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Molecular Determinants of Vanilloid Sensitivity in TRPV1*
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Vanilloid receptor 1 (TRPV1), a membrane-associated
cation channel, is activated by the pungent vanilloid
from chili peppers, capsaicin, and the ultra potent
vanilloid from Euphorbia resinifera, resiniferatoxin
(RTX), as well as by physical stimuli (heat and protons)
and proposed endogenous ligands (anandamide, N-
arachidonyldopamine, N-oleoyldopamine, and products
of lipoxygenase). Only limited information is available
in TRPV1 on the residues that contribute to vanilloid
activation. Interestingly, rabbits have been suggested to
be insensitive to capsaicin and have been shown to lack
detectable [*PHJRTX binding in membranes prepared
from their dorsal root ganglia. We have cloned rabbit
TRPV1 (oTRPV1) and report that it exhibits high homol-
ogy to rat and human TRPV1. Like its mammalian or-
thologs, oTRPV1 is selectively expressed in sensory neu-
rons and is sensitive to protons and heat activation but
is 100-fold less sensitive to vanilloid activation than ei-
ther rat or human. Here we identify key residues (Met®4”
and Thr%%°) in transmembrane regions 3 and 4 (TM3/4) of
rat and human TRPV1 that confer vanilloid sensitivity,
[PH]RTX binding and competitive antagonist binding to
rabbit TRPV1. We also show that these residues differ-
entially affect ligand recognition as well as the assays of
functional response versus ligand binding. Further-
more, these residues account for the reported pharma-
cological differences of RTX, PPAHV (phorbol 12-
phenyl-acetate 13-acetate 20-homovanillate) and
capsazepine between human and rat TRPV1. Based on
our data we propose a model of the TM3/4 region of
TRPV1 bound to capsaicin or RTX that may aid in the
development of potent TRPV1 antagonists with utility
in the treatment of sensory disorders.

The receptor for capsaicin (a small vanilloid molecule ex-
tracted from “hot” chili peppers), designated vanilloid receptor
1 (also known as VR1 and TRPV1! (1)) has been cloned and

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™ / EBI Data Bank with accession number(s) AY487342.

§ To whom correspondence should be addressed: Dept. of Neuro-
science, Amgen Inc., MS 29-2-B, One Amgen Center Dr., Thousand
Oaks, CA 91320-1799. Tel.: 805-447-0607; Fax: 805-480-1347; E-mail:
ngavva@amgen.com.

L The abbreviations used are: TRPV1, transient receptor potential
vanilloid type 1; RTX, resiniferatoxin; AEA, arachidonyl ethanolamine;
NADA, N-arachidonyldopamine; OLDA, oleoyldopamine; DRG, dorsal

This paper is available on line at http://www.jbc.org

shown to be a nonselective cation channel with high permeabil-
ity to calcium. TRPV1 belongs to a superfamily of ion channels
known as transient receptor potential channels (TRPs) several
of which appear to be sensors of temperature (2, 3). TRPV1 can
be activated by exogenous agonists (capsaicin and RTX) and by
physical stimuli such as heat (>42 °C) and protons (pH 5).
Possible endogenous ligands released during tissue injury have
also been suggested, including anandamide (arachidonyleth-
anolamine or AEA) and products of lipoxygenases such as
12-hydroperoxyeicosatetraenoic acid, N-arachidonyldopamine
(NADA), and N-oleoyldopamine (OLDA) (4-7). Ji et al. (8)
reported that TRPV1 is detectable at increased levels after
inflammatory injury in rodents and speculated that the in-
creased level of TRPV1 protein combined with the confluence of
stimuli present in inflammatory injury states leads to a re-
duced threshold of activation of nociceptors that express
TRPV1, i.e. hyperalgesia. Indeed the converse is true that
TRPV1-deficient mice display reduced thermal hypersensitiv-
ity following inflammatory tissue injury (9).

Structure-function studies of this channel are in their in-
fancy, but fundamental observations have been reported. Pub-
lications of species differences, based upon differential binding
of the radiolabeled TRPV1 agonist [’H]RTX to dorsal root gan-
glia membranes, were recorded even before TRPV1 was cloned
(10). Of note, rabbits were found to be resistant to the acute
toxicity of capsaicin (11) and were found not to have [PH]RTX
binding sites (10). These observations have provided the basis
for an approach to identify key regions involved in TRPV1
binding and activation by RTX and capsaicin by cloning TRPV1
from capsaicin-sensitive and insensitive species (rat (1); human
(12); rabbit (13, 14); chicken (15); and guinea pig (16)). Rat and
human TRPV1 have been pharmacologically characterized
proving that capsaicin and RTX are indeed agonists of TRPV1
(capsaicin ECgo: 0.05-0.2 uM and RTX ECy,: 0.3-11 nM) tran-
siently expressed in HEK293 cells (12, 17-19). Interestingly,
these studies have indicated species differences in antagonism,
such as the report that capsazepine blocks human but not rat
TRPV1 response to low pH (18).

Electrophysiological studies using membrane-impermeable
analogues of capsaicin (20) and mutational analysis of extra-
cellular loops (21, 22) have identified domains that contribute
to capsaicin and proton activation, respectively. These studies

root ganglia; PPAHV, 12-phenylacetate 13-acetate 20-homovanillate;
BCTC, N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-ytetrahydropy-
razine-1(2H)-carboxamide; CHO, Chinese hamster ovary; BSA, bovine
serum albumin; MES, 4-morpholineethanesulfonic acid; r/o, rat-rabbit
chimera; h/o, human-rabbit chimera; Iodo-RTX, iodo resiniferatoxin;
TM, transmembrane domain.

20283



20284

have demonstrated that capsaicin appears to function from the
intracellular side, and protons act on an extracellular site to
activate TRPV1. We have previously reported the cloning of
rabbit TRPV1 and that it is capsaicin-insensitive but activated
by heat (45 °C) and protons (pH 5) in transiently expressed
HEK293 cells (13). Jordt and Julius (15) have more recently
shown that heterologously expressed chicken TRPV1 (gTRPV1)
is similarly insensitive to activation by capsaicin but sensitive
to heat (>42 °C) and proton (pH 4.5) stimuli. Furthermore,
Jordt and Julius (15) showed that the TM3/4 region of TRPV1
appeared to be responsible for capsaicin sensitivity. Experi-
ments by other investigators have identified additional resi-
dues on the N- and C-terminal domains of TRPV1 that also
appear to modify capsaicin sensitivity as well as [PH]RTX
binding (23, 24).

We describe in the present study amino acids in TRPV1
critical for vanilloid sensitivity by utilizing rabbit TRPV1
(Oryctolagus cuniculus, oTRPV1) and selected mutations of the
TM3/4 region. We determine, utilizing radioactive calcium
(*5Ca?™") uptake assays and whole cell patch clamp techniques,
the sensitivity of o-TRPV1 and mutants to the published acti-
vators of TRPV1. Binding of [*H]RTX was used to probe resi-
dues important for the high affinity binding of this ligand to
TRPV1. Furthermore, we examine the functional sensitivity of
oTRPV1 and mutants to capsaicin site antagonists and show
that gain of capsaicin sensitivity also confers competitive an-
tagonist action at TRPV1. Last, we present a model of capsaicin
and RTX bound to the TM3/4 region of rat TRPV1.

EXPERIMENTAL PROCEDURES

Molecular Biology—A cDNA library was made in pSPORT vector
from poly(A)"-containing RNA extracted from dorsal root ganglia dis-
sected from New Zealand White rabbits. The library was screened at
high stringency (2X SSC, 65 °C) with a rTRPV1 probe (bases 1063—
2185, the sequence with GenBank™ accession number AF029310).
Several clones were isolated, and the longest full-length clone, desig-
nated oTRPV1, was chosen for expression studies. The sequence of this
cDNA has been submitted to the GenBank™ (accession number
AY487342).

Rat-rabbit (r/0) TRPV1 chimera was generated by restriction cloning.
Clal and PmlI restriction sites were introduced into pcDNA3.1-0TRPV1
construct using QuikChange site-directed mutagenesis kit (Strat-
agene). Ser®°®>-Thr®?° fragment was PCR-amplified from rTRPV1 (Clal
and PmlI sites were included in PCR primers) and cloned into oTRPV1
Clal-Pmll. Point mutations were introduced using the QuikChange kit
following the manufacturer’s protocol. All constructs were verified by
DNA sequencing.

In Situ Hybridization—In situ hybridization was carried out using
33P-labeled riboprobes as described previously by Wilcox (25). A unique
500-bp PCR fragment of oTRPV1 ¢DNA was subcloned into the
polylinker site of pCR2.1 vector (Invitrogen). Linearized constructs
were transcribed with SP6 or T7 RNA polymerase to generate antisense
or sense [**Pluridine triphosphate-labeled RNA probes, respectively
(Promega SP6/T7 kit). Sections were hybridized overnight at 55 °C with
the #*P-labeled antisense or sense riboprobes corresponding to cTRPV1.
Sections were examined with dark field and standard illumination
(bright field) to allow simultaneous evaluation of tissue morphology and
hybridization signal.

Transient Transfections—HEK293 cells were maintained in Dulbec-
co’s modified Eagle’s medium (supplemented with 10% fetal bovine
serum, penicillin, streptomycin, and L-glutamine). Cells were tran-
siently transfected with a cytomegalovirus promoter-based expression
vector (pcDNAS3.1, Invitrogen) encoding an appropriate TRPV1 receptor
by using FuGENE (Roche Applied Science) transfection reagent (75 ul
of FuGENE and 45 ug of plasmid per 1.5-1.7 X 107 cells in a 225-cm?
culture flask). After 24 h the large pool of transfected cells was reseeded
into Amersham Biosciences Cytostar plates for “°Ca uptake studies,
into 3-cm dishes for whole cell patch-clamp recording studies, into clear
polystyrene 96-well plates for enzyme-linked immunosorbent assay or
immunostaining, or spun down, and pellets were used for [PHJRTX
binding assay. Enzyme-linked immunosorbent assay or immuno-
staining with appropriate anti-VR1 antibodies were used to measure
expression levels.
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Stable Transfections—CHO cells stably expressing rTRPV1,
oTRPV1, oTRPV1-I550T, oTRPV1-L547M, or oTRPV1-L547M/I550T
were generated by transfection with pcDNA 3.1-expression vector en-
coding an appropriate TRPV1 ¢cDNA. Cells were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% dialyzed fetal
bovine serum, penicillin, streptomycin, L-glutamine, and nonessential
amino acids. The CaOPO, method was used for stable transfections (5
ug of DNA per 2 X 10° cells in 60-mm dishes). 800 ug/ml Geneticin was
used as a selection agent. After about 2 weeks of selection single
colonies were picked and screened for expression of TRPV1 in a **Ca®*
uptake assay. Positive clones were expanded and used in all of our
studies similarly to HEK293 transients.

Functional Assays—The activation of TRPV1 is followed as a func-
tion of cellular uptake of radioactive calcium (**Ca®*, ICN). All the
45Ca?* uptake assays had a final *°Ca®* at 10 uCi/ml. The assays were
as follows: 1) Agonist assay: agonists were incubated with vector or
TRPV1 expressing HEK293 cells in 1:1 ratio of F-12 and Hanks’ buff-
ered saline solution supplemented with BSA, 0.1 mg/ml, and 1 mm
HEPES at pH 7.4 at room temperature for 2 min in the presence of
45Ca?* prior to compound washout. 2) Capsaicin antagonist assay:
compounds were preincubated with vector or TRPV1 expressing
HEK293 or CHO cells in Hanks’ buffered saline solution supplemented
with BSA, 0.1 mg/ml, and 1 mm HEPES at pH 7.4 at room temperature
for 2 min prior to addition of *°Ca®?* in F-12 and then left for an
additional 2 min prior to compound washout. 3) Proton antagonist
assay: compounds were preincubated with vector or TRPV1 expressing
HEK293 or CHO cells at room temperature for 2 min prior to addition
of #*Ca?" in 30 mm HEPES/MES buffer (final assay pH 5) and then left
for an additional 2 min prior to compound washout. 4) Compound
washout and analysis: assay plates were washed two times with phos-
phate-buffered saline, 0.1 mg/ml BSA using an ELX405 plate washer
(Bio-Tek Instruments Inc.) immediately after functional assay. Radio-
activity in the 96-well plates was measured using a MicroBeta Jet
(Wallac Inc.). Compound activity was then calculated using GraphPad
Prism. Maximum “°Ca®* uptake in agonist dose response was consid-
ered as 100% for each agonist in calculating the ECj, values.

[PHJRTX Binding Assay—Binding studies with [PH]RTX were carried
as described previously with minor modifications (10). Binding assay
mixtures were set up on ice in glass tubes (Kimble Glass Inc.) and
consisted of 200 ul of binding buffer (5 mm KCl, 5.8 mm NaCl, 0.75 mm
CaCl,, 2 mm MgCl,, 137 mM sucrose, 10 mm HEPES, pH 7.8), 50 ul of
[PHIRTX (different concentrations, 87 Ci/mmol specific activity,
PerkinElmer Life Sciences) and 100 pl of cell suspension (0.5-1 X
10%/per tube). The assay mix contained BSA at a final concentration of
0.25 mg/ml (Cohn fraction V, Sigma). In each set of experiments, total
binding and nonspecific binding were defined in the presence of 3.5 ul
of cold RTX (1 uMm final concentration). The reaction mixtures were
incubated at 37 °C shaking water bath for 1 h (50 rpm). Binding reac-
tions were terminated by chilling the assay mixtures on ice for 5 min.
100 pl of ay-acid glycoprotein (2 mg/ml; Sigma) was added into the
binding mix and incubated for an additional 10 min to reduce nonspe-
cific binding. The bound and free ligands were separated by centrifu-
gation in a Beckman 12 Microfuge. The tip of the Microfuge tubes
containing the cell pellet was cut off, and the bound radioactivity was
determined by scintillation counting (Wallac). Data was analyzed using
GraphPad Prism.

Electrophysiology—HEK293 cells transiently expressing the TRPV1
channels were maintained at 37 °C in a 5% CO, atmosphere. Whole-cell
membrane currents were recorded using the whole cell patch-clamp
technique (26). The external calcium-free recording solution contained
140 mm NaCl, 5 mm KCl, 10 mm EGTA, 2 mm MgCl,, 10 mm HEPES,
and 10 mMm glucose, pH 7.4. Recording micropipettes were filled with an
internal recording solution containing 140 mm CsCl, 10 mm EGTA, and
10 mm HEPES, pH 7.2. The micropipettes had resistances ranging from
2 to 4 MU and were connected to an AxoPatch 200B patch-clamp
amplifier (Axon Instruments Inc.), driven by a desktop computer
through a DigiData 1322A digitizer (Axon Instruments Inc.). Liquid
junction potentials were manually corrected before establishing the
seal. Upon achieving a GU seal, the patch was ruptured and whole cell
currents were recorded during the application of voltage pulses gener-
ated using pClamp version 8.0 software (Axon Instruments Inc.). Cur-
rents were filtered at 5 kHz by a low pass 8-pole Bessel filter and
acquired at 10 kHz, in episodic mode. All experiments were conducted
at room temperature (20—22 °C) by holding the membrane potential at
—60 mV. A “sewer-pipe” perfusion system (Rapid Solution Changer
model RSC-200, Bio-Logic Science Instrument SA, France) was used to
apply solutions directly to the cell under study. Capsaicin and Ruthe-
nium Red were dissolved directly into external recording solution. Re-
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TaBLE 1
Identity and homology between TRPV1 from different species
(rabbit, oTRPV1; rat, rTRPV1; human, hTRPVI; chicken, gTRPV1;
guinea pig, gpTRPV1)
For each species identity is shown at the top, and similarity is shown
in the bottom row.

oTRPV1 hTRPV1 gpTRPV1 gTRPV1
%

rTRPV1 86 85 85 65
91 92 91 77
oTRPV1 87 84 65
92 90 77
hTRPV1 84 64
90 77
epTRPV1 64
76

cording solutions were adjusted to the desired pH by adding HC1. Data
was analyzed using pClamp version 8.0 and Prism version 3.02
(GraphPad).

Molecular Modeling—Molecular modeling was carried out using In-
sight II (2000) software (Accelrys Inc.). Transmembrane helices and
connecting segments were modeled using the Biopolymer module of
Insight IT (2000). RTX and capsaicin structures were generated and
minimized using Insight II tools.

RESULTS

All studies of mutant TRPV1 function were conducted using
transient transfections in HEK293 cells. Transient transfec-
tions of HEK293 cells followed by immunohistochemical stain-
ing for TRPV1 protein indicated that all TRPV1 ¢cDNAs studied
in this report appeared to be expressed. However, this tech-
nique did not allow for quantitative analysis of the number of
functional channels expressed on the cell surface, and as such
all of the data presented here are discussed as relative activity.
Interpretation of “°Ca®* uptake assays utilizing different
TRPV1 mutants assumed that all have the same permeability
to calcium ions. 0TRPV1 gain-of-function mutants were also
characterized by stable expression in CHO cells.

oTRPV1 Is Less Sensitive to Capsaicin Activation Than Rat
TRPVI—To determine if 0TRPV1 is indeed less sensitive to
vanilloids than other species, 0cTRPV1 was cloned from a bac-
terial colony screen of a rabbit DRG ¢DNA library utilizing
hybridization with a radiolabeled 32P-rTRPV1 probe. A cDNA
clone (2.4 kb) was identified whose predicted protein sequence
had high homology to rTRPV1 (86% identity and 91% similar-
ity) and hTRPV1 (87% identity and 92% similarity; Table I and
Fig. 1A). In situ hybridization of rabbit dorsal root ganglia
(DRG) sections with a probe generated from the oTRPV1 ¢cDNA
revealed strong labeling of cells in the DRG (Fig. 1B) with
expression restricted to the small and medium diameter cell
bodies consistent with that seen in other species. Studies
showed that conditions capable of robustly activating rTRPV1
had a mixed effect on c-TRPV1. Whereas oTRPV1 was activated
by heat (45 °C) or pH 5 similar to rTRPV1, it was not activated
by capsaicin at supra-maximal activation concentrations for
rTRPV1 (Fig. 1C). Furthermore, oTRPV1-transfected HEK293
cells did not show any specific [’HIRTX binding, whereas
rTRPV1-transfected cells showed specific binding with a K,
value of 0.089 = 0.01 nm.

Agonist sensitivity was also characterized by electrophysiol-
ogy. Perfusion of voltage-clamped cells transiently expressing
TRPV1 with low pH solution elicited an inward current, with
amplitudes that increased with lower pH (e.g. Fig. 1D). Aver-
age peak currents at pH 5 for rTRPV1 and oTRPV1 were
310.3 + 85.8 pwA/microfarad (n = 5), 281.9 * 24.6 uA/micro-
farad (n = 5), respectively. Low pH elicited a much smaller
current of 1.02 = 0.93 pA/picofarad (n = 6 cells) in mock
transfected HEK293 cells, which indicated that the proton-
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activated current in (rat and rabbit) TRPV1-transfected cells
was primarily mediated by TRPV1. Large currents were also
observed in response to 1 and 10 uM capsaicin in rTRPV1-
transfected cells. In contrast, 1 um capsaicin failed to generate
any current in oTRPV1-transfected cells, although 10 um
evoked a small current (Fig. 1D). These experiments confirmed
that oTRPV1 was functionally expressed in HEK293 cells and
that oTRPV1 was much less sensitive to activation by capsaicin
than rTRPV1. However, the small current elicited with 10 um
capsaicin suggested a rudimentary capsaicin-site in oTRPV1.
The ability of Ruthenium Red to block oTRPV1 was also tested
in patch-clamp studies. Ruthenium Red (10 um) application
10 s after pH 5 activation blocked 83.4 + 8.2% of the oTRPV1
current (n = 5 cells; Fig. 1E). These data verified that proton
activation of oTRPV1 is sensitive to pore blockade similar to
rTRPV1. In summary, sequence similarities to TRPV1s from
other species, the activation profile of oTRPV1 by proton and
heat, blockade of the proton and heat responses by Ruthenium
Red, and the expression pattern of 0TRPV1 mRNA in rabbit
dorsal root ganglia confirm that oTRPV1 is the rabbit ortho-
logue of TRPV1. The limited sensitivity of oTRPV1 to capsaicin
and RTX and lack of detectable [PHJRTX binding agree with
published data on the expected properties of cTRPV1 (10, 11).

Residue 550 Is an Important Determinant for Vanilloid Sen-
sitivity in oTRPVI—A rat-rabbit chimera (r/o chimera) of
TRPV1 was constructed by transfer of transmembrane do-
mains 3 through 4 (amino acids Ser®*®>-Thr®*°) from rTRPV1 to
oTRPV1, because Jordt and Julius (15) previously showed that
the TM3/4 region of TRPV1 appears to be responsible for cap-
saicin sensitivity. Functional analysis of transiently trans-
fected cells by %°Ca2" uptake showed that the r/o chimera
gained sensitivity to vanilloids (ECjy, for capsaicin: 0.051 *
0.029 um and RTX: 11 *= 5 nwm) similar to rTRPV1 (Fig. 2A).
Sensitivity of the r/o chimera to capsaicin was also character-
ized by electrophysiology. Currents evoked by pH 5 and 1 um
capsaicin were similar in the chimera and rTRPV1 (Figs. 1D
and 2A, bottom panel). In addition, we also made a human-
rabbit chimera (h/o chimera) transferring the Ser®®®-Thr®>°
from hTRPV1 to oTRPV1. Similar to r/o chimera, functional
analysis showed that h/o chimera gained sensitivity to capsai-
cin (Fig. 24), further confirming that the TM3/4 region is re-
sponsible for vanilloid sensitivity.

Amino acid sequence alignment of the 505-550 region indi-
cated that ten amino acids are different between rat and rabbit
TRPV1, and six amino acids are different between human and
rabbit TRPV1 (Fig. 2C). To determine which residues within
this region were responsible for gain of functional sensitivity to
vanilloids in 0'TRPV1, we mutated the residues that are differ-
ent in rabbit from both rat and human TRPV1 (A505S, A520S,
C534R, T540S, and I550T). Remarkably, changing the single
residue at 550 in rabbit to the corresponding residue found in
rat and human TRPV1 (I550T) was sufficient to confer gain of
function for activation by capsaicin (Fig. 2B). Dose-response
curves in *°Ca®"-uptake experiments indicated that the ECj,
of capsaicin at the o TRPV1 channel was 14.8 * 7.9 uM, whereas
it was 0.016 = 0.006 um for rTRPV1, 0.051 * 0.029 um for the
r/o chimera (described above), and 0.052 = 0.034 um for
oTRPV1-I550T. In addition to the above studies using tran-
siently transfected HEK293 cells, we have also verified
oTRPV1-I550T sensitivity to vanilloids in stably expressing
CHO cells. Vector-transfected HEK293 or parental CHO cells
did not show significant *°Ca?*-uptake up to 40 uM capsaicin or
10 um RTX. Other known TRPV1 agonists (Arvanil, Olvanil,
12-phenylacetate 13-acetate 20-homovanillate (PPAHV),
NADA, and OLDA) were inactive up to 40 um at wild type
oTRPV1 but functioned as potent agonists at oTRPV1-I550T
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Fic. 1. Rabbit TRPV1 (0TRPV1) responds to heat or protons, but is less sensitive to capsaicin. A, phylogenetic tree based on ClustalW
alignment of TRPV1 and related TRPV protein sequences. B, in situ hybridization showing dorsal root ganglia-enriched expression of TRPV1 in
rabbit. C, activation of °Ca®* uptake in HEK293 cells transiently expressing rat or rabbit TRPV1 with protons (pH 5), capsaicin (0.5 um), or heat
(45 °C). Responses of HEK293 cells transfected with an expression vector alone are included. Results are shown as mean = S.D. from three
independent experiments, each performed in triplicate. Proton (pH 5)-induced “°Ca®* uptake in rat TRPV1-expressing HEK293 cells was
considered 100%, and all data are shown as relative percentages. D, patch clamp electrophysiology was used to examine rabbit and rat TRPV1 by
transient expression in HEK293 cells. Average peak currents at pH 5 for rat and rabbit TRPV1 were 310.3 + 85.8 uA/microfarad (uF) (n = 5),
281.9 + 24.6 pA/uF (n = 5), respectively. Subsequent perfusion with capsaicin (1 uM) produced no detectable current, and 10 um produced very
small current in oTRPV1-expressing cells; in contrast, rat TRPV1 was robustly activated by both concentrations of capsaicin. E, Ruthenium Red
block of proton-evoked currents in o-TRPV1-expressing HEK293 cells. The pH of the extracellular solution was lowered from 7.2 to 5 for 10 s. At
the second application, Ruthenium Red (10 uMm) was co-applied for 10 s while the extracellular solution was held at pH 5. The average block of

proton-activated currents after 10 s was 83.4 + 8.2% (n = 5).

(Table II). Changing residues A505S, A520S, C534R, and
T540S individually or in various combinations did not cause
any changes in response of 0TRPV1 to vanilloids (data not
shown). Lastly, patch clamp recordings confirmed gain of cap-
saicin sensitivity in oTRPV1-1550T; currents evoked by pH 5, 1,
or 10 uM capsaicin were similar in r/o chimera and oTRPV1-
1550T-transfected cells indicating that indeed Thr®%° confers
vanilloid sensitivity (Fig. 2, A and B).

To better understand the biophysical requirements at posi-
tion 550, we explored several polar and hydrophobic substitu-
tions. A similar gain in capsaicin sensitivity was observed
when a serine instead of threonine residue was introduced at
position 550 (I550S) of ocTRPV1 (EC;, value: 0.11 = 0.07 um).
However, replacement of the hydroxyl group-bearing residue at
this position with the small nonpolar alanine only resulted in
partial gain of capsaicin sensitivity (ECy, value: 0.81 = 0.67
uM) and substitution with the thiol group containing residue
cysteine resulted in a very small gain in 0cTRPV1 capsaicin
sensitivity (EC;, value: 2.1 = 0.6 um). Although capsaicin sen-
sitivity of I550T, I550S, I550A, and I550C oTRPV1 mutants
varied, their responses to proton activation remained similar to

wild type oTRPV1 (data not shown). Introduction of tyrosine
with its bulky phenolic side chain at this position resulted in a
complete loss of TRPV1 response to vanilloid, proton, or heat
activation, although expression levels of this mutant remained
comparable to others (data not shown).

Thr%%° Is an Important Determinant for Vanilloid Sensitivity
in Rat and Human TRPVI—To further verify that the Thr®*°
found in native rat and human TRPV1 contributes to vanilloid
sensitivity of TRPV1, we conducted a loss of function study by
substituting the natural threonine with the oTRPV1 isoleu-
cine-550 residue. Dose-response curves in *°Ca®"-uptake ex-
periments demonstrated that the EC;, of capsaicin at the mu-
tant rTRPV1-T550I is shifted to 0.608 = 0.032 uMm from 0.057 =
0.014 um at wild type rTRPV1 channel, about a 10-fold loss in
sensitivity (Fig. 34). EC;, of capsaicin at the mutant " TRPV1-
T550I is shifted to 4.58 = 0.6 um from 0.12 * 0.05 um at wild
type hTRPV1 channel, approximately a 40-fold loss in sensitiv-
ity (Fig. 3A). Patch clamp recordings also confirmed loss of
capsaicin sensitivity in rTRPV1-T5501 and hTRPV1-T550I; 1
1M capsaicin failed to generate any current in TRPV1-T5501-
transfected cells, although 10 um did evoke currents (Fig. 3B).
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FiG. 2. Substitution of the Ser®°>-Thr°*® region or I550T alone confer capsaicin sensitivity to oTRPV1. A, top panel: concentration-
dependent capsaicin-induced *°Ca?* uptake by HEK293 cells transiently transfected with expression plasmids encoding rat, rabbit, rat/rabbit (r/o)
chimera, human, or human/rabbit (h/o) TRPV1 chimera. TRPV1 r/o chimera shows sensitivity to capsaicin similar to rTRPV1 (EC;, values of
0.051 = 0.029 uMm and 0.046 = 0.036 uM, respectively). TRPV1 h/o chimera shows sensitivity to capsaicin similar to hTRPV1. (EC,, values of
0.048 * 0.019 pum and 0.072 = 0.029 uM, respectively). Similar results were obtained in six independent experiments; error bars indicate S.E.
Bottom panel: proton and capsaicin-evoked currents in HEK293 cells transfected with TRPV1 r/o chimera. Capsaicin (1 or 10 uM) response of r/o
chimera is similar to that of rTRPV1. B, top panel: stimulation of “*Ca®* uptake into HEK293 cells transiently transfected with rat, rabbit, or rabbit
I550T mutant of TRPV1 by capsaicin. I550T mutation alone confers capsaicin sensitivity to cTRPV1 (EC;, value: 0.052 = 0.034 uM (n = 12), similar
to that of rat TRPV1). Bottom panel: representative current trace recorded from HEK293 cells expressing oTRPV1-I550T demonstrate gain of
capsaicin sensitivity compared with oTRPV1. C, sequence alignment of rabbit (o), rat (), human (&), and chicken (g) TRPV1 within TM3-TM4
region is shown. Within the Ser®°>-Thr®%° region (indicated at the top), ten amino acids are different between rat and rabbit TRPV1, and six amino
acids are different between human and rabbit TRPV1. The mutations generated in oTRPV1 are indicated at the bottom. Mutations made at the
residues that are different in oTRPV1 from both rat and human are indicated by blue. The Y511A mutation that is conserved in all species is shown
in red.

VITT

TasLE II
Comparison of agonist activation of TRPVI1 and mutants
Selected agonists were tested in CHO cells stably expressing rTRPV1, oTRPV1, oTRPV1-L547M, oTRPV1-1550T, or oTRPV1-L547M/I550T. ECy,
value for each cell line was determined using Prism software and expressed in micromolar. The quantitative comparison of the calcium responses
to RTX and to capsaicin is complicated by technical issues that should be noted. In particular, the time course of response to RTX is slow compared
to that for capsaicin. Under our conditions of a 2-min exposure to drug, therefore, the potency of RTX may be underestimated slightly relative to
capsaicin, although it should not invalidate the comparison of relative potencies for the different TRPV1 mutants.

oTRPV1 oTRPV1-L547TM oTRPV1-1550T oTRPV1-L547M/1550T rTRPV1 hTRPV1
Capsaicin 14.832 = 7.919 8.168 *= 0.624 0.052 = 0.034 0.021 = 0.010 0.016 = 0.006 0.038 = 0.019
RTX 0.655 = 0.050 0.021 = 0.002 0.011 = 0.005 0.002 = 0.001 0.003 = 0.001 0.005 = 0.002
PPAHV >40 >40 >40 0.037 = 0.015 0.034 = 0.005 15.5 £ 10
Arvanil >40 >40 0.049 = 0.017 0.017 = 0.008 0.019 = 0.009 0.145 = 0.037
Olvanil >40 >40 0.019 = 0.008 0.011 = 0.007 0.012 = 0.005 0.056 + 0.021
OLDA >40 >40 7.269 = 1.737 7.597 * 1.694 3.915 + 0.403 156 £ 6
NADA >40 >40 6.105 = 2.197 5.626 = 0.596 3.480 * 0.361 45+04

Protons (pH 5) still evoked large currents in TRPV1-T550I-
transfected cells indicating that only capsaicin sensitivity was
reduced. Gain of vanilloid sensitivity with I550T mutation in

oTRPV1 and loss with a reverse mutation in rat and human
TRPV1-T5501 strongly suggests that Thr®®° is one of the criti-
cal molecular determinants for TRPV1 activation by vanilloids.
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Fic. 3. Residues Thr®®® and Tyr®!! are critical for vanilloid sensitivity of TRPV1. A, representative concentration-response curves of
capsaicin-induced *°Ca®* uptake by HEK293 cells expressing rTRPV1, rTRPV1-T5501, oTRPV1, oTRPV1-1550T/Y511A, hTRPV1, or hTRPV1-
T5501. Mutation of T5501 caused a 10-fold reduction in rTRPV1 capsaicin sensitivity (EC;, value for rTRPV1-T550I is 0.608 + 0.032 uM and for
rTRPV1 it is 0.057 = 0.014 uMm, n = 12). Note the similar rightward shift in capsaicin dose response for "\TRPV1-T5501 compared with hTRPV1.
Similar results were observed in three independent experiments. B, representative current traces from HEK293 cells expressing rTRPV1-T5501,
rTRPV1-Y511A, hTRPV1-T5501, or hTRPV1-Y511A demonstrate a loss of sensitivity to capsaicin but not extracellular protons (pH 5). C,
stimulation of “°Ca®* uptake into rTRPV1 or rTRPV1-T5501 mutant-expressing HEK293 cells by RTX. EC, values are 1.5 = 1.06 nM (n = 4) for
wild type rTRPV1 and 0.93 = 0.69 nM (n = 4) for the rTRPV1-T5501 mutant. Similar results were obtained in repeated experiments; error bars
represent S.E. D, specific binding of [PHJRTX to HEK293 cells expressing rat, rabbit, rat/rabbit (r/0) chimera, oTRPV1-I550T, or rTRPV1-T5501
mutants. Wild type rTRPV1 and r/o chimera showed saturable-specific [PHIRTX binding, whereas the wild type rabbit TRPV1 and 0TRPV1-1550T
did not. rTRPV1-T5501 shows significant loss in specific [PHIRTX binding. K}, values for rTRPV1 and (1/0) chimera are 0.089 = 0.01 and 0.07 *

0.03 nM, respectively.

Based on their mutational data, Jordt and Julius (15) re-
ported that Tyr®!! is critical for vanilloid sensitivity. Tyr®!! is
conserved in TRPV1 from all species reported to date. We have
verified that the Tyr®'! is critical for vanilloid sensitivity;
rTRPV1-Y511A and hTRPV1-Y511A lost vanilloid sensitivity
as shown by electrophysiology (Fig. 3B). In contrast to rTRPV1,
1 or 10 uMm capsaicin failed to elicit any current, whereas pH
5-evoked currents were similar to rTRPV1 (Figs. 1D and 3B).
In addition, we have tested capsaicin sensitivity of oTRPV1
double mutant containing I550T (gain of function) and Y511A
(loss of function), i.e. o-TRPV1-Y511A/I550T. Compared with
oTRPV1-I550T, the reduction in capsaicin sensitivity of
oTRPV1-Y511A/I550T in *°Ca®" uptake assay is >100-fold. In
fact the magnitude in loss of capsaicin sensitivity by Y511A is
greater than the gain seen in I550T as represented by the
rightward shift of the oTRPV1-Y511A/I550T capsaicin dose-
response curve beyond the wild type oTRPV1 (Fig. 3A). These
studies confirm that Tyr®!! is indeed an important molecular
determinant for vanilloid sensitivity of TRPV1.

Interestingly, mutation of rat Thr®®° to the corresponding
rabbit I1e%°° (T5501) resulted in the capsaicin dose-response
curve shifting 10-fold to the right, whereas it did not appear to

reduce RTX sensitivity in the *°Ca®" uptake assay (ECs, val-
ues for rTRPV1 and rTRPV1-T5501 are 1.5 = 1.06 nm and
0.93 * 0.69 nm, respectively; Fig. 3C). However, [P HJRTX spe-
cific binding was significantly reduced in rTRPV1-T550I-trans-
fected cells (Fig. 3D). For the first time, we report a difference
in the molecular determinants for the functional responses of
TRPV1 to capsaicin and RTX. In oTRPV1, which is an insen-
sitive species, replacement of I1e%*® with Thr®®° contributes to
both capsaicin and RTX sensitivity (functional responses),
whereas replacement of Thr®*° in rat TRPV1 with an amino
acid present in rabbit TRPV1 (I1e?%°) results in partial loss of
functional response to the low affinity agonist, capsaicin, but
not to the high affinity agonist, RTX.

Functional and binding properties of oTRPV1-I550T were
characterized utilizing HEK293 cells transiently transfected or
CHO cells stably transfected with the oTRPV1-I550T expres-
sion plasmid. Although both cell lines demonstrated a robust
functional response (*°Ca%* uptake) to proton and vanilloid
activation (Fig. 2B and data not shown), the same oTRPV1-
1550T-expressing cells failed to show any measurable [PH]RTX
specific binding. In contrast, the oTRPV1 chimera (r/o chimera)
containing the entire rat Ser®*®>-Thr°° region showed specific
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Fic. 4. Met®*” selectively contributes to RTX sensitivity of TRPV1. HEK293 cells transiently transfected with oTRPV1, oTRPV1-L547M,
rTRPV1, or rTRPV1-M547L were used in “°Ca®" uptake and [PH]RTX binding. Each experiment was repeated twice; error bars represent S.E.
Stimulation of **Ca®" uptake into HEK293 cells expressing oTRPV1 or oTRPV1-L547M by capsaicin (A) or RTX (B) show a selective 30-fold gain

in sensitivity to RTX by the oTRPV1-L547M mutant. EC;, values are 0
oTRPV1-L547M, respectively. However, there was no specific [PHJRTX

.655 + 0.050 um (n = 4) and 0.021 = 0.002 uMm (n = 4) for oTRPV1 and
binding to cells expressing oTRPV1-L547M (C). Stimulation of *°Ca®*

uptake into HEK293 cells expressing rTRPV1 or rTRPV1-M547L by capsaicin (D) or RTX (E) show no change in capsaicin or RTX sensitivity.
Capsaicin EC;, values are 0.011 = 0.002 uM (n = 4) and 0.009 = 0.002 uM (n = 4) for rTRPV1 and rTRPV1-M547L, respectively. RTX EC;, values
are 1.5 = 0.7 nM (n = 4) and 1.7 = 0.8 nM (n = 4) for rTRPV1 and rTRPV1-M547L, respectively. However, specific binding of ["HIRTX to HEK293

cells expressing rTRPV1-M547L shows a significant loss compared with

binding with a Kj, value of 0.07 = 0.03 nm (Fig. 3D). These
results led us to believe that additional residues within the
Ser®%.Thr°*° region were necessary to attain measurable
[®*HIRTX binding in ocTRPV1.

Discrepancy between RTX responses in functional and bind-
ing assays has been reported previously (27, 28). As discussed
elsewhere in detail (29), an emerging plausible explanation is
that most of the TRPV1 is internal and only a small proportion
is localized to the plasma membrane. The minor subpopulation
of TRPV1 at the plasma membrane mediates the *°Ca®" up-
take measurements, whereas the binding analysis is domi-
nated by the predominant, internal TRPV1, and these two
populations of TRPV1 display different structure-activity rela-
tions, presumably reflecting differential modification. Our re-
sults described here demonstrate differences in the receptor
requirements for RTX in these two assays and suggest the
importance of additional residues in TRPV1 affinity for
[PHIRTX. Consequently, to explore the remaining residues that
are different between rat and rabbit, we introduced a series of
single point mutations into oTRPV1 (M5141, A525V, T526S,
H533Q, and L547M) to mimic the residues in rat TRPV1, which
has been shown to display the highest RTX binding affinity.

Met®*” in TRPV1 Contributes to RTX Affinity as Detected by
Ligand Binding—Replacement of 0TRPV1 residues individu-
ally at Met®*, Ala®2?5, Thr®2®, and His®33 to corresponding
residues in rTRPV1 (M5141, A525V, T526S, and H533Q) did
not alter the oTRPV1 response to capsaicin or RTX (data not
shown). Interestingly, the single residue change L547M in

rTRPV1 (F).

oTRPV1 resulted in a selective gain of ~30-fold higher sensi-
tivity to RTX with no apparent change in capsaicin sensitivity
in *°Ca®*-uptake assays (Fig. 4, A and B). ECy, values at
oTRPV1 and oTRPV1-L547M were 655 = 50 nm and 21 = 2 nm
for RTX and 10.1 = 2.34 um and 8.2 *= 0.6 um for capsaicin,
respectively (Table II). This indicates that Met?*” is one of the
critical residues contributing to RTX sensitivity. Although
oTRPV1-L547M gained sensitivity to RTX in both transiently
transfected HEK293 and stably expressed CHO cells, this mu-
tant failed to show any measurable [PHJRTX binding (Fig. 4C).
We hypothesized that L547M contributes to RTX sensitivity
but requires additional residues such as Thr®®° for sufficient
affinity needed for measurable [*’HJRTX binding above the
assay background.

To investigate whether Met®*” contributes to RTX affinity in
rTRPV1, a reverse mutation was made (M547L). Wild type
rTRPV1 and rTRPV1-M547L showed similar responses to cap-
saicin and RTX in the functional *°Ca®*-uptake assay (Fig. 4, D
and E); EC;, values at rTRPV1 and rTRPV1-M547L were 1.5 +
0.7 nm and 1.7 = 0.8 nm for RTX and 0.013 = 0.002 um and
0.012 = 0.002 um for capsaicin, respectively. However, the
rTRPV1-M547L mutant showed significantly reduced [*H]RTX
binding compared with wild type rTRPV1, demonstrating a
discrepancy between functional assays and binding once again
(Fig. 4F) and indicates that Met®*” indeed contributes to RTX
affinity in the binding assays.

Both Met®*” and Thr®®° Are Required for Measurable
[PHIRTX Binding in oTRPV1—The oTRPV1-L547M mutant
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Fic. 5. Both Met?*” and Thr®®® are required for measurable specific [PHIRTX binding. CHO cells stably expressing TRPV1 were used.
Each experiment was repeated twice in triplicate with similar results; error bars represent S.E. A, specific binding of [PHJRTX to wild type oTRPV1,
oTRPV1-1550T, oTRPV1-L547M, or o TRPV1-L547M/I550T; the double mutant-expressing cells show saturable and specific binding of PHIRTX (K,
value of 0.212 * 0.09 nm). B, concentration-dependent stimulation of “*Ca®* uptake into cells expressing rTRPV1, oTRPV1, and oTRPV1 mutants
by RTX. EC,, values are shown in Table II. C, stimulation of **Ca®" uptake into cells expressing rTRPV1, 0TRPV1, and 0TRPV1 mutants by
protons (pH range 4.5-7.2). Maximum response for each cell line was considered 100%. The rest were expressed as percentage of their maximum.
D, stimulation of *°Ca®" uptake into cells expressing oTRPV1 and oTRPV1 mutants by heat (45 °C).

showed an increase in sensitivity to RTX but not to capsaicin in
the functional *®Ca®*-uptake assay, whereas a single I550T
mutation resulted in gain of 0TRPV1 sensitivity to both va-
nilloids. However, we were unable to measure [PHJRTX specific
binding in cells expressing either one of these single mutants
(Fig. 3D, 4C, and 5A). Therefore, we hypothesized that oTRPV1
might require both Thr®®® and Met®*” to attain measurable
[PHIRTX binding. We constructed the oTRPV1 L547M/I550T
double mutant and tested its vanilloid sensitivity in functional
45Ca%"-uptake and [PHJRTX binding assays. As predicted,
oTRPV1-L547M/I550T showed strong [*H]RTX binding with a
K}, value of 0.212 = 0.09 nM (Fig. 5A), along with only a slight
increase in functional sensitivity to capsaicin and a somewhat
greater increase for RTX, with EC;, values of 0.021 *= 0.01 puMm
and 2.2 = 1 nwM, respectively (Fig. 5B and Table II). This
demonstrates that Met®” and Thr°°, as present in native
rTRPV1, are required for measurable [PH]IRTX binding in
oTRPV1.

None of the oTRPV1 gain of function mutations (I550T,
L547M, and L547M/I550T) displayed significantly altered re-
sponses to protons or heat compared with native oTRPV1 (Fig.
5, C and D). In agreement with previous literature reports,
rTRPV1 was activated by pH 5.5 and below. 0TRPV1 showed
strong activation at pH 5 and below, slightly different from rat
TRPV1. Changing the residues in oTRPV1 to the corresponding

residues in rTRPV1 (I550T and L547M/I550T) resulted in a
slight change in sensitivity to pH 5.5. Heat (45 °C)-induced
45Ca%" uptake by oTRPV1 gain-of-function mutants did not
demonstrate any significant variations from that of the wild
type channel (Fig. 5D). These results verify that oTRPV1 and
the various mutant proteins were expressed and were able to
integrate multiple noxious stimuli despite their differential
sensitivity to vanilloids.

Gain of Capsaicin Sensitivity Parallels Sensitivity to Other
Agonists—We have measured °Ca%* uptake by oTRPV1-trans-
fected cells in response to a variety of TRPV1 agonists, includ-
ing the vanilloids RTX, capsaicin, olvanil, arvanil, and PPAHV
as well as the proposed endogenous ligands, NADA and OLDA.
Although binding of [PH]RTX was not detectable, RTX did
activate oTRPV1 with an EC;, of 655 + 50 nm in the *°Ca®*
uptake assay compared with 3 = 0.1 nm EC;, of rTRPV1 (Table
II). Arvanil, olvanil, NADA, OLDA, AEA, and PPAHV showed
no agonist activity at oTRPV1 up to 40 uMm under physiological
pH conditions (pH 7.2), although they did activate rTRPV1.
The rank order of agonist potency for rTRPV1 was RTX >
olvanil > capsaicin > arvanil > PPAHV > NADA > OLDA
(Table II). Gain of capsaicin and RTX sensitivity by oTRPV1-
I550T and L547M/I550T mutants was paralleled with their
gain of sensitivity to other TRPV1 agonists (RTX, olvanil, cap-
saicin, arvanil, NADA, OLDA). The rank order of potency for
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TasLE IIT
Inhibition of capsaicin and proton induced activation of TRPV1

Selected antagonists were tested in CHO cells stably expressing rTRPV1, oTRPV1, 0oTRPV1-L547M, 0TRPV1-1550T, or oTRPV1-L547M/1550M.
Cells were activated by 0.5 uM capsaicin or pH 5.0. IC,, value for each antagonist was determined using Prism software and is expressed in

micromolar.
TRPV1 or mutant Ruthenium red Capsazepine BCTC Todo-RTX
Antagonist IC;, value in um at pH 5 activation
oTRPV1 2.397 = 0.64 >40 >0.4 >0.4
oTRPV1-L547M 1.15 + 0.14 >40 >0.4 N/A
oTRPV1-1550T 1.383 = 0.465 0.079 = 0.024 0.0044 + 0.0009 0.004 = 0.0003
oTRPV1-L547M/I550T 2.686 = 0.487 >40 0.0042 + 0.0027 0.014 + 0.0017
rTRPV1 1.441 = 0.044 >40 0.0006 *+ 0.0005 0.029 = 0.006
hTRPV1 0.94 = 0.22 0.069 = 0.01 0.0007 + 0.0002 0.015 = 0.002
Antagonist IC,, value in uM at capsaicin activation
oTRPV1-1550T 1.162 + 0.25 0.207 = 0.141 0.0024 + 0.0016 0.003 *= 0.0005
oTRPV1-L547M/I550T 1.084 + 0.071 0.680 *+ 0.522 0.001 + 0.0008 0.0036 *+ 0.0006
rTRPV1 1.021 = 0.365 0.987 = 0.401 0.0005 *+ 0.0001 0.0038 *= 0.0002
hTRPV1 1.37 = 0.29 0.053 = 0.035 0.0003 + 0.0001 0.004 + 0.001

vanilloids at sensitive 0TRPV1 mutants was RTX > olvanil =
arvanil > capsaicin > NADA > OLDA (Table II).

Of note, PPAHV (a full agonist at rat but not human TRPV1
(18)) requires a double mutation of L547M/I550T in oTRPV1
for agonist activity to be observed (Table II). o TRPV1-I550T is
similar to hTRPV1 (Leu®®"), and no activation by PPAHV is
seen, whereas oTRPV1-L547M/I550T is similar to rTRPV1
(Met®*"), and activation is detected, indicating that PPAHV
agonism requires both Met?4” and Thr®®°. This suggests that
Met®%” is an important determinant for RTX and RTX-like
molecules, which also points out the differences between cap-
saicinoid and resiniferanoid-like molecules.

Vanilloid Sensitivity Also Confers Competitive Antago-
nism—To further explore the pharmacology of o TRPV1 and its
vanilloid-sensitive mutants we have looked at the ability of a
number of different antagonists to block various modes of ac-
tivation of these channels. A Ca%* channel pore blocker Ruthe-
nium Red blocked pH 5 and capsaicin activation of rTRPV1,
hTRPV1, oTRPV1, oTRPV1-1550T, and oTRPV1-L547M/I550T
with ICy, values of ~1 um (Table III). Because oTRPV1 is not
sensitive to capsaicin and oTRPV1-I550T and oTRPV1-L547M/
I550T mutants are, we were curious to see if recently reported
TRPV1 antagonists inhibit proton activation of wild type
oTRPV1, as well as proton and capsaicin activation of its mu-
tants. We chose antagonists that were reported to block both
capsaicin and proton activation of human and rat TRPV1, i.e.
BCTC and Iodo-RTX (29-31) as well as capsazepine, reported
to block human, but not rat TRPV1 responses to low pH (18).

As in previous reports, BCTC and Iodo-RTX were potent
antagonists of rTRPV1 and hTRPV1 activated by capsaicin
(IC;, values for BCTC at rTRPV1, 0.5 = 0.1 nMm, at hTRPV1],
0.3 = 0.1 nM, and Iodo-RTX at rTRPV1, 3.8 = 0.2 nm, at
hTRPV1, 4 = 1 nm), as well as by protons (pH 5.0 IC,, values
for BCTC and Iodo-RTX at rTRPV1 are 0.6 = 0.5 nm and 29 *=
6 nm, respectively; at hTRPV1 they are 0.7 = 0.2 nm and 15 *
2 nm, respectively). However, neither of the above mentioned
antagonists (up to 0.4 uM, more than 100-fold the rTRPV1 IC;)
inhibited proton activation of 0TRPV1, further demonstrating
that oTRPV1 lacks the key determinants for binding of com-
petitive antagonists such as BCTC and Iodo-RTX (Fig. 6 and
Table II).

We hypothesized that compounds capable of antagonizing
capsaicin and proton activation of rTRPV1 might also antago-
nize capsaicin and proton activation of vanilloid-sensitive
oTRPV1-I550T and L547M/I550T mutants. As predicted,
BCTC and Iodo-RTX both inhibited °Ca®* uptake mediated by
oTRPV1-I550T and oTRPV1-L547M/I550T in response to cap-
saicin or proton activation. BCTC and Iodo-RTX inhibited cap-
saicin activation of o TRPV1-I550T with IC5, values of 2.4 = 1.6

nM and 3.0 = 0.5 nwM, respectively, and of oTRPV1-L547M/
I550T with IC;, values of 1.0 = 0.8 nM and 3.6 = 0.6 nwm,
respectively (Table III). BCTC inhibited proton activation of
oTRPV1-I550T with an IC;, value of 4.4 = 0.9 nm and oTRPV1-
L547M/I550T with an IC,, value of 4.2 + 2.7 nm (Fig. 6 and
Table III). Iodo-RTX inhibited proton activation of the cTRPV1-
I550T mutant with an IC;, value of 4.0 = 0.3 nm and 0TRPV1-
L547M/1550T with an IC;, value of 14 + 1.7 nM (Table III). In
summary, BCTC and Iodo-RTX ICj, values were similar for
rat, human, and vanilloid-sensitive mutants of rabbit TRPV1
activated with capsaicin or proton. These results clearly dem-
onstrate that Thr®®° is not only critical for vanilloid agonist
sensitivity but also for the ability of competitive antagonists to
block various modes of TRPV1 channel activation.

Although capsazepine antagonism of capsaicin was similar
at rat, human, and vanilloid-sensitive oTRPV1 mutants
(I550T, L547M/1550T), its antagonism of proton (pH 5) activa-
tion indicated an interesting pharmacological difference. Pres-
ence of Leu®7 seems to be essential with regard to capsazepine
antagonism at proton activation. IC;, values for capsazepine
were similar at proton activated oTRPV1-I550T and hTRPV1
(0.079 = 0.024 and 0.069 * 0.01 umMm, respectively, Table III),
but capsazepine was inactive up to 40 uM against proton acti-
vated oTRPV1-L547M/I550T and native rTRPV1. Both
oTRPV1-I550T and hTRPV1 have leucine at position 547,
whereas 0TRPV1-L547M/I550T and rTRPV1 have methionine.
Based on these results we propose that Leu®*” is required for
capsazepine antagonism of proton activation of TRPV1, al-
though it is possible that additional residues common to human
and rabbit TRPV1 within Ser®?>-Thr®%° region (Met®'4, Ala®2?,
Thr52%, and His®*?) might also contribute to capsazepine an-
tagonism of proton activated TRPV1.

DISCUSSION

It has been reported that membranes derived from rabbit
dorsal root ganglia (DRG) lack [PH]RTX binding in contrast to
many species. In an attempt to determine the structural re-
quirements for agonism and antagonism of TRPV1, we cloned
and characterized a ¢cDNA from a rabbit DRG c¢cDNA library.
The cDNA reported here appears to be an orthologue of human
TRPV1. oTRPV1 mRNA is highly expressed in rabbit dorsal
root ganglia and appears to be localized primarily to the small
to medium size cell bodies similar to published observations on
both rat and human TRPV1. Furthermore, cTRPV1 expressed
heterologously in CHO or HEK293 cells can be activated by the
expected physical stimuli (protons and heat) similar to rat and
human TRPV1. However, as expected from the [’HJRTX bind-
ing studies, oTRPV1 is relatively insensitive to vanilloid ago-
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Fic. 6. TRPV1 sensitivity to vanilloids also confers competitive antagonism. Comparison of antagonists for inhibition of °Ca®* uptake
induced by protons and RTX. CHO cells stably expressing rTRPV1, oTRPV1, and mutants were seeded and assayed as described under
“Experimental Procedures.” **Ca®* uptake was induced by pH 5 (A and B) or 0.5 uM capsaicin (C and D), in the presence of indicated concentrations
of the antagonists. All experiments were repeated at least two times with similar results. Points represent mean values of triplicate determinations
in single representative experiments; error bars represent S.E. IC,, values are shown in Table III.

nists (RTX, capsaicin, arvanil, and olvanil; Table II) as com-
pared with rat and human TRPV1.

Analogous to the published observations of Jordt and Julius
(15) in gTRPV1, substitution of the TM3 to TM4 region (Ser®°2-
Thr55°) from rat or human TRPV1 confers vanilloid sensitivity
to oTRPV1 equivalent to the wild type rat and human TRPV1
receptors, as measured by calcium uptake assays and whole
cell electrophysiology studies. Jordt and Julius further demon-
strated that residue 511, a tyrosine, was critical for vanilloid
sensitivity. Our observations agree with those of Jordt and
Julius, however, because Tyr®!! is a conserved residue across
species, it cannot explain the differences we have observed in
vanilloid sensitivity in rabbit TRPV1 and other species. Com-
parison of the sequence in the TM3-TM4 domain across species
identified candidate residues potentially underlying the phar-
macological differences. Single point mutations of the rabbit
TRPV1 channel were prepared, by substituting residues from
the rat TRPV1 channel, and the hybrid channels were func-
tionally characterized. These studies have resulted in the iden-
tification of two novel residues, which confer vanilloid sensitiv-
ity and high affinity [’H]RTX binding in rabbit, rat, and human
TRPV1 channels. Remarkably, we demonstrate that oTRPV1
can gain functional vanilloid sensitivity with a single residue
substitution (I550T), and furthermore we show that with one
additional residue change (L547M), oTRPV1 also gains high
affinity [*HIRTX binding. Indeed, reverse mutation of the rat
and human residues at positions 550 and 547 show loss of
vanilloid sensitivity and/or RTX binding.

Based on chimeric and mutagenesis studies on TRPV1 (Ref.
15 and the present study), vanilloid sensitivity and RTX bind-
ing are transferable with the TM3/4 region (Ser®°®-Thr®?°) from
rat TRPV1 to chicken and rabbit orthologues as well as to other
TRP family members such as TRPV2 and TRPV4. This favors
that the vanilloid-binding site is defined by the TM3/4 region.
This is further supported by the study of Jordt and Julius (15),
in which they showed that a cysteine reactive reagent revers-
ibly inhibited [PHJRTX binding to the rTRPV1 mutant, S512C,
in the TM3/4 region, and the present study showing the gain of
[*HIRTX binding by oTRPV1 double mutant L547M and I550T.
In all, these results favor the hypothesis that Tyr®!! Met®*’,
and Thr®®° may be present in the binding pocket and are
important molecular determinants for vanilloid sensitivity.

Based on these results models could be proposed showing
capsaicin or RTX interacting with Tyr®!! and Thr®%°. Jordt and
Julius (15) predicted that the aromatic portion of Tyr®!! inter-
acts with the vanilloid moiety of capsaicin (aromatic-aromatic
interaction). Although their model accounts for the charged
capsaicin analogue (DA-5018.HCI) studies that indicated DA-
5018.HCI interaction with the TRPV1 from intracellular side
(20), an alternative model could be proposed by having va-
nilloid moiety interaction with Thr°*° and the “tail end” hydro-
phobic group of capsaicin or RTX interacting with Tyr°!! (Fig.
7). Thus, in the present model, Tyr®!! engages in hydrophobic
interaction and partly accounts for the observed differences in
affinity between ligands owing to the differences in the hydro-
phobic tails of these molecules, i.e. molecules with short ali-
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Fic. 7. Structural model of RTX (A) and capsaicin (B) interacting with transmembrane helices TM3 and TM4 of TRPV1. The
backbone of the complete structural model along with the side chains of residues considered to be involved in interactions is shown. The side chains
of Met®*?, Trp®*°, and Thr®*° are shown as sticks (thick lines). Indicated interactions of vanillyl moiety with Thr®®° and Trp®*° are highlighted in
the green ellipses. Residues considered to be involved in interactions with the substituted phenyl portions of the two ligands are shown in cyan.
Modeled hydrophobic contacts of Tyr®'! with the hydrophobic ends of RTX and capsaicin are shown. RTX and capsaicin are shown in pink (A) and

green (B), respectively.

phatic chain such as zingerone may not interact well with
Tyr®!! and hence are weak agonists of TRPV1. On the other
hand, molecules with long aliphatic chains such as arvanil and
olvanil may interact with Tyr®!!, and other hydrophobic side
chains accounts for their strong agonist activity. Vanillyl moi-
ety (methoxyphenol) is common for capsaicin, RTX, arvanil,
olvanil, and zingerone; it is reasonable to assume that this part
interacts with side-chain hydroxyl group of Thr?®°. Notably,
the sensitivities observed by mutating residue 550 are consist-
ent with the structure-activity relationship resulting from
chemical modifications of the vanilloid moiety. For instance,
mutational studies of 0'TRPV1 showed the gain of function by
I550T and 15508, little change by I550C and I550A. Noting
that Thr and Ser have the H-bonding-capable hydroxyl group,
whereas Ala and Cys are similar in size but lack the H-bonding
functional side-chain group, which is critical for agonist and
antagonist activity. Correspondingly, capsaicin analogues with

minor modifications of hydroxyl and methoxyl, which reduce
H-bonding potential, display weaker agonist (33) and antago-
nist activities.

In both models, Tyr®'! belongs to the transition between an
intracellular loop and TM3, and residues Met?*” and Thr®%°
belong to TM4. Based on the crystal structure of the K* chan-
nel and the derived “paddle” model of the TM3/4 region (34), it
is possible that TM3/4 regions of the ion channels such as
TRPV1 may form a paddle and the binding site near Thr®>°
may not be as buried as the simple “straight up and down”
helices imply. Thus, molecules with a charged group attached
to the vanilloid moiety (such as DA-5018.HCIl) may exhibit
activity from intracellular side. Our model is dependent on
further studies that evaluate the equivalence of ion selectivity,
desensitization properties, and the paddle formation by the
TM3/4 region of TRPV1, which will be important for validating
our assumptions. Hence, interactions depicted in Fig. 7 have to
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be interpreted only qualitatively but not in precise geometric
terms. The current model and the model by Jordt and Julius
(15) does not account for why N- and C-terminal domains of
TRPV1 (24) or point mutations at Arg''* and Glu”®! (23) result
in loss of sensitivity to capsaicin and a concomitant loss of
binding to [PH]RTX. Both models emphasize that residues in
TMS3/4 regions are critical for ligand recognition and assume
that others in the N and C terminus play a modulatory role.
These models are preliminary and require additional biochem-
ical and structural information for validation and refinement of
precise ligand orientation in the binding site.

Because there is no direct evidence that Tyr®1!, Met?*", or
Thr®%° interact with the vanilloid moiety as might be shown
either by chemical cross-linking of these residues with the
vanilloid moiety or by a solved crystal structure of capsaicin or
RTX bound to TRPV1, an alternate model based on conforma-
tional change could be proposed to explain our findings. In this
alternative model, Thr®®® and Met?*” simply change the con-
formation of TRPV1 in a way that creates an optimal vanilloid
binding site in the TM3/4 region that may include Tyr®'l.
However, this alternate model does not explain the structure-
activity relationship resulting from modifications of the va-
nilloid moiety (33); hence, we do not favor the conformation
change model.

In rabbit TRPV1, mutation of Leu®*” to the corresponding rat
Met®?” resulted in a selective 30-fold higher sensitivity to RTX
without a detectable increase in capsaicin sensitivity. RTX is
essentially a vanilloid whose marked enhancement of potency,
relative to capsaicin, is thought to be brought about by the
resiniferanol moiety known as a C-region. The results of the
L547M mutation in oTRPV1 imply that perhaps this residue
contributes to a structural conformation that is favorable for
interaction with RTX. Interestingly, the mutation of the rabbit
TRPV1 11e5%° to Thr®®° markedly enhanced the response to
both capsaicin and RTX.

It has become clear from many studies that the measure-
ment of binding to TRPV1, as determined by competition of
PHIRTX binding, and of calcium uptake reveals distinct struc-
ture activity relationships (28). TRPV1 is predominantly ex-
pressed at internal membranes in the cell, with only a small
fraction at the plasma membrane where it can regulate calcium
influx. An attractive explanation for the disparity in structure-
activity relationships is that the TRPV1 channels present in-
ternally are different from those at the plasma membrane,
presumably reflecting its differential modulation, whether by
phosphorylation (35-37), interaction with phosphatidylinositol
1,4,5-bisphosphate (38), subunit conformation or association
with other proteins (39). Pharmacological evidence for this
assumption was the identification of a vanilloid antagonist that
competitively blocked “°Ca®* uptake in response to capsaicin or
RTX with high potency (K, of ~100 nm) but which inhibited
[PHIRTX binding less than 10% at 30 um (29). This antagonist
likewise was unable to block the release of calcium from inter-
nal stores by RTX. The mutational studies presented here
complement such pharmacological observations, showing once
again partial uncoupling between the assays for 4°Ca®* uptake
and [*'H]RTX binding. In the present case, however, the differ-
ential selectivity is brought about by changes in the receptor
rather than in the ligand. Thus, we find in the [PHIRTX binding
assay that mutation of rat TRPV1 from either Met®*” to Leu®*”
or Thr55° to I1e®°° caused a reduction in binding affinity but not
a change in potency for calcium uptake. Contribution of Met®4”
to higher affinity for [PHJRTX binding is consistent with the
observation that human TRPV1, which lacks Met®*7?, has about
25-fold lower affinity for [PHJRTX binding compared with
rTRPV1 (28).

Vanilloid Sensitivity of Rabbit TRPV1

We also studied the properties of several published antago-
nists, of the native and heterologous TRPV1 channels, to the
known activators. We and others (30, 32) have shown that
BCTC and Iodo-RTX are potent antagonists of capsaicin and
proton activation of rat and human TRPV1. However, BCTC
and Iodo-RTX are ineffective antagonists of 0'TRPV1 responses
to protons (pH 5). Because BCTC and Iodo-RTX are in fact
potent antagonists of 0'TRPV1 gain of function mutants (I550T
and L547M/I550T), we believe that Thr%° is also a critical
determinant for competitive antagonist binding. We speculate
that Iodo-RTX could inhibit TRPV1 via an additional hydro-
phobic interaction involving the Iodo group. Overlay of capsaz-
epine with the binding model of capsaicin shows that the polar
dihydroxy phenyl part of the former will have similar interac-
tions as the vanillyl moiety of the latter.

Clearly, the ability of capsaicin-site antagonists to block all
modes of TRPV1 activation and identification of some of the
key molecular determinants (Tyr511, Met®*?, and Thr®°°) con-
firm this site as a key regulatory site on TRPV1 and may help
in designing new antagonists with predictable structure-activ-
ity relationship. Given reports of the involvement of TRPV1 in
inflammatory pain and other sensory neuronal disorders (8, 9),
antagonists of hTRPV1 may prove useful in the treatment of
human diseases such as arthritis, bladder cystitis, and irritable
bowel syndrome.
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