate (Pierce Biotechnology). Immunoblots were digi-
tized using the LAS-1000 camera system (Fujifilm Corporation, Tokyo,
Japan) and processed using the public-domain software Image]J (version
1.37, http://rsb.info.nih.gov/ij/; National Institutes of Health, Bethesda,
MD).

Electrophysiology. Whole-cell membrane currents were recorded by
using an Axopatch-1D amplifier and pClamp9 software (Molecular De-
vices, Sunnyvale, CA). A system for fast superfusion of the cultured cells
was used for drug application and thermal stimulation (Dittert et al.,
2006). The extracellular control solution contained (in mm) 160 NaCl,
2.5KCl, 1 CaCl,, 2 MgCl,, 10 HEPES, and 10 glucose, adjusted to pH 7.3
and 315 mOsm. The pipette solution contained (in mm) 125 Cs-
gluconate, 15 CsCl, 5 EGTA, 10 HEPES, 0.5 CaCl,, and 2 MgATP (pH
7.3, 283 mOsm). All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO). Capsaicin solution was prepared from a 0.1 M stock solution
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in ethanol and stored at —20°C. The final concentration of ethanol was
<0.01%.

Statistical analysis. Voltage-dependent gating parameters were esti-
mated from steady-state current—voltage (I-V) relationships obtained at
the end of 60 ms voltage steps from —140 to + 140 mV by fitting them to
the following Boltzmann equation: I = ¢ X (V — E_)/(1 + exp
(—zF(V — V,,,)/IRT)), where z is the equivalent charge, V,,, is the half-
activation voltage, g is the whole-cell conductance, E,., is the reversal
potential, and F, R, and T have their usual thermodynamic meaning.
Boltzmann fits were achieved with pClamp9 software (Molecular De-
vices). Data were routinely discarded if the leak exceeded 5% of the
maximum amplitude, but for all the data in the current—voltage relation-
ship experiments, the leak currents were <1% of the maximum current,
and therefore no leak subtraction was used. The heat-evoked whole-cell
currents sampled during the rising phase of the temperature ramp were
pooled for every 0.25°C. The temperature coefficients Q,, and the ther-
mal thresholds were determined as described previously (Vlachova et al.,
2003). Q,, values were determined by using the following formula: Q,, =
exp(AT X E,/(R T1 T2)), where R is the gas constant, AT = 10 Kelvin
(K), and E, is an apparent activation energy estimated from the slope of
Arrhenius plot between absolute temperatures T1 and T2. The thermal
thresholds for wild-type and TRPV1 mutant activation were measured
from the temperatures at which the inward currents plotted on a loga-
rithmic scale declined significantly from a straight line. For this purpose,
an adapted piecewise linear regression was used, via SigmaPlot 9 software
(Systat Software, San Jose, CA). All data are presented as mean = SEM.
Statistical significance was determined by ANOVA, followed by a post hoc
Dunnett’s test to determine levels of significance between wild-type and
mutant receptors, if not stated otherwise, and differences were consid-
ered significant at p < 0.05. Paired Student’s  tests and Pearson product-
moment correlation analysis were used to assess the significance of sta-
tistical differences and the correlation coefficient r between the pairs of
current responses to 1 and 30 uM capsaicin measured in wild-type and
mutants at 47°C.

Molecular modeling. The three-dimensional model of the S5-P-S6 pore
module of rat TRPV1, including all nonhydrogen atoms, was built and
examined by the Modeler version 6 package (Sali and Blundell, 1993).
The tertiary structure model was checked with Procheck (Laskowski et
al., 1993). The final proposed model was fitted onto the tetrameric struc-
ture of the KcsA channel to create the tetramer and energetically mini-
mized by steepest descent minimization. The tetramer was then embed-
ded into a preequilibrated palmitoyl oleoyl phosphatidylcholine (POPC)
bilayer made from 512 lipid molecules following the general procedure
for embedding a protein into the bilayer using the make_hole version of
GROMACS 3.1 and the gmx forcefield adapted for POPC lipids. The
production dynamics simulations, without any restraints, were 20 ns
long and were run with GROMACS 3.2 (Van Der Spoel et al., 2005) using
the gmx force field, with a 2 fs time step. SETTLE (for water) and LINCS
(non-water) algorithms were used to constrain covalent bond lengths,
and long-range electrostatic interactions were computed using the
Particle-Mesh Ewald method. The temperature was kept at 300 K by
separately coupling the protein and solvent to an external temperature
bath (7= 0.1 ps) (Berendsen et al., 1984). The pressure was kept constant
at 1 bar by weak coupling (T = 1.0 ps) to a pressure bath using semi-
isotropic mode. The protein proved to be stable during simulation. The
molecular dynamics (MD) run produced slightly different conforma-
tions of the four monomers that, in all cases, showed a bending of the
lower end of the transmembrane helix. The monomer with the highest
degree of preserved secondary structure during the run was used for the
creation of a new tetramer that was again used for repeating the proce-
dure of embedding the structure into the bilayer with the following 20 ns
MD simulation.

Results

Alanine scanning in the putative inner-pore helix of TRPV1
reveals two nonfunctional mutants

Consecutive residues (Y666-G683) in the putative inner-pore re-
gion of the cloned rat TRPV1 channel were substituted, one at a
time, by alanine, and the mutant channels were expressed in



7580 - J. Neurosci., July 11,2007 - 27(28):7578 =7585

- KosA RIl w
< Shaker KIMGSLCA N
Cav1.2| wvy B L e}

l Navi2 Il YIY
™ Nav1.2 IVIlIF F
TR I

PV1
Y666 G683
M682A NE76A
A A A
Caps 30 uM Caps 30 M
[ —] _
100 pA] 2 nA 100 pA
5% 25 70 mVv
== Heat (47 °C)
= Caps 30 uM
. N Caps ?0 uM (47 °C)
= T I I
R 100 I T
= "
> * b
— % * -
‘B 10 * « i
S Ll B ol i * T BE 8 1
o *
—— .
g 1
§ o *| %
O o <
eSS SIISIEIISISTBISS
QOO OMRNMNMNNNNNSNSNSRSO 0@
O © W © W WO W WWW©WYWW©WOWOLOOO
>>—JF>—JJJZ§J—§J§O
& I :
< 10
S
=
=
(7]
&
L 100
i
5]
= 1
S 1000
D S S SN RS S S\ SN
& & & @ & \94@6-&5@@(‘

|=—d.-- - — B d"‘IOO kDa

¥ Y o ok
A2 \S;b “\@gv“@% @OQ

-1 3 I

Figure1.  Alanine-scanning mutagenesis of the inner-pore region (Y666-G683) of the TRPV1
channel. A, Putative secondary structure of the TRPV1 channel subunit. Comparison of the
inner-pore region of rat TRPV1 (GenBank accession number AAC53398) with that of KcsA
(POA334), Shaker (CAA29917), Ca, 1.21(P15381), and Na, 1.2 lll and IV (NP_036779) proteins
is shown. Protein sequences were aligned using MUSCLE multiple alignment software (http://
phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py) with Blosumé2 score colors. In
KcsA and Shaker, sequences were manually adjusted to specifically align conserved mid-glycine
residues. Conserved amino acid residues proposed to serve as gating hinges in some of the
channels are indicated with an asterisk and with bold type. B, Representative whole-cell cur-
rents evoked by heat stimuli with or without 30 wum capsaicin at —70 mV in wild-type TRPV1
and in M682A and N676A mutants. Bath temperature is plotted above. Open bars indicate
duration of drug application. Dashed lines indicate zero current level. ¢, Summary of alanine-
scanning mutagenesis results. Bar graphs show average whole-cell current densities evoked at
25°Cby 30 wum capsaicin and by heat (47°C) (top graph) and whole-cell current densities in-
duced by 30 pum capsaicin at 47°C for each mutant (bottom graph). The dotted line indicates 4
pA/pF, which roughly corresponds to the estimated amplitude of thermally induced nonspecific
currents at 47°C. Each bar is the mean == SEM of at least four independent cells. Statistical
significance is indicated (*p << 0.05). D, Western blot of surface-expressed wild-type and ala-
nine mutants of TRPV1 using an anti N-terminal TRPV1 antibody after surface biotinylation of
cells transfected with each receptor or mock transfection control (see Materials and Methods for
details).
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HEK293T cells. The activation properties of the mutants were
determined by recording whole-cell currents with a stimulation
protocol consisting of depolarizing voltage steps recorded in
standard extracellular solution at 25°C (from —140 to +140 mV;
increment, +20 mV), brief exposure to capsaicin (1 and 30 uMm
for 8 s), and a 25-48°C heat ramp (10°C/s) applied before, dur-
ing, and after capsaicin applications. Particularly in weakly re-
sponding mutants, the effects of extracellular protons (pH 5)
were examined using a desensitization protocol, in which the fast
inactivating currents attributable to the endogenous proton-
gated conductance mediated by native ASIC channels in
HEK293T cells were inhibited by a 1 min application of pH 6.8
(Gunthorpe et al., 2001). Capsaicin and heat sensitivities were
also tested in calcium-free extracellular solution, and the time of
exposure to capsaicin was prolonged in those channel mutants
that had altered kinetics. The averaged results are summarized in
Figure 1C.

At a holding potential of —70 mV, the mean peak heat-
induced current densities measured at 47°C were significantly
reduced in 11 of 17 mutants compared with wild-type TRPV1
(p < 0.001, one-way ANOVA with Dunnett’s post hoc test).
There were nine mutant channels that showed significantly re-
duced peak current densities when exposed to a supramaximal
concentration of capsaicin (30 uMm) at room temperature (25°C).
Three mutant channels (Y666A, 1672A, N676A) showed no
capsaicin-evoked activity at all. These mutants were also pH in-
sensitive, they were not activated in the absence of extracellular
Ca**, and they gave very small and nonspecific heat-induced
membrane currents (without a marked activation threshold),
usually not exceeding —150 pA at 48°C.

Capsaicin and heat stimuli (>43°C) applied together produce
a strong synergistic activation of the wild-type TRPV1 channel.
By using a heat stimulus (47°C) in combination with a supra-
maximal concentration of capsaicin (30 um), we hoped we might
also unmask functionality in some of the poorly sensitive mu-
tants. Indeed, an efficient potentiation was, among other con-
structs, also found in the 1672A, L673A, L674A, L678A, and
M682A mutants, which were functionally silent or only barely
responded to capsaicin at base temperature (Fig. 1C). Compared
with wild-type TRPV1, the current densities of the capsaicin-
induced responses measured at 47°C were significantly reduced
in eight mutants: Y666A, I668A,1672A-N676A, and M682A (p <
0.001, one-way ANOVA with Dunnett’s post hoc test). All of them
also showed a significant reduction in the capsaicin-evoked cur-
rent densities at 25°C.

For these latter eight mutants, the decreases in capsaicin- and
heat-induced current densities described above could arise from
alterations in channel functionality but also from alterations in
plasma membrane expression. To determine whether differences
in current densities reflected changes in surface expression, we
used cell-surface biotinylation and streptavidin precipitation to
examine the surface expression of wild-type and mutant recep-
tors. As shown in Figure 1 D, Western blots of all of the mutants
examined confirmed that the proteins were processed and tar-
geted to the membrane to a similar extent as that of wild-type
TRPVI.

Together, these results suggest that (1) there are two residues
within the inner-pore region of rat TRPV1 that are critical for
channel functionality: the aromatic residue in position Y666 and
the highly conserved polar residue N676; and (2) among the mu-
tants tested, L669A, Y671A, M677A, and L678A are significantly
less sensitive to heat; the latter mutant also displayed a reduced
sensitivity to capsaicin at 25°C.
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Figure 2.  Changes in capsaicin sensitivity introduced by alanine mutations in putative inner-pore region of TRPV1. 4, Proba-

bilities that maximal responses to 1 wum capsaicin measured at 47°C are equal to those induced by 30 pum capsaicin at 47°C. Each
point represents the p value obtained from paired Student’s ¢ test. B, Summary of alanine-scanning mutagenesis results compar-
ing relative sensitivity to capsaicin. The bar graph shows mean whole-cell currents evoked by 1 um capsaicin at 47°C normalized
to responses to 30 wum capsaicin measured at 47°C for each construct. Each bar is the mean == SEM of at least four independent
cells. C, Representative whole-cell currents evoked by heat stimuli applied with or without 30 wum capsaicin at —70 mV, recorded
in1679A and Y671A mutants. D, The bar graph shows average ratios of capsaicin- to heat-induced whole-cell currents measured
both at 47°Cin HEK293T cells expressing wild-type or alanine mutants of TRPV1. Statistical significance is indicated (*p << 0.05).

The dashed line indicates no potentiation.

Relative sensitivity of alanine mutants to capsaicin

Replacing tyrosine Y671 with alanine dramatically lowers the
half-maximal activating capsaicin concentration ECs, by almost
1 order of magnitude (from 240 to 40 nm) (Mohapatra et al.,
2003). Specifically, in this mutant, we found that responses to
capsaicin were not potentiated by heat. In contrast to the other
mutants and the wild-type channel, the capsaicin-evoked re-
sponses were consistently inhibited by heating above 30°C (Fig.
2C). We reasoned that the loss of potentiation in Y671A might be
attributable to changes in agonist sensitivity. Indeed, when the
channels were desensitized by repeated applications of capsaicin
(1 uwm and/or 30 um), the heat-induced potentiation reappeared.
To also explore the capsaicin responsiveness in other mutants, we
compared their relative sensitivities at two different concentra-
tions of capsaicin (1 and 30 um). To overcome the potential
effects of desensitization and to compare the magnitude of
capsaicin-evoked currents in different mutants regardless of vari-
ations in expression levels, the inward currents induced by 1 um
capsaicin were measured at 47°C and related to the responses
induced by 30 uM capsaicin, also measured at 47°C for each cell
(Fig. 2A, B). Plotting the resulting p values generated from the
Student’s paired t test for significant differences between the pairs
of 1 and 30 uMm capsaicin-evoked currents at 47°C against the
appropriate mutation number (as shown in Fig. 2A), we found
an alternating pattern with high values in T670A, L675A, G683A,
and wild-type channels (p > 0.6) and the lowest values (p <
0.05) in mutations I668A, Y671A-L673A, L678A, and M682A.
These data are pooled and summarized in Figure 2 B.

To further assess the maximal capsaicin-induced responses in
the mutants, we compared the inward currents measured at 47°C
in the absence and presence of a high concentration of capsaicin.
Except for Y666A, N676A, and 1679A, the inward currents were
significantly (p < 0.01; n = 4-11) greater in the presence of 30
1M capsaicin than in its absence (Fig. 2D). The lack of mutual
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potentiation between the two stimuli in
the former two mutants was caused by
their insensitivity to capsaicin. Notably,
the mutation of isoleucine residue 679 re-
tained normal sensitivities to both stimuli,
although it completely removed their mu-
tual potentiation at 47°C. It should be
noted that, in several residues, the degree
of the capsaicin-induced increase in the
amplitude of the inward current at 47°C
was clearly reduced, although these
changes did not always achieve statistical
significance (e.g., V667A, T670A, 1672A,
L673A, and L675A).

Two interesting features arise from
these data. (1) The periodicity observed in
the relationships between the maximal
activation capacities obtained for 1 and 30
M capsaicin at 47°C supports the hypoth-
esis that there exists a structural explana-
tion for the gating of the TRPV1 channel
by chemical stimuli. More speculatively,
the pattern of sensitivity to capsaicin
(every three to four substitutions) is con-
sistent with an a-helical structure contrib-
uting to capsaicin-induced channel gating.
(2) Changes induced by individual muta-
tions in the 1 uM versus 30 uM capsaicin-
induced current relationships measured at
47°C might reflect the changes either in capsaicin sensitivity or in
the allosteric linkage between capsaicin and heat sensor move-
ments and channel opening. Specifically, mutation 1679A
appears to cause a decrease in the synergistic interaction of cap-
saicin and heat with the TRPV1 receptor.

Heat-evoked membrane currents in mutant channels
As shown in Figure 1C, the mutations in most cases blunted the
heat-induced current responses. To obtain a more complete pic-
ture of how the individual mutations affect the heat sensitivity of
the TRPV1 channel and to further characterize the specificity of
their temperature-induced responses, we quantified the temper-
ature threshold for activation and the temperature coefficient
(Qyp) from the Arrhenius plots of individual current—tempera-
ture relationships. This approach allowed us to compare the heat
sensitivities of different mutants, regardless of the wide cell-to-
cell variation in the size of the heat-evoked currents and the re-
ceptor expression levels. At a membrane potential of —70 mV,
the mean threshold for the temperature-induced membrane cur-
rents measured in the wild-type channel was 42.3 = 0.9°C, and
the median Q,, was 37.4 (n = 10), which is in good agreement
with values reported previously (Vlachova et al., 2003). Among
the mutants tested, the most frequently observed phenotype was
a leftward shift in the temperature threshold (Fig. 3A, B). Seven
mutations had thermal thresholds no different from wild-type
TRPVI. In the wild-type TRPV1 channel, Q,, values calculated
for the temperature range 43—48°C vary markedly, ranging from
units to several tenths (Vlachova et al., 2003). To achieve statis-
tical significance in some of the mutants would require an unre-
alistically large number of cells to be tested for each group. Qual-
itatively, however, it was evident that, except for the T670A,
L681A, and G683A, the mutations strongly reduced Q,, in all
mutants tested.

To further compare the temperature sensitivities regardless of
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the size of current magnitude, the first
temperature-evoked response of each cell
was normalized at 45°C and averaged for
each mutant. The resulting average
temperature-dependent activation profile
shown in Figure 4A gives an immediate
impression that the five peaks separated by
four troughs at residues 1672-L674, N676,
L1678, and M682 might reflect changes in-
troduced by single mutations in an
a-helical structure, which most likely rep-
resents the inner-pore region of the
TRPV1 channel.

Effects of mutations on
voltage-dependent activation
At room temperature and normal pH
(7.3), rat cloned TRPV1 can be activated
by depolarizing voltages in the absence
of any agonists (Vlachova et al., 2003),
and this mode of activation seems to be
linked to conformational changes asso-
ciated with temperature-dependent gat-
ing of the TRPV1 channel (Brauchi etal.,,
2004; Voets et al., 2004b; Nilius et al.,
2005b). To compare the effects of muta-
tions on voltage-dependent activation,
we used a voltage step protocol from
—140 to +140 mV (increment, +20
mV) at 25°C and normalized the result-
ing current—voltage relationships at +60
mV for each cell (Fig. 3C). In the wild-
type channel, the midpoint voltage of ac-
tivation (V,,,) estimated by Boltzmann
fit was 126 = 3.5 mV (n = 7) at 25°C,
which was in general agreement with
previously published data (Voets et al.,
2004b). Except for T670A, Y671A, and
M677A, the alanine mutations led to a
rightward shift of the activation curve
and a concomitant decrease in the equiv-
alent charge z (Fig. 3D), reflecting a de-
crease in channel activity at more nega-
tive holding potentials. Even for voltage
protocols up to +140 mV, the open
probability for some of the TRPV1 mu-
tants was apparently below 0.5, so that
values for V,, could not be reliably ob-
tained from a Boltzmann fit in some cells
(specifically in L681A and L678A). De-
spite this limitation, these data indicate
that most of the alanine mutations mod-
ulate the gating of TRPV1 by shifting the
voltage dependence toward more posi-
tive membrane potentials.

As shown in Figure 4, B and C, the av-
erage profile of the voltage-dependent ac-

tivation for all mutants was not entirely analogous to their
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Figure3. Changesin heat sensitivity produced by alanine mutations in the putative inner-pore region of TRPV1. 4, Bar graphs

show effects of alanine substitution on the temperature threshold (top graph) and temperature coefficient (bottom graph)
measured from the rising phase of whole-cell membrane currentsinduced by a 25— 48°Cheat ramp (10°C/s). The dotted linein the
bottom graph indicates the value at which the temperature dependence of the thermally induced currents is considered to be
nonspecific [i.e., close to that of the aqueous diffusion limit (~2)]. B, Arrhenius plot of whole-cell currents obtained from
representative cells transfected with wild-type (open circles) or I679A-TRPV1 (open squares) normalized at 45°C (ordinate, log
scale) and plotted against the reciprocal of the absolute temperature (abscissa). The temperature coefficients Q,, were deter-
mined for each cell over the temperature range at which the Arrhenius plot was linear (dashed lines). C, Activation of channels by
depolarizing voltage steps recorded at 25°Cin extracellular control solution (holding potential, —70 mV; voltage steps from
—140to +140 mV; increment, +20 mV). Averaged voltage— current relationships were constructed from responses obtained
from three to five independent recordings, such as shown in the inset. They normalized in L669A (open circles), G683A (filled
squares), wild-type channel (small filled circles, dotted line). D, Effects of alanine substitution on voltage-dependent gating
properties of TRPV1. Voltage-dependent gating parameters, the half-activation voltage V/,,,, and equivalent charge z were
estimated from steady-state current—voltage (/--V/) relationships obtained at the end of 60 ms voltage steps from —140 mV to
+140 mV by fitting them to the following Boltzmann equation: / = g X (V — £,,)/(1 + exp(—zF(V — V,,)/RT)), where g is

rev.
the whole-cell conductance, £, is the reversal potential, and £, R, and T have their usual thermodynamic meaning.

TRPV1 channel activation do not need to be strictly coupled (Brau-
chietal., 2004).

temperature-dependent activation profile. At the maximum
voltage stimulation, the local maxima around L669, M677-L678,

and L681 were separated by three troughs around residues 1672-
N676, 1679, and M682. These results support the view that
temperature- and voltage-dependent mechanisms underlying the

Discussion
In this study, we identify the residues within the putative inner-
pore segment of the vanilloid receptor TRPV1 that when mutated
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Figure 4.  Summary of effects of alanine mutations on heat-induced and voltage-induced
activation gating of TRPV1. 4, Averaged current—temperature plots of normalized heat-evoked
responses. B, Averaged voltage— current relationships constructed from responses obtained
from 3—11 independent recordings, such as in Figure 3C, under control conditions at 25°C. C,
Summary of effects of TRPV1 alanine mutations on heat-induced and voltage-induced activa-
tion gating. The maximal magnitude of the responses to heat (47.5°C; left ordinate) compared
with the maximal magnitude of the responses to voltage (+ 140 mV; right ordinate) is shown.
Data are means = SEM of 3—11 separate determinations.

J. Neurosci., July 11, 2007 - 27(28):7578 —7585 = 7583

affect the chemical, thermal, and voltage sensitivity of the
channel.

We can be reasonably certain that, in most cases, the reduced
magnitudes of the responses to capsaicin or heat are not attribut-
able to reduced expression levels or plasma membrane targeting,
because (1) Western blots confirmed that all of the mutants
tested were properly routed to the plasma membrane and ex-
pressed to a similar extent to that of wild-type TRPV1, (2) simul-
taneous application of heat and capsaicin revealed considerable
differences in the relative cross-sensitization capacity among the
mutants, (3) several mutants were less specifically responding to
heat (i.e., their current—temperature relationships were qualita-
tively different from that in the wild-type channel), and, more-
over, (4) although there was a substantial overlap between the
temperature-dependent and voltage-dependent profiles of the
TRPV1 channel, the deviations cannot be overlooked (Fig. 4C).
Although changes in channel unitary conductance could also
contribute to the observed reduction in capsaicin and heat-
evoked current amplitude, in most cases, the observed functional
changes are likely directly related to the ability of the channel to
gate-open in response to an appropriate stimulus. First, the mu-
tations greatly affecting capsaicin activation caused a leftward
shift in the temperature threshold for activation; second, except
for T670A, L681A, and G683A, the mutations strongly reduced
the temperature coefficient in all mutants tested; and third, most
of the alanine mutations shifted the channel activation potential
toward more positive voltages (Fig. 3).

We found that certain mutations only affect some stimulus
modalities but not others. The mutations L669A, Y671A, and
M677A elicited large effects on heat-dependent activation but
only modest effects on capsaicin- and voltage-dependent activa-
tion. These results may indicate that some of the residues differ-
entially affect allosteric coupling between the activation site(s)
(capsaicin-binding site, temperature or voltage sensor) and the
movement of the gate. In the case of Y671A, this explanation is
also supported by the recent finding that this aromatic residue is
apparently involved in structural rearrangements of the TRPV1
channel protein leading to capsaicin-induced desensitization
(Mohapatra et al., 2003). To explain the diverse effects of muta-
tions on the distinct modalities of the TRPV1 channel protein, it
is also important to keep in mind that, if there indeed exists a
common gating mechanism, it manifests itself under different
physical conditions: once at 47°C and —70 mV and once at 25°C
and +140 mV.

Site-directed mutagenesis studies have proved to be contrib-
utory in obtaining new insights into the mechanism of the gating
of several P-loop voltage-gated and ligand-gated ion channels,
namely K™ (McPhee et al., 1995; Mitcheson et al., 2000; Hackos
et al., 2002), Na™ (Ragsdale et al., 1994; McPhee et al., 1995;
Yarov-Yarovoy et al., 2002; Seebohm et al., 2006), Ca®* (Ray-
baud et al., 2007), or cyclic nucleotide-gated (Flynn and Zagotta,
2003) channels. To what extent may our results be correlated
with these studies and which of the residues might serve as a
molecular hinge in the S6 segment? Given that TRPV1 can be
activated by several different stimuli and these have strong syn-
ergistic effects, it might be expected that the gating mechanism of
this channel is much more complex than of those with only one
activation pathway. On the other hand, single-channel kinetic
studies on the recombinant TRPV1 channel (Hui et al., 2003; Liu
et al., 2003; Ryu et al., 2003) revealed similar kinetic rates in-
volved in the heat-, capsaicin-, and pH-induced activation/deac-
tivation processes, which suggests that a common gating machin-
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ery may be involved in the activation
pathways induced by different stimuli.

To explain our results, we used a com-
bination of energetic and homology mod-
eling to construct a three-dimensional
molecular model of the fourfold symmet-
ric pore module (S5-P-S6), of the TRPV1
channel (see Materials and Methods). This
homology model was based on an identity
of ~18% and a homology of ~43% be-
tween the rat TRPV1 amino acid sequence
M572-E692 and the KcsA protein, the
structure of which has been solved to a res-
olution of 1.9 A (code 1R3] from the Pro-
tein Data Bank). At 300 K, the first 20 ns
MD simulation in a POPC bilayer yielded
channel monomers with the inner helices
bent; the monomers were not fully sym-
metrical and exhibited a different second-
ary structure content. A new tetramer,
built from the bended monomer with the
highest secondary structure content, was
then simulated for an additional 20 ns and
finally led to a channel with all four inner
helices symmetrically bent in the region
from N676 to A680, splayed at the intra-

Fi 5.
cellular ends (Fig. 5). On average, the pore g
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Structural model of the (S5-P-56), pore module of the TRPV1 channel. A, Helical wheel projection of the putative

diameter was predicted to be ~6.5 A in the
selectivity filter region and narrowed in
the proposed inner pore region to ~3.8 A
at 1679. Because of its position in the most
constricted region, N676 might be sus-
pected to play an important role in the
conformational changes leading to the
opening of the channel; however, nothing

inner-pore region of TRPV1 extending from Y666 to G683 (performed using software at http://rzlab.ucr.edu/scripts/wheel/
wheel.cgi). Hydrophilic residues are represented as circles, and hydrophobic residues are represented as diamonds. Hydrophobic-
ity is color coded: the most hydrophobic residue is green; the amount of green decreases proportionally with hydrophobicity, with
zero hydrophobicity shown as yellow. Hydrophilic residues are colored red, with the amount of red decreasing proportionally with
hydrophilicity. B, Side view (left) and top view (right) of the three-dimensional representation of the TRPV1 tetramer homology
model embedded in a POPCbilayer. €, Three-dimensional representation of the TRPV1 tetramer after refinement by 20 ns of MD
at300 K in a semi-isotropic ensemble. Left, Two of the four subunits are shown, viewed perpendicular to the pore axis. Right, The
tetrameric structure of the channel viewed from the top. D, Structural model of the TRPV1 pore obtained as described in B and €
with residues in which mutation strongly altered the functionality of TRPV1. Critical residues are shown in ball-and-stick format.
E, MD simulations of the S6 helix in vacuo. After a short steepest-descent minimization, one single protein monomer generated by

can be inferred from our data because the
alanine mutant (although present at the
plasma membrane) failed to express sig-
nificant whole-cell currents.

The new findings of this study provide essential evidence in
favor of a possible functional role for several residues within the
inner-pore helix, making them candidates for sites of the gating
apparatus of the TRPVI channel. This portion of the TRPV1
protein does not possess a “classical” point of local flexibility like
glycine or proline, thus our model cannot directly lend structural
support for identifying a gating hinge. To gain additional infor-
mation toward a possible structural explanation of our data, we
additionally conducted a stability study in vacuo of the TRPV1 S6
monomers gained by homology modeling (Fig. 5E and supple-
mental Figure S1, available at www.jneurosci.org as supplemental
material). Generally, a simulation of the transmembrane section
of a protein leads to a quick unfolding or refolding, because the
stabilizing lipids are missing. On this “denaturation” pathway,
changes should occur first in the most flexible parts of the struc-
ture and later in the other parts. Figure 5E shows that after 10 ps
simulation, the S6 structure was still a single helix; however, after
70 ps, a bending appeared in the region around T670. A compar-
ison of the average temperature-dependent activation profile for
the individual mutants with that obtained for averaged voltage-
dependent activity (Fig. 4) gives the impression that there are, in
fact, two predominant regions within the inner-pore helix: one
centered around T670 and the second centered around the native
A680, separated by a tract of large aliphatic residues, 1672-L675.

homology modeling was simulated in vacuo at 298 K.

These two regions coincide with the two bending regions of the
transmembrane helix that were identified and described above by
computer modeling techniques. Remarkably, aligning the inner-
pore region of TRPV1 with KcsA, Shaker, Ca,, and Na, channels
places threonine 670 into the position of the “universal” gating
hinge glycine (Fig. 1A). In addition, A680 in wild-type TRPV1
corresponds to the position of the first glycine in the G(X);G
motif, the role of which has been highlighted recently in the gat-
ing of high-voltage-activated Ca** channels (Raybaud et al,
2007). Interestingly, these voltage-gated ion channels are most
closely related to the TRP channel family.

Our results provide functional support for the role of the putative
inner-pore region in controlling the gating of the vanilloid receptor
TRPV1 channel. Overall, these results confirm that most of the res-
idues within the inner-pore region of the TRPV1 channel are sensi-
tive to alanine substitution with respect to at least one stimulus mo-
dality and that most of the mutations lead to a reduction in the
degree of specificity to temperature stimuli. Furthermore, we dem-
onstrated the periodicity of the functional effects of the substitu-
tions, which is consistent with an a-helical structure of the putative
inner-pore region and its active role in gating. Given that a five-
residue sequence, NMLIA, within the sixth transmembrane domain
of the TRPV 1 protein is the most strongly conserved across the TRP-
related proteins, the results obtained in this study may also be gen-
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erally important in understanding the processes of gating in other
channels.
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