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Abstract: Transient Receptor Potential (TRP) cation channels participate in various fundamental processes in cell- and
organism-physiology in unicellular eukaryotes, invertebrates and vertebrates. Interestingly, many TRP channels function
as detectors of sensory stimuli. The TRPV1 (vanilloid 1) channel serves as an integrator of noxious chemical and physical
stimuli known to cause irritation and pain, such as elevated temperatures, acids, and irritant chemical compounds, and its
activation has been linked to acute nociceptive pain and neurogenic inflammation. The mechanisms by which the channel
detects incoming stimuli, how the sensing domains are coupled to channel gating and how these processes are connected
to specific structural regions in the channel are not fully understood, but valuable information is available. Many sites in-
volved in agonist detection have been characterized and gating models that describe many features of the channel’s behav-
ior have been put forward. Structural and functional information indicates TRP channels are similar to voltage-activated
potassium channels, with a tetrameric organization and six-transmembrane-region subunits, a pore domain with multi-ion
binding properties and an intracellular S6 gate that seems to be the point of convergence of the many activation modalities
leading to the opening of the ion conduction pathway. Furthermore, TRPV1 expression is altered in various disease states
and TRPV1 gene polymorphism was speculated to play a role in pain sensation. The complex activation and regulation of
TRPV1 may have important implications for drug development.
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INTRODUCTION

The Transient Receptor Potential (TRP) family of ion
channels comprises more than 30 members which are struc-
turally related to voltage-activated channels. The first TRP
channel was identified in a Drosophila melanogaster photo-
transduction mutant [1] which was known to be visually im-
paired [2], due to cells in the retina responding to light with a
transient instead of a sustained electrical response. Since
then, TRP channels have been identified in unicellular eu-
karyotes [3], invertebrates and vertebrates, including mam-
mals and humans [4-8]. At least seven related TRP channel
subfamilies have been described to date: TRPC (classical or
canonical), TRPV (vanilloid), TRPM (melastatin), TRPA
(ankyrin-like), TRPP (polycystin), TRPML (mucolipin) and
TRPN (no mechanoreceptor potential C) [9-12].

TRP channels participate in several processes of para-
mount importance for the physiology of cells and organisms,
including intracellular calcium homeostasis, cellular chemo-
taxis, neuronal guidance and neurite extension, epithelial
electrolyte and calcium transport, cell proliferation and dif-
ferentiation, the cellular immune response and several others
[13-20]. Additionally, it is remarkable that many of these
proteins are also involved in the detection of sensory stimuli
of very different natures, including changes in osmolarity,
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phototransduction, mechanical stimuli detection, taste- and
pheromone recognition, thermosensation and painful and
irritant stimuli detection [8].

The study of these channels has allowed us to establish
specific links between everyday sensory stimuli and a dis-
crete molecular entity. The TRPV1 (vanilloid 1) channel,
which functions as an integrator of several stimuli known to
cause pain and irritation, has been extensively studied.
TRPV1 is predominantly expressed in primary sensory neu-
rons with unmyelinated C-fibers that have somata in dorsal
root (DRG) and trigeminal ganglia (TG). The peripheral fi-
bers of these neurons sense noxious stimuli (nociceptors) and
are sites of release for pro-inflammatory neuropeptides that
initiate the cascade of neurogenic inflammation. The central
axons enter the central nervous system where they form syn-
apses with second-order neurons in the dorsal horn of the
spinal cord (DRG neurons) or the spinal nucleus of the tri-
geminal tract (TG neurons). A subset of DRG neurons with
thin-myelinated (Ad)-fibers also express TRPV1 [21-24].
Some nodose ganglion neurons projecting to the area pos-
trema are likewise TRPV1-positive [25]. Albeit at much
lower levels than in sensory neurons, TRPV1 expression has
been described in various non-neuronal cells where its func-
tions remain essentially unknown [26-32]. Interestingly,
TRPV1 appears to be compartmentalized both at the ana-
tomical (peripheral versus central receptors) and cellular
(membrane-inserted versus subcellular organelles) levels [33-
35]. TRPV1 is the primary target of capsaicin, the irritant
compound present in hot chili peppers [36], and is also acti-
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vated by several other molecules present in pungent food and
spices, such as allicin and diallyl sulfides from garlic [37-
39], gingerol from ginger [40], alkylamides from Sichuan
and Melegueta peppers [41] and piperine from black pepper
[42], among several others. Other stimuli known to cause
irritation such as extracellular acidification [43] and, interest-
ingly, intracellular alkalinization [44], spider and jellyfish
venom-derived toxins [45, 46] and elevated noxious tem-
peratures above 42°C [36] also serve as channel agonists.
Finally, TRPV1 is activated and modulated by transmem-
brane voltage [47-49] and several molecules such as lipids,
vanilloid compounds like anandamide [50-56] and protein
kinases [57-62] which exhibit activity linked to
inflammatory processes. These molecules, together with
protons and acidic signaling molecules like hydrogen sulfide
[63], can be considered as endogenous TRPV1 ligands
which regulate its activity according to the physiological
state of the tissue it is expressed in. This behaviour places
the TRPV1 channel at a very relevant position in the pain-
and inflammatory signaling pathways. Its activation is one of
the first molecular events leading to the perception of
nociceptive pain and its function is finely tuned so that pain
is only felt when a stimulus of particular intensity is applied,
or when other sensitizing inputs, such as tissue damage or
inflammation, are present. Furthermore, TRPV1 upregula-
tion has been found to occur in various tissues under certain
pathological conditions and diseases [64-75], and might un-
derlie the exacerbated pain associated to these conditions.
This makes TRPV1 a promising target for pain-relieving
therapies and TRPV1 antagonists are currently undergoing
clinical trials as novel analgesic drugs [76].

The polymodal nature of TRPV1 activation poses the
following questions: 1) how does the protein manage to
sense stimuli of such a diverse nature; 2) how do these stim-
uli finally translate into channel opening and 3) how does the
protein integrate all the input signals it receives. We still
have much to learn about how the activation pathways for
several agonists are coupled to channel function and about
the role of the different structural regions of TRPVI in the
activation by these agonists.

Despite the physiological importance of TRPV1 (and of
TRP channels, in general), to date there is scarce structural
information available on this protein. Nonetheless, valuable
efforts have been made to establish mechanistic insights into
the function of TRP channels at the molecular level. In the
last few years, there have been efforts aimed at pinpointing
the regions responsible for the specific action of agonists and
their implications for a general gating scheme, the obtention
of high resolution structures of specific TRP-channel do-
mains and the identification of other structural components
regulating the function of these proteins. In this review, we
will survey some of the key findings concerning the molecu-
lar mechanisms underlying TRPV1 activation with stress on
the contributions made by our research group.

MECHANISMS OF AGONIST SENSING IN THE
TRPV1: CAPSAICIN, VOLTAGE, TEMPERATURE
AND LOW pH

TRPV1 is a nonselective cation channel which is struc-
turally related to the voltage-activated potassium (Kv) chan-
nels. Biochemical assays and fluorescence and single chan-
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nel analysis indicate that the functional TRPV1 channel is a
tetramer [77, 78]. Hydropathy plots and sequence alignments
suggest that each subunit is formed by six transmembrane
segments (S1-6), with the S5, the S6 and the residues in-
between forming the pore of the channel, and with large in-
tracellular amino (N-) and carboxi (C) termini. A recently
obtained tridimensional reconstruction of the channel at 19 A
resolution by cryo-electronmycroscopy [79] indicated that it
is similar, in terms of size and topology of both the trans-
membrane- and intracellular regions, to the mammalian
Kv1.2 channel, whose structure has been determined at high
resolution [80]. Similar studies with TRPM2 [81] and
TRPC3 [82] suggest that these channels have more dilated
intracellular structures as compared to Kv channels, and are
more similar to the cystic fibrosis transmembrane regulator
of conductance, CFTR [83]. In the case of TRPC3, these
differences might arise from accessory subunits associated
with the channel or from lipid aggregates included in the
analysis [82, 84]. High-resolution X-ray diffraction data
from several TRP channel domains such as the N-terminal
ankyrin repeat domains of rat TRPV1 [85, 86], rat [87] and
human TRPV2 [88] and mouse TRPV6 [89] as well as the
C-terminal coiled-coils [90] and atypical a-kinase [91] from
TRPM?7 channels has also significantly contributed to our
understanding of channel structure and function relation-
ships. Aditionally, structure-function studies of the TRPV1
and related TRPV channels from several groups including
our own [92-94] have confirmed that the S5-S6 region corre-
sponds to the pore of the channel, with the lining of the inner
pore formed by the alpha-helical S6 segments, and the resi-
dues between the S5 and S6 giving rise to the selectivity
filter, the pore helix and the turret, similar to what has been
observed in Kv channels. Fig. (1) displays a cartoon of a
TRPV1 subunit with the approximate sites of action of sev-
eral agonists and modulators, as well as some other structural
features of the channel.

One of the better characterized agonists of the TRPV1
channel is capsaicin which, in fact, played a fundamental
role in the identification and cloning of the receptor [36].
Capsaicin activates the channel with a Ky, (apparent dissocia-
tion constant) of around 300 nM and a Hill coefficient of 2,
indicating the presence of more than one capsaicin binding
site in the channel, although the stochiometry of vanilloid
binding has not been determined. This is in accord with the
cooperative binding of the ultra potent TRPV1 agonist
[*H]resiniferatoxin ([*’H]-RTX) binding to both native and
cloned receptors [95-99]. Interestingly, single channel and
binding studies indicate the presence of at least two binding
sites, and show that partially bound channels are able to open
with capsaicin binding preferentially to closed channels [99-
102]. Studies using chimeras between the capsaicin sensitive
rat TRPV1 and the avian capsaicin-insensitive receptor have
allowed identification of an intracellularly located capsaicin
binding pocket in a region that spans from the S2 to the S4
of the channel [103]. Several other studies have refined the
current model of the capsaicin binding site by combining
mutagenesis with the use of capsaicin-related vanilloids such
as RTX and its inactive iodinated form, iodo-resiniferatoxin
(I-RTX), a competitive TRPV1 antagonist [99,100]. These
studies have shown that, apparently, all vanilloids bind to the
same region in the channel, albeit with some differences re-
lated to specific residue interactions with characteristic ago-
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Fig. (1). Cartoon of a TRPV1 channel subunit with some key structural and regulatory sites. TRPV1 transmembrane segments S1-S6
are shown as red cylinders, with the amino- (N) and carboxi- (C) termini represented in dark blue. Some key structural features such as the
six ankyrin repeats in the N-terminus and the sites of interaction of the receptor with several agonists or channel modulators are also dis-
played in their approximate positions along the subunit. Depicted agonists and modulators bind to: PKA to Ser 116, Thr 144 and Thr 370,
capsaicin to Arg 114, Tyr 511, Ser 512, Thr 550 and Glu 761, CaM to Lys 155, ATP to Lys 155, Lys 160 and Leu 163, allicin to Cys 157,
CaMKII to Ser 502 and Thr 704, RTX to Met 547, protons to Glu 600 and Glu 648, PIP, to Arg 701 and Lys 710, PKC to Ser 502 and Ser
800, TRP domain comprising Glu 684 to Arg 721 and heat promotes its effects through interaction with the distal half of the C-terminus.

nist structural features. Additionally, several other residues
spread over the entire protein such as the highly conserved
TRP-box located near the pore [104, 105], the pore domain
itself [106-108] and the N- and C-termini [48, 109] have
been shown to affect the channel’s response to capsaicin and
even the binding of the vanilloid to its site.

In the TRPVI, there are conformational “waves” trig-
gered by the association of one agonist in one region of the
channel to other parts of the protein. An example of distinct
activation pathways being propagated through different pro-
tein regions can be exemplified by the activation of the
channel and the potentiation of its capsaicin response by low
extracellular pH. TRPV1 can be directly gated by low ex-
tracellular pH (< 5.5), while higher but still acidic extracellu-
lar pH values (pH ~ 6.5) potentiate the channel’s response to
capsaicin without directly opening the ion conduction path-
way [43]. These two processes were demonstrated to be
mechanistically separate: two acidic residues located in the
outer pore of the channel have been shown to be specific for
either the agonist effect of protons (E648) or the low pH-
potentiation of the capsaicin response (E600) [110]. Resi-
dues located at the extracellular S3-S4 linker of TRPV1 ap-
pear to participate in the proton-mediated activation of the
channel, without largely affecting other activation pathways
[111]. Moreover, residue T633 located at the pore helix of
the channel affects the direct agonist effect of protons when

mutated to an alanine, leaving capsaicin and temperature
activation and low pH potentiation of the receptor intact and
suggesting that it is specifically involved in the coupling
between the proton binding site at E648 and the opening of
the gate [111]. Interestingly, mutation of the nearby residue
F640 has profound effects on the receptor, facilitating cap-
saicin and temperature-activation of the channel, while the
potentiation of the receptor by protons is lost [107]. These
results suggest that the pore helix is important for the cou-
pling between agonist binding and channel opening, and that
different portions of the helix appear to transduce different
signals to the gate domain. In these respect, mutations in five
residues of the S6 segment of mouse and frog TRPV3 chan-
nel, which is activated by warm temperatures (~ 33 °C),
abolish temperature activation without affecting channel
activation by other agonists [112]. Finally, pharmacological
evidence also points to the existence of structural regions
specific for different TRPV1 agonists and activation mecha-
nisms, since some receptor antagonists have been shown to
inhibit both capsaicin- and proton-activation of the channel
(class A), whereas others inhibit only the capsaicin-mediated
activation (class B antagonists) [113, 114]. However, there
seem to be differences in the effects of antagonists on the
channel depending on the preparation employed [115] which
may be due to tissue-specific post-translational modification,
uncharacterized splice variants or other types of channel
regulatory mechanisms.
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With regard to “long-distance” effects on the binding of
an agonist, we must consider that since the binding of an
agonist allosterically affects gating of the channel, mutations
that affect the coupling between the binding of the agonist and
the opening of the channel, might also lead to allosteric effects
on the binding site, and hence on the site’s affinity for the
agonist. In fact, it has been observed that low pH positively
affects capsaicin binding [116], and that low levels of I-RTX
promote RTX binding [99]. Moreover, phosphorylation of the
receptor by Ca”" - calmodulin dependent kinase IT (CaMKII)
seems to regulate the activation/desensitization equilibrium
of the channel by modulating the binding of capsaicin [61].

Voltage-activated K, Na" and Ca*" channels posses a
voltage-sensing domain that allows them to transduce
changes in transmembrane electric potential into protein con-
formational changes (Fig. 2). The voltage sensor in Kv chan-
nels is thought to be composed by the S4, which has a
charged residue (Arg or Lys) for every third aminoacid in its
sequence, so that the charges are able to sense and interact
with the surrounding electric field (see [117-119] for re-
view). Upon membrane depolarization, the S4 is thought to
undergo some rotation and tilting (see [117, 120, 121] for
review). These changes are transduced to the pore domain
via the S4-S5 linker and the C-terminal portion of the S6
[122-126], causing changes in the channel’s open probabil-
ity. Additionally, the S1-S3 segments can be said to contrib-
ute to voltage-sensing by influencing the electrostatic envi-
ronment around the S4 [127-130]. Gating of TRP channels
occurs similarly, with agonist sensing domains being cou-
pled to the pore domain causing gating of the channel [12].
TRPV1 is also weakly gated by voltage [47-49], with a V,,
(half-activating voltage) of 150 mV and a z (valence) of 0.5
at 17 °C, and by temperature [36], with an activation thresh-
old of 42 °C and a very high Q¢ (temperature coefficient) >
20. The mechanisms leading to the high temperature sensi-
tivity of the channel are not fully understood. Nilius and co-
workers have suggested a simple two-state model for the
heat-activated TRPV1 and the cold- and menthol- activated
TRPMS [49, 131]. In this model, movement of the voltage
sensor is a requirement for channel activation. Temperature
sensitivity arises from the fact that changes in entropy and
enthalpy upon channel activation are large but comparable in
size and independent of temperature, and that the voltage-
dependence of the channel is small, so that temperature
changes cause large changes in the V,,, of the channel, ac-
AH -TAS

zF
and AS are the afore mentioned changes in enthalpy and en-
tropy upon channel activation, T is the absolute temperature,
z is the apparent valence of the opening transition and F is
Faraday’s constant. The difference between cold and heat
activation is given by the opposing signs of AS between
TRPV1 and TRPMS, causing either a decrease or an increase
in the Vy,, upon heating, respectively. This two-state model
was further extended for the TRPMS8 [132] to include men-
thol binding. In that model, activation of the channel by tem-
perature and voltage proceeded as before and menthol bind-
ing followed a Monod-Wyman-Changeaux (MWC) - type of
behavior so that the channels could open in the absence of

cording the following equation: V, , =

, where AH
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menthol, as has been observed for TRPV1 channels at depo-
larizing potentials at room temperature in the absence of
capsaicin [133]. Moreover, residues in the putative S4 and
S4-S5 linker of TRPMS were shown to contribute to the gat-
ing charge of the channel (with apparent valence of 0.8) and
to mediate the voltage sensitivity of the receptor, and hence,
the temperature sensitivity [132].

Although the above model can account for several ex-
perimental observations, there are some results that seem to
be at odds with a two-state model in which there are no in-
dependent voltage- and temperature- sensors. First, there are
several single-channel studies that indicate that the channel
gating scheme under activation with capsaicin, low pH or
elevated temperature requires several open and closed states
[101, 133, 134]. Second, a study in which the C-terminus
modules of the TRPV1 and TRPMS8 were swapped between
each other to generate chimeric channels succeeded in gen-
erating a cold-activated TRPV1 and a heat-activated TRPMS
that continued to be activated by their canonical agonists,
indicating that there seems to be a temperature-sensing mod-
ule that operates independently from other agonist-sensing
domains [135]. Additionally, the delay caused by the volt-
age-dependent transitions before channel opening, known as
the Cole-Moore shift [136], seems to be independent from
temperature in the TRPMS, a result that would not be ex-
pected if temperature- and voltage-activation of the channel
occurred through the same mechanism [12]. Finally, it has
been shown that neither capsaicin, temperature, voltage nor
pH are full agonists of the TRPV1 channel, meaning that the
maximal responses attainable under one of the activation
pathways of the channel (e.g. by depolarizing voltages) is
lower than the maximal response when the channel is chal-
lenged by two simultaneous stimuli. These findings have
lead to the proposal of MW C-type of models for the TRPV 1
[134] and TRPMS [137] that consider voltage-, temperature-
and ligand-activation of the channels to proceed through
different modules that are allosterically coupled to the gate
domain and to each other, similar to the model proposed for
calcium- and voltage-activation of BK channels [138-140].

The MWC-type of model predicts several of the observa-
tions made for the TRPV1 channel, most of which come
from macroscopic measurements. However, some of the
results obtained from single channel analysis further compli-
cate the panorama. Single channel analysis indicates that
TRPV1 activity at low stimulation levels (capsaicin, pH or
temperature) occurs in bursts separated by long gaps without
openings [101, 116, 141]. Capsaicin, low pH or elevated
temperature all seem to shorten the inter-burst closures, to
elongate burst durations and to raise the overall open time
per burst in a similar fashion, suggesting that the activation
mechanisms by these stimuli are convergent. However, the
presence of some intra-burst components and their time con-
stants seem to be agonist-independent, although agonists
might affect their relative occupancies [101, 116, 141].
These observations are not accounted for in any of the
above-mentioned models, indicating that the gating scheme
for the TRPV1 channels is far more complex.

THE ROLE OF THE N-TERMINAL ANKYRIN RE-
PEATS ON CHANNEL FUNCTION

TRPV1 has large cytosolic N- and C termini. The N-
terminus has been shown to contain six ankyrin repeats
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Fig. (2). Cartoon depicting voltage-activation of a voltage-activated channel. The pore domain is represented in orange, the S1-S4 in blue
and the voltage-sensor (with positive charges) in green. The plus and minus signs represent membrane polarity. The voltage sensor is thought
to undergo rotation and tilting with minor translation across the membrane. S4 conformational changes lead to gating of the pore via the S4-

S5 linker and the C-terminal portion of the S6.

(ANK), named after the cytoskeletal protein ankyrin, which
contains 24 copies of these repeats [142]. ANK repeats have
been implicated in a wide variety of processes such as pro-
tein-protein, protein-cytoskeleton and intersubunit interac-
tions and multiligand binding, although their functions are
not well understood.

Many members of the TRP family such as TRPA, TRPC,
TRPN and TRPV have ANK repeats, the number of which
varies from 3 to 29 [143]. The ankyrin repeats are formed by
stretches of 33 amino acid residues that give rise to a structure
consisting of a pair of anti-parallel a-helices connected by a
B-hairpin loop [144]. Some TRP ANK repeats are distinct
from other ANK-repeat containing proteins, and even show
significant differences among members of the TRP family.
For example, both TRPA and TRPN channels posses a larger
number of ankyrin repeat domains (ARD). The TRPV family
has unique features as compared to the canonical ARD such
as elongated finger loops, prominent twists amidst ankyrin
repeats 1-4 and 5-6, which divide the ANK repeat domains
of the channel in two regions, and aromatic residues present
in a hydrophobic patch in the B-hairpin of ankyrin repeat 2
and 3 where proteins could perhaps interact [87-89].

TRP channels are thought to form homo- or hetero-
tetrameric channels. Within the vanilloid family, it is known
that the subunits preferentially form homotetrameric chan-
nels, with the exception of TRPV5 and TRPV6 which form
heterotetramers with each other [145, 146]. However, the
molecular basis for TRP channel oligomerization had re-
mained obscure until recently, when the C-termini or the
ARD of the N-termini were implicated in the multimeriza-
tion of members of the TRPV family [147-150]. Recent stud-
ies have identified protein motifs in the C-terminus of some
voltage gated K' channels that act as an association domain
(AD), named tetramerizing coiled coil (TCC). This domain
can form o-helical and coiled coil multimers, determining
the stability and selectivity of multimerization [151-153].

Ferrer-Montiel and co-workers have proposed a molecular
model of the C-terminus of TRPV1 where the TRP-like do-
main, an amphipatic a-helix, acts as an AD that contributes
to subunit oligomerization. They found that the C-termini
associate in vitro, producing multimers, and that deletion of
the AD results in monomers incapable of associating with
each other, rendering the channels non-functional [147].

ANK repeats are extremely conserved between TRPV2
and TRPV1 and they do not act as multimerization domains,
but rather as a site for interactions with regulatory molecules
[87, 88]. Nonetheless, the importance of ANK repeats in
oligomerization of other members of the TRPV-channel
family has been demonstrated some years ago by different
research groups which have shown that, at least two regions
in TRPVS, the N-terminus (aa 64-67) and the C-terminus (aa
596-601), are important in channel assembly, and that
subunit association is critical in the routing and subsequent
activity of the channel in the plasma membrane [148]. In a
similar fashion, the third ANK repeat (aa 116-140) plays a
critical role in subunit assembly of TRPV6, initiating a mo-
lecular zippering that proceeds past the fifth ANK repeat
creating an intracellular anchor and which, if deleted or ex-
changed, makes the channel unable to self-associate [149].
Another study emphasized the relevance of ANK repeats in
channel assembly for TRPV4, where splice variants of this
channel which lacks these ANK domains displays impaired
subunit assembly leading to retention of the protein in the
endoplasmic reticulum [150].

Gaudet and collaborators have recently published the
crystal structure of the TRPV1 ANK repeat-domain. As
mentioned before, these domain exhibits great similarity
with that of the TRPV2 channel, with some differences in
the isoelectric point of the protein segment, with 8.3 for
TRPV1 and 5.8 for TRPV2, indicating a more positively
charged TRPV1 ARD which may, in fact, account for the
differences in biological behavior. This research group also
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confirmed that the 1-3 ARD of TRPV1 are the locus for the
ATP (adenosine triphosphate) binding site, which sensitizes
the channel to activation by capsaicin. The triphosphate moi-
ety of ATP interacts with the positively charged R115 of
inner helix 1, K155 and K160 of the inner helix 2, while the
adenine moiety interacts with L163 and Y199 of the inner
helix 2 and finger 2, respectively, and with Q202 of finger 2
and E210 at the inner helix 3 [154].

Another interesting regulator of TRPV1 channel-activity
is Ca*"-calmodulin (CaM), which is known to promote de-
sensitization of the channel in an intracellular Ca®* -
dependent fashion. The mechanism involves a reduction of
the macroscopic TRPV1 current by reducing the channel’s
open probability. The CaM binding site was localized to
residues 189-222 of the N-terminus [155] (Fig. 1). The role
of CaM in regulating TRPV1 activity is supported by an-
other study which found that CaM binds to the ARD in a
region which partially overlaps with the ATP-binding region
[154]. Moreover, the obtained results suggest that upon
channel activation, divalent cations such as Ca*" and Mg*"
release and chelate ATP allowing the binding site to become
accessible for CaM [154].

Phosphorylation also plays an important role in channel
activity. Inflammatory mediators such as prostaglandins pro-
mote the activation of a PKA-dependent pathway influencing
capsaicin- or heat-mediated actions of TRPVI in sensory
neurons. S116, located at the inner helix 1 of ARD, and T370,
located after the ARD are phosphorylated by PKA and imp-
licated in desensitization [57, 58]. It has been proposed that
phosphorylation introduces negative charges on S116 which
in turn may interfere with the negatively charged CaM [154],
while phosphorylation of the residues T144, T370 and S502
plays a role in the sensitization of heat-evoked currents [59].

It has been demonstrated that TRPV1 and TRPAT1 can be
activated by pungent compounds which modify cysteines in
the N-terminus [37, 38, 156]. Using a combination of elec-
trophysiological and behavioral assays in wild-type (WT),
TRPV1- and TRPA1-null mice our group found that TRPV1
mediates part of the animal’s response to allicin, and that this
response is of physiological significance and clearly indi-
cates that TRPV1 contributes to the perception of pain in-
duced by allicin. Moreover, in the same study it was deter-
mined that a single cysteine residue at position 157 at the
inner helix 2 of the second ankyrin repeat of the N-terminus
was responsible for the actions of allicin. Mutation of C157
rendered the channel insensitive to cysteine modifying
agents, and reinsertion of the cysteine into a cysteineless
TRPV1 recovered the channel’s response to allicin and other
cysteine-derivatizing compounds [38]. C157 is localized
close to the ATP binding pocket, which further stresses the
importance of this region in the regulation of channel activ-
ity. In contrast, TRPA1 needs a cluster of three cysteines
(C619, C639 and C663) to be activated by cysteine-
modifying agents such as cinnamaldehyde and mustard oil
[156]. Interestingly, TRPV1 is insensitive to some cysteine-
reactive species that activate the TRPA1, such as cinnamal-
dehyde and mustard oil, indicating that the binding site at
C157 has a certain degree of selectivity [38]. Garlic diallyl
sulfides also activate TRPA1 and TRPVI1 channels [39],
probably through a mechanism similar to the one mentioned
above.
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TRPA1 and TRPV1 can be activated in response to cell-
surface tension changes [157-159]. The ankyrin domains in
TRPA1 have been implicated in this mechanosensing re-
sponse [157, 160]. TRPVI1 has been shown to respond to
changes in osmolarity [158, 161-163], both to a hypertonic
medium [158, 162] and to hypotonic buffers [158, 159].
Moreover, a TRPV1 N-terminal splice variant, characterized
by the deletion of a stretch of amino acids from the N-
terminus, is required for osmosensitivity, wild-type neurons
expressing this variant respond to hypertonic medium
whereas neurons from TRPV1 knockout mice could not re-
spond [161].

Membrane lipids play a critical role in the regulation of
many functions of the cell, among them the regulation of ion
channels. In the past few years, there has been an increasing
interest on the regulation of TRPV1 by phospatidylinositol-
4,5-bisphosphate (PIP,). It is known that PIP, binds to the C-
terminus [53, 164], and it has been recently suggested that it
could also bind to the N-terminus of the channel [154].
There has also been controversy regarding the effects of PIP,
on TRPV1, on whether it increases or decreases channel ac-
tivity. The first reports suggested that the channel is inhibited
by PIP, and the relief from inhibition could be obtained by
activation of PLC (phospholipase C) and the resulting deple-
tion of PIP, [50]. This idea was based on indirect experi-
ments where the effects of phosphoinositides were not di-
rectly tested in excised patches. When tested in excised
patches it was found that PIP, activates TRPV1 [165, 166]. It
is also known that desensitization, the loss of activity of the
channel, occurs after prolonged capsaicin application. In this
context Rohacs and colleagues have found that Ca®" influx
activates PLC which depletes PIP, leading to desensitization.
In addition, PIP, had an inhibitory effect on the channel, but
only at low capsaicin concentrations [167]. Qin and col-
leagues have shown that the recovery from desensitization
occurs with high concentrations of ATP and resynthesis of
PIP, [52]. The overall evidence points to a role of ATP and
PIP, on sensitization of the channel. However, the role of the
interaction of PIP, with the N-terminus has not yet been fully
demonstrated.

THE PORE AND THE ACTIVATION GATE OF THE
TRPV1 CHANNEL

The pore domain of Kv channels, as exemplified by the
Kv1.2 structure, has been shown to be formed by the alpha-
helical S6 segments, which contribute to the lining of the
inner pore, the turret, the p-loop, the pore helix and the S5
segment [80, 168]. Each of the regions contributing to the
pore domain has been found to serve specific functions. For
example, the S6 segment contributes to the lining of the pore
and constitutes the activation gate in Kv channels [169-171],
opening and closing the ion conduction pathway in response
to changes in transmembrane voltage, due to the coupling to
the S4 voltage-sensing domain [122-126]. The pore helix
and the selectivity filter, on the other hand, can undergo con-
formational changes that can also lead to a non-conducting
state of the channel, however different from the closed state
reached by the deactivation of the S6-gate [172]. It has also
been found that selectivity in potassium channels can be al-
tered by only substituting potassium ions by sodium [173],
indicating that the selectivity filter is a dynamic structure.
Moreover, in cyclic nucleotide-gated channels (CNG) the
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activation gate was found to lie in the selectivity filter [174],
although the S6 still changes its conformation during gating
transitions [175, 176]. As can be seen, the pore domain is a
dynamic structure that lies in the point of convergence of the
different activation pathways a channel follows after an acti-
vating stimulus has been delivered, and is also subject to
extensive regulation. Although we still do not have a high
resolution structure of the pore of any TRP channel, impor-
tant advances have been made in the study of the function
and structure of the pore domain of these channels, which
have demonstrated that they retain, in general terms, most of
the structural and functional properties of voltage-activated
K" channels.

For example, sequence alignments between Kv channels
and TRPV1 indicate that the signature sequence for the Kv
channel selectivity filter is likely to be conserved (to some
degree) in the TRPV1 channel, whose sequence TIGMG
aligns with TVGYG found in potassium channels [94]. Sub-
stitution of the methionine at the putative selectivity filter by
a tyrosine does not significantly alter the selectivity of the
channel [92]. This agrees with the results obtained from Kv
channels, which allow substitutions in the tyrosine at the
signature sequence to be made without altering the selectiv-
ity of the protein [177]. However, substitutions of other resi-
dues in the putative p-loop of the TRPV1 do change the pore
properties of the channel. For example, neutralization of the
acidic residue E646, which is presumably located at the ex-
tracellular pore entrance [178], reduces the sensitivity of the
receptor to ruthenium red, a TRPV1 extracellular pore
blocker, and also reduces the channel’s permeability for
magnesium relative to sodium [92]. Furthermore, neutraliza-
tion of E636, which is expected to lie in the pore helix, also
reduces the channel’s permeability to calcium dramatically
[106], and when substituted by a positive residue, renders the
channel non-functional [92]. Nonetheless, the functionality
can be rescued by substituting the lysine at position 639 by
an acidic residue, indicating that these two residues are form-
ing a salt bridge, something that would be expected if both
were lying on an alpha-helix, i.e. the pore helix [92]. Moreo-
ver, residues D646 and E636 were recently found to be re-
sponsible for the proton-mediated decrease in single channel
conductance. The mechanism of inhibition does neither in-
volve competition between protons and permeant ions nor
surface charge screening, but seems to be an allosteric proc-
ess in which D646, E636 and K639 interact with each other
through hydrogen bonding [179]. Studies conducted with
other TRP channels have further confirmed the topology of
the pore suggested here: D542 and D541 in the S5-S6 loop
of TRPVS and TRPV6, respectively, were found to underlie
the high calcium permeability of these ion channels and to
control the diameter of the pore [180, 181]. The lack of an
acidic residue at that position in TRPV1-4 seems to underlie
the lower selectivity of these channels for calcium and diva-
lent cations. Similar observations have been made with the
calcium impermeable TRPM4 channel, in which mutations
in the putative selectivity filter enabled calcium permeation
through the receptor [182]. The outer pores of the TRPV6
and TRPVS have been probed by using the substituted cys-
teine accessibility method (SCAM), and the results are also
consistent with a pore topology similar to Kv channels [181,
183, 184], albeit with differences regarding the size of the
pore and the nature of the selectivity filter. Interestingly, a
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recent study suggests that the TRPV1 exhibits a phenomenon
previously observed in P2X receptors [185, 186] called pore
dilation, in which the channel’s selectivity for large cations
is increased as compared to sodium ions in an agonist expo-
sure-time- and concentration-dependent manner [187]. How-
ever, single channel or cysteine-accessibility studies are re-
quired to clarify the nature of these observations.

The outer pore is the locus where several TRPV1 channel
agonists bind, apart from protons: extracellular monovalent-,
divalent- and trivalent- cations and polyamines [188-190]
activate the channel through the same acidic residues as pro-
tons do. Notably, they have also been shown to affect other
biophysical properties of the channel besides acting as chan-
nel agonists: protons reduce single channel current through
the receptor [116, 179, 191] and gadolinium even blocks the
channel when present at high concentrations [189]. Moreo-
ver, calcium permeability seems to vary upon the nature of
the agonist delivered, since its permeability coefficient with
respect to monovalent ions has been shown to be reduced
during proton-mediated gating as compared to when the
channel is opened by capsaicin at neutral pH [192]. Further-
more, this phenomenon was found to depend on three acidic
residues in the outer pore of the channel.

By performing a SCAM analysis of the outer pore of the
TRPVS5 and comparing residue modification before and after
channel deactivation by intracellular acidification [193], it
was found that the pore helix rotates in a clockwise direction
to induce channel deactivation. It is evident that the pore
helix seems to have a relevant role in transducing informa-
tion from the different sensors of the channel to the opening
of the pore, as has been further evidenced for the coupling
between proton binding to E648 and the activation of the
TRPV1 channel, which requires specific residues in the pore
helix [111]. Other mutations in that region have been found
to alter not only proton sensitivity, but also capsaicin and
temperature sensitivity of the receptor [107], indicating that
this region is very important for the gating activity of the
channel.

By using quaternary ammonium blockers, a group of
cationic pore blockers that have been extensively used to
probe the pore of Kv channels [194-196], and that actually
permitted the experimental identification of an activation
gate for the first time in these channels, it was demonstrated
that the TRPV1 channel actually has an intracellular gate that
hinders the entrance to the pore of molecules at least the size
of tetrapropylammonium (TPrA, 9 A) [133, 197]. Blocker
molecules were found to block the channel in a voltage-
dependent manner, and to have blocking properties that were
related to the presence of several ion-binding sites in the
channel’s selectivity filter, as observed in K channels. Qua-
ternary ammoniums lengthened the opening bursts of the
channel at low capsaicin concentrations and slowed the deac-
tivation kinetics at saturating agonist concentrations, re-
flected by slower tail currents, confirming that these mole-
cules do indeed interfere with the closing of an intracellular
gate of the channel. Interestingly, tetracthylammonium
(TEA, 8 A) did not apparently interfere with channel closure,
indicating that it either is a state-independent blocker or that
it can become trapped inside the channel pore. But do these
findings imply that the TRPV1 channel possesses an intra-
cellular activation gate similar to Kv channels? A study
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based on an alanine scan of the S6 had suggested that the
segment was an alpha-helix. By using molecular dynamics
simulations the authors hinted to the presence of two intra-
cellular flexible points in the helix that might therefore
change their conformation upon agonist delivery and gate the
channel [198]. However, no experimental demonstration of
an activation gate for the TRPV1 channel could be advanced.

Very recently our group performed a SCAM analysis of
the S6, in which the state-dependence of accessibility of cys-
teine residues introduced along the S6 segment to cysteine
modifiers of different sizes (MTSET, 5.8 A; MTSEA, 3.6 A
and silver - Ag" - 1.26 A) was evaluated [94]. The study suc-
ceeded in identifying two intracellular constrictions that con-
stituted barriers to the permeation of ions, one located at the
most intracellular region of the S6, at L681, and the other at
the middle of the S6, at Y671. The most intracellular con-
striction at L681 was found to hamper the access of large
cations, such as MTSET, to the inner pore of the channel,
while allowing smaller cations such as silver and probably
MTSEA to reach some upper positions in the S6. The second
constriction at Y671 closed the ion conduction pathway even
for silver, which is comparable in size to other permeating
ions such as sodium (0.94 A) and potassium (1.33 A) (Fig.
3). This observation indicates that the constriction at Y671 is
the activation gate of the TRPV1 channel which opens and
closes the ion conduction pathway upon capsaicin binding.
Moreover, the proximity between the residues of the four S6
helices at both constrictions was confirmed by observing
highly open state-dependent formation of disulfide bonds
between cysteines introduced at either one of the two posi-
tions in a cysteineless background.

Regardless of the type of activating stimulus delivered to
the channel, it might be expected, as said before, that the
different pathways of channel activation converge in the
opening of the gate. If this were the case, it would be ex-
pected that the same state-dependence observed when the
channel is gated by capsaicin would be observed when the
channel is activated by another stimulus. Indeed it was found
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that the observations with capsaicin were reproduced when
the channel was activated by elevated temperature, confirming
that at least capsaicin and temperature activation converge in
the opening of a single intracellular activation gate [94].

The constriction in those studies where we used quater-
nary ammoniums was the one located at L681, since it ham-
pers the passage of ions larger than MTSET, including TEA
and the larger QAs. We also conclude that a TEA molecule
can become trapped inside the closed TRPV1 channel, so
that the intracellular cavity of the channel should be able to
accommodate a molecule at least the size of TEA.

Finally, harmonic analysis based on a discrete Fourier
transform [199] of the rates of modification of the cysteines
introduced along the S6 in the open state revealed a marked
periodicity in the accessibility data that has a peak at 107°,
which is expected for an alpha helix that is half exposed to
an aqueous environment (the inner pore) and half exposed to
an hydrophobic environment (the lipid bilayer and the rest of
the protein), with fast modification occurring for the residues
facing the pore, and slow modification observed for the resi-
dues facing the hydrophobic environment.

Quantification of an alpha-periodicity index for the data
[200] further confirms that the S6 is an alpha helix, with the
three last residues, including L681, lying in a protein loop
that is no longer part of the helix [94]. Homology modeling
allowed us to propose a model of the TRPV1 pore, in which
both Y671 and L681 are facing the lumen of the pore (Fig.
3). Accordingly, a study has reported that mutation Y671K
alters the channel’s Ca>" permeability and desensitization, as
if the desensitized channel was destabilized by the mutation,
and hence had been predicted to be contributing to the lining
of the inner pore [201].

TRPVI GENE POLYMORPHISM AND CHANNEL
ACTIVATION

The human TRPVI gene was mapped to chromosome
17p13 [202]. The TRPVI gene contains 18 exons and spans

(b)

Fig. (3). TRPV1 homology model based on the Kv1.2 channel. (a) two segments of S6 with residues L681 (depicted in yellow) which
obstruct the ion conduction pathway for large molecules and Y671 (depicted in red) which obstruct the ion conduction pathway for small
permeating molecules, and constitutes the activation gate, (b) bottom view of the helical S6 transmembrane segments with residues L681 and

Yo671.
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at least 32 kb. In the TRPVI gene, frequent single nucleotide
polymorphisms (SNPs) have been reported [203]. TRPVI
polymorphism has been linked to sensitivity to painful stim-
uli including noxious temperature and inflammation. For
example, several SNP markers (including rs222747 and
rs8065080, which induce amino acid changes of methionine
to isoleucine at codon 315 and isoleucine to valine at codon
585, respectively) have been linked to temperature-induced
pain [204]. It was speculated that SNPs may form the mo-
lecular basis for gender-related differences in heat pain
[204]. Nonetheless, to date no clear association between
TRPV1 polymorphism and pain sensitivity has been reported.

Little is known about the influence of SNPs on TRPV1
channel activation. Six non-synonymous SNPs were reported
to display similar ECsq values for capsaicin activation [203].
This is surprising since the oral burn produced by chili pep-
pers shows striking interindividual differences. Interestingly,
two TRPV1 SNPs (rs222749 and rs222747) when trans-
fected into HEK293 cells showed enhanced responsiveness
to anandamide, a putative endogenous TRPV1 agonist (“en-
dovanilloid”) [203]. Activation of TRPV1 by anandamide
was postulated to play a role in the development of hyperten-
sion [205-207]. If so, individuals with these TRPV1 SNPs
may be prone to suffer from high blood pressure. It can be
speculated that TRPV1 SNPs can also confer higher sensitiv-
ity to other agonists. Propofol, a known activator of TRPV1
[208], was reported to cause excruciating pain in some pa-
tients but not others [209-211].

DISEASE-RELATED CHANGES IN THE EXPRES-
SION OF TRPV1 AND RELATED CHANNELS RELE-
VANT TO PAIN

TRPV1 shows bi-directional changes, up- or down-
regulation, during disease states (see [212] for review). For
example, during inflammation and in bone cancer TRPV1
levels increase substantially [64, 213, 214]. Conversely,
TRPV1 expression is down-regulated in neuropathic pain
secondary to injury [215, 216]. In a rodent model of diabetic
neuropathy, the early hyperalgesic state has been linked to
increased TRPV1 expression whereas the late hypoalgesic
state was accompanied by a virtual absence of TRPV1 recep-
tors [217]. In accord, in the skin of patients with diabetic
neuropathy, TRPV1-expressing epidermal nerve fibers are
markedly reduced [75]. It has been hypothesized that the
down-regulation of TRPV1 expression in diabetic skin is
related to the diminished nerve growth factor (NGF) levels
[75]. By this reasoning, increased TRPV1 levels during in-
flammation can be attributed to enhanced NGF production.
Indeed, capsaicin-sensitivity of DRG neurons is regulated by
NGF in vitro [218, 219]. Capsaicin was reported to interfere
with the centripetal intraaxonal transport of NGF from the
periphery to the perikarya of TRPV 1-expressing neurons and
this effect was surmised to contribute to capsaicin-induced
desensitization [220].

Painful human disease states with enhanced TRPV1 ex-
pression include inflammatory bowel disease (both Crohn’s
disease and ulcerative colitis) [68], fecal urgency/irritable
bowel syndrome [221, 222], reflux esophagitis [223], vulvar
allodynia [66], and pain (mastopathy) secondary to macro-
mastia [69]. As discussed above, low pH is capable of acti-
vating TRPV1 directly [43]. Thus, it is easy to visualize the
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link between increased TRPV1 expression, “heart-burn” and
regurgirated gastric acid in patients with reflux esophagitis.
It is a common observation that alcohol consumption often
causes a burning sensation in reflux esophagitis patients.
Indeed, ethanol was reported to potentiate the activation of
TRPV1 by its agonists including heat and protons [224,
225]. Less clear is the activation mechanism of TRPV1 in
patients with inflammatory bowel disease or fecal urgency,
where channel activation by hydrogen sulfide may play a
role [226, 227].

A well-defined subpopulation of chronic cough patients
is distinguised by their unique sensitivity to capsaicin-
evoked cough. These patients have increased TRPV1 recep-
tors levels in their airways [70, 72]. Apparently, there is a
significant overlap between patients with chronic cough and
sensory hypersensitivity but not asthma (see [228-230] for
review). Since many patients with reflux esophagitis also
suffer from chronic cough (especially in the morning) (see
[231] for review), it is a reasonable assumption that the
cough reflex in these patients is driven by inhaled acid acting
on airway TRPV1 receptors [232].

Although strictly speaking not a disease, it should be
mentioned that chronic morphine administration up-regulates
TRPV1 expression in the spinal cord in a MAP kinase-
dependent manner [233]. This is intriguing because mor-
phine tolerance is often associated with the development of
thermal hyperalgesia [234-237]. In fact, intrathecal pretreat-
ment with the TRPVI1 antagonist SB366791 [N-(3-
methoxyphenyl)-4-chlorocinnamide] has been shown to at-
tenuate morphine tolerance and to prevent thermal hyperal-
gesia [233]. It is hoped that TRPV1 antagonists will reduce
the need for opioids and, as an added benefit, also prevent
tolerance to opioids. Interestingly, acute morphine admini-
stration has the opposite effect, since it negatively modulates
TRPV1 via inhibition of adenylate cyclase [238, 239].

This bi-directional regulation of expression during dis-
ease states is, however, not specific to TRPV1. For example,
TRPV4 has been linked to chemotherapy (e.g. taxol- or vin-
cristine)-induced neuropathy [240]. In accord, TRPV4 an-
tisense oligodeoxynucleotide given intrathecally reverses
mechanical allodynia and ameliorates mechanical hyperalge-
sia in animal models of neuropathy of various etiologies,
such as diabetes, alcoholism, and chemotherapy [241]. An-
other example of this phenomenon is TRPMS. In rat DRG,
mRNA encoding TRPMS is increased following chronic
constriction injury [242]. However, in human TRPMS ap-
pears to be conversely down-regulated in painful dental pulp
[243]. Indeed, no evidence for the involvement of TRPMS in
cold allodynia has been found in neuropathic pain patients
[244]. This is a worrisome example of the species-related
differences in TRP channel biology that hinder extrapolation
of animal experiments to patients.
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