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TRPV1 Recapitulates Native Capsaicin Receptor in Sensory
Neurons in Association with Fas-Associated Factor 1
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TRPV1, a cloned capsaicin receptor, is a molecular sensor for detecting adverse stimuli and a key element for inflammatory nociception
and represents biophysical properties of native channel. However, there seems to be a marked difference between TRPV1 and native
capsaicin receptors in the pharmacological response profiles to vanilloids or acid. One plausible explanation for this overt discrepancy is
the presence of regulatory proteins associated with TRPV1. Here, we identify Fas-associated factor 1 (FAF1) as a regulatory factor, which
is coexpressed with and binds to TRPV1 in sensory neurons. When expressed heterologously, FAF1 reduces the responses of TRPV1 to
capsaicin, acid, and heat, to the pharmacological level of native capsaicin receptor in sensory neurons. Furthermore, silencing FAF1 by
RNA interference augments capsaicin-sensitive current in native sensory neurons. We therefore conclude that FAF1 forms an integral
component of the vanilloid receptor complex and that it constitutively modulates the sensitivity of TRPV1 to various noxious stimuli in

§ensory neurons.
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Introduction

TRPV1 is expressed highly in small sensory neurons and is acti-
vated by capsaicin, heat, and acid (Caterina et al., 1997; Tominaga
et al., 1998). Mice deficient in TRPV1 show reduced inflamma-
tory hyperalgesia (Caterina et al., 2000; Davis et al., 2000), sug-
gesting its role as a molecular sensor for detecting adverse stimuli
during inflammation. In line with this notion, major inflamma-
tory mediators such as bradykinin are now known to excite sen-
sory neurons via the activation of TRPV1 (Premkumar and
Ahern, 2000; Chuang et al., 2001; Shin et al., 2002).

TRPV1, a nonselective cation channel with a homotetrameric
structure (Kedei et al., 2001; Kuzhikandathil et al., 2001), displays
channel properties, such as channel conductance, current—volt-
age relationships, and ion selectivity identical to those of native
capsaicin receptor in sensory neurons (Oh et al., 1996; Caterina et
al., 1997). TRPV1 retains sensitization or desensitization proper-
ties similar to those observed with native capsaicin-sensitive cur-
rents in sensory neurons. TRPV1 elicits Ca**-dependent desen-
sitization or tachyphylaxis to repeated applications of capsaicin
(Docherty et al., 1996; Bhave et al., 2002; Numazaki et al., 2003).
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Furthermore, inflammatory mediators augment the activity of
TRPV1 via the action of protein kinase A or protein kinase C
because they sensitize capsaicin-sensitive currents in sensory
neurons (Premkumar and Ahern, 2000; Chuang et al., 2001).

Although TRPV1 represents channel property of native
capsaicin-evoked currents in sensory neurons, there seems to be a
marked difference between TRPV1 and native capsaicin recep-
tors in terms of their pharmacological response profiles to va-
nilloids or acid (Oh et al., 1996; Baumann and Martenson, 2000;
Shin etal., 2001). The cloned channel, TRPV1 is more sensitive to
capsaicin than native channels in sensory neurons (Shin et al.,
2001). TRPV1 is activated by acid, even at extreme levels (Tomi-
naga et al., 1998). In contrast, native capsaicin receptors appear
less sensitive to acid (Oh et al., 1996; Kwak et al., 1998; Baumann
and Martenson, 2000). Thus, the presence of regulatory proteins
associated with TRPV1 has been suggested to explain the phar-
macological difference (Shin et al., 2001).

Numerous ion channels have auxiliary proteins that regulate
trafficking or biophysical and pharmacological properties of
pore-forming channel subunits. However, no associated proteins
or subunit structures of TRPV1 that affect its channel properties
have been reported to date. Recently, vesicular proteins, such as
snapin and synaptotagmin IX, were reported to be associated
with TRPV1 (Morenilla-Palao et al., 2004). But the vesicular pro-
teins fail to affect channel property of TRPV1, although they
augmented trafficking of TRPV1 to the plasma membrane.
Therefore, we sought to identify the regulatory protein that con-
trols the pharmacological profile of TRPV1.
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Fas-associated factor 1 (FAF1) is an adapter protein that asso-
ciates with Fas (Chu et al., 1995; Ryu et al., 2003; Kim et al., 2005).
As an adaptor protein to Fas receptor, FAF1 is known to induce
apoptosis or augment Fas-induced apoptosis. Because FAF1 does
not contain the death domain, its function is not well character-
ized. In this study, we found that FAF1 interacts physically with
TRPV1 and controls its activity constitutively.

Materials and Methods

Dorsal root ganglion cDNA X expression library construction. The Super-
Script Lambda System (Invitrogen, Grand Island, NY) was used for
cDNA synthesis and A cloning. mRNAs were prepared from rat dorsal
root ganglia (DRGs) by following the protocol in a FastTrack 2.0 kit
(Invitrogen, Carlsbad, CA). The A phage was packaged using Gigapack
III Gold Extract (Stratagene, La Jolla, CA). A total of ~3 X 10° indepen-
dent clones were obtained. The A-phage library was amplified and char-
acterized as suggested by the manufacturer.

Screening for proteins associated with TRPVI. Fragments of TRPV1
were cloned into pGEX-2TK (Amersham Biosciences, Uppsala, Sweden)
in frame with glutathione S-transferase (GST) and protein kinase
A-recognizing sequences. GST-ATRPV1 fusion proteins were expressed
in Escherichia coli, purified with glutathione-Sepharose 4B, and *2P-
labeled using the catalytic subunit of protein kinase A (bovine heart, 20
U; Sigma, St. Louis, MO) in a buffer containing 50 uCi of v3*P-ATP (10
uCi/ul). The DRG-cDNA A-phage expression library incubated with
Y1090 (ZL) was mixed with a top agarose, plated, and incubated at 42°C
until tiny plaques became visible. The plates were overlaid and incubated
with the isopropyl B-p-1-thiogalactopyranoside-soaked nitrocellulose
membranes at 37°C overnight. The membranes were peeled off, washed,
and probed with the **P-labeled GST-ATRPV1 in PBS containing 5%
nonfat milk and 0.02% Tween 20. The membranes were washed with
PBS, dried, and exposed to film.

GST pull-down assay. His-tagged fusion proteins of the N terminus
(NTRPV1) and C terminus (CTRPV1) of TRPV1 were purified and in-
cubated with GST-FAF1I fusion protein. Specifically bound proteins were
purified and eluted from the glutathione-Sepharose beads with 10 mm of
reduced glutathione in 50 mm Tris, pH 8.0. The eluted proteins were
immunoblotted with mouse polyclonal antibody raised against rat
NTRPV1 or CTRPV1 (Jung et al., 2002; Shin et al., 2002).

For localizing the TRPV1-interacting domain of FAF1 in vitro, human
FAFI1 and its mutants (FAF1 17201, FAF1 1817381 FAF] 30650 pFAF] =81
FAF1717201 FAF1 181381 FAF] 3997950 and FAF12'%734%) were cloned
into pGEX4T-1 in frame with GST (Ryu et al., 1999, 2003). The GST
fusion proteins were expressed and purified with glutathione-Sepharose
beads. pcDNA-Myc-His-TRPV1 (2 ug) was translated in vitro using the
TNT transcription/translation system kit (Promega, Madison, WI) in the
presence of 10 uCi of [*>S]methionine. Equal aliquots of *>S-labeled
TRPV1 were incubated with either 1 ug of GST or GST-FAF1 fusion
proteins in a buffer (50 mm HEPES, pH 7.6, 50 mm NaCl, 5 mm EDTA,
0.1% Nonidet P-40, and 10% glycerol) for 12 h at 4°C. The binding
mixtures were then washed three times, separated by SDS-PAGE, and
exposed to x-ray film.

Coimmunoprecipitation. Lysates of DRG cells or human embryonic
kidney (HEK) 293T cells transfected with rat TRPV1 alone or together
with rat FAF1 were mixed with 10 ug of mouse polyclonal antiserum to
rat CTRPV1 or goat antiserum to rat FAF1 (SC-1885; Santa Cruz Bio-
technology, Santa Cruz, CA). Forty-eight hours after transfection, cells
were harvested and solubilized with binding buffer (50 mm Tris-HCI, pH
7.4, 150 mMm NaCl, 0.25% sodium deoxycholate, 1% Nonidet P-40, 2 mm
phenylmethylsulfonylfluoride, 2 mm EDTA, and 5 mm iodoacetamide)
for 20 min at room temperature. Cell debris was removed by centrifuga-
tion, and the supernatants were incubated 1 h at 4°C with mouse poly-
clonal antiserum to rat CTRPV1 (1:500) or goat antiserum to rat FAF1
(1:500, SC-1885; Santa Cruz Biotechnology). Then agarose-protein G
beads (Pierce, Rockford, IL) were added and incubated for 2 h at 4°C.
After centrifugation, the pellets were washed with binding buffer. Immu-
noprecipitated complexes were denatured with SDS-PAGE sample
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buffer (100°C for 5 min), separated by SDS-PAGE, and immunoblotted
with specific antibodies.

Immunohistochemistry. DRG neurons cultured on round coverslips
were fixed with methanol at —20°C overnight. The coverslips were
washed three times with ice-cold PBS and incubated with blocking buffer
(5% BSA and 0.02% NaNj in PBS) for 1 h at room temperature. The
primary mouse polyclonal antibody raised against the rat TRPV1 peptide
segment (TRPV1>7'%?; 1:1000 dilution) and goat polyclonal antibody
raised against rat FAF1 (1:400; Santa Cruz Biotechnology) were incu-
bated overnight at 4°C. The two primary antibodies were bathed for 1 h at
37°C with Alexa Fluor 594-conjugated rabbit anti-mouse F(ab'), (di-
luted 1:200; Molecular Probes, Eugene, OR) and Alexa Fluor 488-
conjugated rabbit anti-goat F(ab’), (diluted 1:200; Molecular Probes).
After mounting, the cellular localization of TRPV1 and FAF1 was ob-
served with an immunofluorescent confocal microscope (Zeiss, Thorn-
wood, NY).

Biotinylation of cell-surface proteins. Biotinylation of HEK 293T cell-
surface proteins was performed with the Cell Surface Protein Biotinyla-
tion and Purification kit (Pierce). HEK 293T cells were transiently trans-
fected using Lipofectamin (Invitrogen) with pCDNA3.1-TRPV1/myc-
His alone or both pCDNA 3.1-TRPV1/myc-His and pCMV-FAFI.
Transfected HEK293T cells were grown to confluence (90-95% conflu-
ent T75 flask, 48 h after transfection) and washed twice with ice-cold 1X
PBS, pH 8.0. Cells were then incubated with 0.5 mg/ml EZ-Link NHS-
SS-Biotin (Pierce) in ice-cold 1X PBS for 30 min at 4°C. The biotinyla-
tion reaction was terminated by adding quenching solution and rinsed
with Tris-buffered saline. After quenching the reaction, cells were har-
vested and lysed in the lysis buffer containing protease inhibitors (Com-
plete Mini; Roche, Mannheim, Germany). To improve solubilization, we
sonicated the cells on ice. The cell lysates were centrifuged at 10,000 X g
for 2 min at 4°C. The immobilized NeutrAvidin Gel slurry was used to
adsorb the biotinylated membrane proteins in the supernatant. Gels were
washed with wash buffer twice, and proteins were eluted from the Neu-
trAvidin Gel by heating at 95°C for 5 min in SDS-PAGE sample buffer.

Preparation of endoribonuclease-prepared small interfering RNA.
Endoribonuclease-prepared small interfering RNA (esiRNA) was pre-
pared as described previously (Hammond et al., 2000). Briefly, using
pcDNA-FAF1 as a template, a long double-stranded RNA that corre-
sponded to nucleotides 339—689 of rat FAF1 was obtained from PCR-
derived templates carrying the T7 promoter sequence (underlined) with
the following primers: 5'-TAATACGACTCACTATAGGGTACTTG-
AAGACAGCTGTA-3" and 5'-TAATACGACTCACTATAGGGTATGC-
TTGTCAGATCATA-3'. The double-stranded RNA was digested with
RNaselll for 1 h at 37°C. The resultant short (12-30 bp) esiRNAs were
precipitated with ethanol and labeled with Cy-3 using a Silencer siRNA la-
beling kit (Ambion, Austin, TX). esiRNAs were transfected into cultured
DRG cells using Oligofectamine (Invitrogen, Groningen, Germany).

Reverse transcription-PCR. First-strand ¢cDNAs were reverse tran-
scribed from total RNAs isolated from a FAF1 esiRNA-transfected cul-
tured DRG neuron using the Power cDNA Synthesis kit (iNtRON Bio-
tech, Ansan, Korea) with oligo(dT). PCR amplification (94°C for 3 min,
then 94°C for 30 s, 60°C for 30 s, 72°C for 30 s at 25 cycles, and 72°C for
10 min) was performed using the GeneAmp PCR system 2700 (Applied
Biosystems, Foster City, CA). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as a positive control.

Primary cultures of DRG cells. Primary cultures of DRG cells were
obtained for biochemical, immunohistochemical, and electrophysiolgi-
cal studies. Primary cultures of DRG cells were as described previously
(Oh et al., 1996; Shin et al., 2002). Briefly, DRGs were dissected from all
levels of the thoracic and lumbar spinal cords of neonatal rats and col-
lected in cold culture medium (4°C). A mixture of DMEM and F-12
solution (Sigma) was used as the culture medium. In the culture me-
dium, 10% fetal bovine serum (Invitrogen), 1 mm sodium pyruvate,
50-100 ng/ml nerve growth factor (Invitrogen), and 100 U/ml penicillin/
streptomycin (Sigma) were added. Ganglia were washed with a mixture
of DMEM and F-12 solution and incubated for 30 min in a warm (37°C)
DMEM/F-12 mixture containing 1 mg/ml collagenase (Worthington,
Freehold, NJ). The ganglia were then washed three times with Mg?" - and
Ca?*-free Hank’s solution (Sigma), followed by incubation with gentle




Kim et al. ® FAF1 Association with TRPV1

shaking for 30 min in warm Hank’s solution (37°C) that contained 2.5
mg/ml trypsin (Boehringer Mannheim, Indianapolis, IN). The solution
was then centrifuged at 1000 rpm for 10 min, and the pellet was washed
gently with the culture medium to inhibit trypsin activity. The pellet was
then suspended in the culture medium, gently triturated with a fire-
polished Pasteur pipette, and plated in small Petri dishes (35 X 12 mm).
Cells were placed in a 37°C incubator in a 95% air/5% CO, atmosphere.
Cells were used 2—4 d after plating.

Current recording. As a borosilicate glass pipette coated with Sylgard
(Dow Corning, Midland, MI) touched the surface of a cell, a gigaseal was
formed by gentle suction. After cell-attached patches were formed, the
membrane in contact with the pipette was ruptured by applying suction
to make an entire cell. After an entire cell was formed, the capacitive
transients were canceled. For recording single-channel currents, inside-
out or outside-out patches were formed in cultured DRG neurons, HEK
293T, or Chinese hamster ovarian (CHO) cells transfected with TRPV1
and/or FAF1 as described previously (Jung et al., 1999; Hwang et al.,
2000). The control bath solution for single-channel current recording
contained (in mm) 130 NaCl, 2 MgCl,, 5 EGTA, and 10 NaOH/HEPES,
pH 7.2. The half-amplitude algorithm in FETCHAN (pClamp 9.0; Mo-
lecular Devices, Union City, CA) was used to detect open events. Channel
activity was calculated as NP, where N represents functional channels
and P, represents channel open probability.

Results

Cloning of a TRPV1 association protein

To clone genes encoding proteins that are associated with
TRPV1, a sensory neuron-specific cDNA expression library was
constructed and screened by bait protein segments of TRPV1
(Fig. 1A). The TRPV1 segments were purified after expression in
E. coli, tagged with **P by protein kinase A, and used as radiola-
beled probes. A A-phage clone was identified that showed a spe-
cific binding signal during the library screening when a protein
segment spanning the amino acids 243—440 in the N-terminal
region of TRPV1 (TRPV1***7*%%) was used as a bait (Fig. 1A).
Other protein segments such as TRPV1'™* (Fig. 1A) and a
C-terminal cytosolic tail (TRPV1°%~%%*) did not show any bind-
ing signal in the library screening (data not shown). The nucleo-
tide sequence of the TRPV1-associated cDNA clone indicates
that it corresponds to a gene segment of FAFI, originally
cloned as a Fas-interacting protein (Chu et al., 1995). We then
cloned the full-length cDNA of rat FAF1, which has 649 aa and
a predicted molecular weight of 74 kDa. The deduced amino
acid sequence of rat FAF1 showed 95 and 98% sequence iden-
tity with human and mouse FAF1, respectively (Chu et al,,
1995; Ryu et al., 1999) (Fig. 1B).

FAF1 interacts with TRPV1

To confirm the specific interaction of TRPV1 with FAFI, we
performed GST pull-down analysis after expressing and purify-
ing GST-FAF1 fusion proteins from E. coli. His-tagged N termi-
nus (His-NTRPV1, TRPV1'"*%) or C terminus (His-CTRPV1,
TRPV1 °%273%) was also expressed and purified from E. coli. Con-
sistent with the results of A-phage library screening, His-
NTRPV1, but not His-CTRPV1, was copurified with GST-FAF1
(Fig. 2A).

To determine further whether TRPV1 interacts with FAF1 in
vivo, we coexpressed FAF1 and TRPV1 in HEK 293T cells (Fig.
2 B). When cell lysates of HEK 293T cells transfected with TRPV1
and FAF1 were precipitated with anti-FAF1 antibody, TRPV1
was detected in the precipitates but not in the precipitates of cells
transfected with TRPV1 alone. Conversely, when HEK 293T cells
that were transfected with TRPV1 and FAF1 were precipitated
with anti-TRPV1 antibody, FAF1 was detected in the precipitates
but not in the immunoprecipitates of cells transfected with FAF1
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Figure1.  A-phagedisplay for cloning of a TRPV1 associated protein. 4, A radiolabeled signal

of TRPVT (32P-TRPV12"~*) was detected in a FAF1-expressing clone during the initial
screening of the sensory neuron-specific A-phage expression library. *2P-TRPV1'""%*, as a
negative control, did not show any binding signal. Right, A schematic drawing of TRPV1. Bait
segments of TRPV1 are shown. Cross bars represent transmembrane domains. N, N terminus; C,
(terminus. B, Deduced amino acid sequences of rat, human, and mouse FAF1. Identical amino
acid residues are marked in black.

alone. Thus, along with phage display, these results clearly suggest
astrong physical interaction between TRPV1 and FAF1 in vitro as
well as in vivo.

We then sought to determine whether the physical interaction
occurred in sensory neurons. Indeed, coimmunoprecipitation of
TRPV1 and FAF1 was also observed in DRG cultures. When ly-
sates of primary cultures of DRG cells were immunoprecipitated
with TRPV1 antibody, FAF1 was immunoblotted in the precipi-
tates (Fig. 2C). Similarly, TRPV1 was found in the precipitates of
DRG lysates that were immunoprecipitated with FAF1 antibody,
confirming further the physical interaction between TRPV1 and
FAF1 in sensory neurons.

To identify the region in FAF1 responsible for the interaction
with TRPV1, we translated TRPV1 in a *°S-methionine-
containing medium to make a radiolabeled probe. As shown in
Figure 3A, the radiolabeled TRPV1 (**S-TRPV1) was copurified
when it was incubated with GST-FAF1, GST-FAF1'°!, GST-
FAF17'72°!, or GST-FAF12'%72% Because the peptide segment,
FAF17'72% that contained the ubiquitin homologous domain
(UB1) (Becker et al., 1997; Ryu et al., 1999; Kim et al., 2005), was
copurified with *>S-TRPV1, this UB1 region appears to be re-
sponsible for the binding with TRPV1. Other regions, such as the
death effecter domain interacting domain (Ryu et al., 2003) that
is known to interact with Fas-associated death domain protein
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Figure 2.  FAF1 associates with TRPV1 in vitro and in vivo. A, The N-terminal fragment of
TRPV1 (NTRPV1, TRPV1'=*4%), but not the C-terminal fragment (CTRPV1, TRPV1 682-838) yas
pulled down by GST-FAF1. B, Coimmunoprecipitation of TRPV1 and FAF1in HEK 293T cells. HEK
293T cells transfected with pcDNA-TRPV1 alone or pcDNA-TRPV1 and pCMV-FAF1 were immu-
noprecipitated either with antibody against FAF1 (left) or TRPV1 (right). Immunoprecipitates
were immunoblotted by anti-TRPV1 (c-TRPV1) or anti-FAF1 (c-FAF1) antibody. Input indi-
catesimmunoblots of TRPV1 (left) or FAF1 (right) in cell lysates before immunoprecipitation. C,
Coimmunoprecipitation of TRPV1 and FAF1 in DRG cells. DRG cultures were immunoprecipi-
tated with preimmune serum (Pre-immune), a-FAF1, or «-TRPV1. Immunoprecipitates were
then immunoblotted by c-TRPVT or -FAF1. i.p., Immunoprecipitated.

(FADD) or caspase-8, failed to be copurified with **S-TRPV1
(Fig. 3A).

FAF1 and TRPV1 were coexpressed in sensory neurons (Fig.
3B). TRPV1 immunoreactivity was found in a subset of sensory
neurons. However, dense FAF1 immunofluorescence was ob-
served in sensory neurons as well as in satellite cells. FAF1 and
TRPV1 immunoreactivity was present ubiquitously in the mem-
brane and the cytosol but not observed in the nucleus (Frohlich et
al., 1998; Olah et al., 2001). Among 358 DRG neurons counted,
339 (94.7%) neurons were FAF1 positive, whereas 144 (40.2%)
neurons were TRPV1 positive. Among 339 FAF1-positive neu-
rons, 125 (36.9%) cells were TRPV1 positive. In contrast, 125
(86.8%) cells were FAF1 positive among 144 TRPV1-positive
neurons.

FAF1 controls pharmacological response of TRPV1

to capsaicin

Previously, we reported that the pharmacological profile of
TRPV1 differs from those of native capsaicin receptors in sensory
neurons (Shin et al., 2001). For example, TRPV1 is approxi-
mately three times as sensitive as native capsaicin receptors in
sensory neurons in terms of capsaicin response (Shin et al., 2001).
We therefore questioned whether the physical association be-
tween FAF1 and TRPV1 accounts for the pharmacological differ-
ence. To determine the pharmacological sensitivity of TRPV1 or
TRPV1 and FAF1, 0.03-30 uM capsaicin was applied to the bath
of inside-out membrane patches from DRG neurons, HEK-
TRPV1, or HEK-FAF1/TRPVI cells. As reported previously
(Shin et al., 2001), the cloned capsaicin receptor, TRPV1, was
approximately three times more sensitive to capsaicin than the
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Figure3.  TRPV1 binds the ubiquitin homologous domain (UB1) region in FAF1. 4, To iden-
tify the region in FAF1 responsible for the interaction with TRPV1, TRPV1 was translated in vitro
ina 3*S-methionine-containing medium to make a radiolabeled probe. Wild-type FAF1 and its
mutants containing UB1 were copurified with 3°S-TRPV1. The level of input proteins was iden-
tified by immunoblot with GST antibody. Schematic representation of the wild-type and dele-
tion mutants of human FAF1. B, Coexpression of TRPV1 and FAF1 in sensory neurons. Cultured
rat DRG neurons were incubated with mouse anti-TRPV1 and goat anti-FAF1 antisera, followed
by Alexa Fluor 594-conjugated rabbit anti-mouse IgG and Alexa Fluor 488-conjugated rabbit
anti-goat |gG. FID, Fas-interacting domain; DEDID, death effecter domain-interacting domain;
UB1, ubiquitin homologous domain.

native capsaicin receptor in sensory neurons, shifting the dose—
response curve leftward from that of the native channel in sensory
neurons (Fig. 4A). The half-maximal effective doses (ECs,) of
capsaicin in activating TRPV1 and native capsaicin receptor were
0.39 = 0.05 uM (n = 11; mean = SEM) and 1.11 = 0.19 uM (n =
19), respectively. Surprisingly, cotransfection of TRPV1 with
FAF1 reduced the sensitivity to capsaicin, shifting the dose—
response curve to the right (i.e., back to that of the native capsa-
icin receptors in sensory neurons) (Fig. 4A). The EC5, value of
capsaicin for HEK-FAF1/TRPV1 activation was 1.57 = 0.37 uM
(n = 9), significantly greater than that for HEK-TRPV1 (p <
0.01; ANOVA; Tukey’s post hoc test).

Reduction in the mean open time by FAF1 coexpression, but
not the current amplitude, accounted for the reduction in chan-
nel activity. To acquire histograms of mean open times, we re-
corded single-channel currents having one or two levels of uni-
tary currents from HEK-TRPV1 or HEK-FAF1/TRPV1 cells. The
histogram of mean open times of single-channel currents acti-
vated by capsaicin was best fitted by two exponential functions
(Kwak et al., 2000). Among the two mean open times (7, and
Ts), FAF1 coexpression significantly reduced the mean open
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Figure4. FAF1 reduces capsaicin-induced responses of TRPV1. 4, Dose—response relation-

ships of capsaicin-induced single-channel currents recorded from HEK-TRPV1 (@; n = 11),
HEK-FAF1/TRPV1 (O; n = 9), and DRG (Bl; n = 19) neurons. B, FAF1 reduces capsaicin (CAP)-
induced whole-cell currents. Right, A summary of capsaicin-induced whole-cell currents (/,,,)
from HEK-TRPV1 or HEK-FAF1/TRPV1 cells. *p << 0.001 (Student'’s ¢ test). €, FAF1 and TRPV1
coexpression reduces capsaicin-induced Ca** influx. Capsaicin (50 nw) was applied to HEK-
TRPV1 (@;n = 20; arrow) or HEK-FAF1/TRPV1 (O; n = 20) cells loaded with Fluo3-AM. D, The
stoichiometric relationship between capsaicin-induced Ca®* influx and the ratios between
FAF1and TRPV1 ¢(DNA amounts used for transfection of HEK 293T cells (n = 16 —24; *p < 0.01;
ANOVA; Tukey's test). Error bars indicate SEM.

time of long opening (7,,) (6.33 = 0.45vs 4.00 = 0.23 ms; n = 9).
The mean open time of short opening (7,,) was not significantly
different in both groups (0.84 * 0.09 vs 0.67 = 0.23 ms; n = 9).
Coexpression of FAF1 did not affect the current amplitude of
TRPV1 activated by 1 uMm capsaicin. At —60 mV of the holding
potential, mean current amplitudes of single-channel currents
gated by capsaicin in HEK-TRPV1 and HEK-FAF1/TRPV1 cells
were 2.62 = 0.36 (n = 12) and 2.55 = 0.13 pA (n = 8), respec-
tively. FAF1 also increases the mean closed time for long closing
(1.,) from 0.95 = 0.42 to 3.31 = 0.78 ms. Thus, FAFI seems to
reduce activity of TRPV1 via controlling the mean open and
closed times of TRPV1I.

The reduction in TRPV1 by FAF1 was also evident in entire
cells. HEK 293T cells cotransfected with TRPV1 and FAFI elic-
ited significantly smaller current in response to 0.5 uM capsaicin
than HEK-TRPV1 cells (Fig. 4B). A deletion mutant, FAF1 '
that copurified with TRPV1 failed to reduce the capsaicin-
sensitive current of TRPV1 when coexpressed in HEK cells (Fig.
4B). FAF1- or mock-transfected HEK 293T cells showed no
capsaicin-induced current even at 10 uM capsaicin (data not
shown). The reduction in TRPV1 activity by FAF1 was also
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observed when Ca®" influx induced by capsaicin was mea-

sured in HEK-TRPV1 and in HEK-FAF1/TRPV1 cells (Fig.
4C). Moreover, the reduction in TRPV1-induced Ca>* mobi-
lization was most prominent when the stoichiometric ratio
between transfected amounts of FAF1 and TRPV1 cDNAs be-
came 1:1 (Fig. 4D).

FAF1 controls pharmacological response of TRPV1 to acid
The functional association between FAF1 and TRPV1 was also
tested for the response to acid. Because acid acts on the extracel-
lular surface of TRPV1 (Jordt et al., 2000; Welch et al., 2000),
acidic solutions at different degrees of acidity (pH 4.75-7.0) were
applied to outside-out membrane patches. This time, CHO cells
were chosen for the transfection of TRPV1 or TRPV1 and FAF1
because of the difficulty in forming outside-out patches from
HEK 293T cells. After forming outside-out patches isolated from
CHO-TRPV1, CHO-FAF1/TRPV1 cells, or cultured DRG neu-
rons, 0.5-1 uM capsaicin was routinely applied to check for the
presence of TRPV1 in these membrane patches. In DRG neurons,
single-channel currents activated by capsaicin were also activated
by applying acidic solution, pH 5.5, to the bath. Furthermore, the
single-channel currents activated by acidic solution, pH 5.5, were
significantly blocked (80.5 * 0.05% reduction; n = 6) by 10 um
capsazepine, suggesting that the channel currents activated by
acid were of TRPV1 origin (Tominaga et al., 1998). The current
response of native capsaicin receptors in DRG neurons to acid
was biphasic (Fig. 5A,B): single-channel currents increased
steadily when the acidity of the bath solution was increased pro-
gressively to pH 5.5 but markedly reduced when the acidity of the
bath solution exceeded pH 5.5. In contrast, the current response
of TRPV1 to acid was monophasic: channel currents increased
steadily even below a bath pH of 5.5. Strikingly, when TRPV1 was
coexpressed with FAF1, a biphasic response profile to acid was
observed, which exactly resembled the response to acid of the
native capsaicin receptors in sensory neurons (Fig. 5A, B).

The biphasic change in the acid-induced macroscopic cur-
rents of native capsaicin receptors and of CHO-FAF1/TRPV1
primarily resulted from biphasic changes in open-channel prob-
ability (P,): a progressive increase in P, during the application of
acidic solution to pH 5.5 was followed by a sharp reduction when
the pH of the solution fell below 5.5. In contrast, P, of TRPV1
increased steadily when the pH fell to 4.75 (Fig. 5B). The reduc-
tion in the macroscopic currents of native capsaicin receptors in
DRG neurons resulted also in part from the reduced single-
channel current amplitude. As reported by Baumann and Mar-
tenson (2000), acidic solutions steadily reduced the current am-
plitudes of single-channel currents of native capsaicin receptor
(Fig. 5C). Similarly, the amplitudes of single-channel currents
recorded from CHO-FAF1/TRPV1 also declined significantly as
the bath solution became more acidic. In contrast, the single-
channel amplitudes of CHO-TRPV1 did not significantly decline
on acidification (Fig. 5C).

FAF1 reduces the TRPV1 response to heat

We then tried to determine whether FAF1 controlled the sensi-
tivity of TRPV1 to heat, another stimulus for the channel activa-
tion. Heat from 25 to 47.5°C was delivered to entire cells formed
from HEK cells transfected with TRPV1 or TRPV1 and FAF1. In
mock-transfected cells, application of heat from 25 to 47.5°C did
not cause appreciable current (data not shown). In contrast, an
increase in temperature of the bath solution caused channel cur-
rents in cells expressing HEK-TRPV1 or HEK-TRPV1/FAF1 (Fig.
6A). Coexpression of FAF1 did not affect the heat sensitivity of
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CHO-TRPV1, CHO-FAF1/TRPV1, and DRG cells. Acidic solutions of increasing acidity (pH 7.0 -
4.75) in increments of 0.25 of a pH unit were applied to outside-out patches isolated from DRG
neurons or CHO-TRPV1 or CHO-FAF1/TRPV1. w/o, Washout; CAP, capsaicin (1 wm). B, The effect
of FAF1 and TRPV1 coexpression on the open-channel probability (P,) of TRPV1. The P, at each
pH was normalized to that of pH 5.5. Error bars indicate SEM. C, The effect of FAF1 and TRPV1
coexpression on the amplitude of single-channel currents activated by acid. Experimental num-
bers = 5-12.%p << 0.01 (ANOVA; Tukey's test).

TRPV1. However, response currents of TRPV1 at 45 and 47.5°C
from cells transfected with FAF1 and TRPV1 were significantly
lower than those observed in TRPV1-transfected cells. The mag-
nitudes of whole-cell currents at 45 and 47.5°C of HEK-TRPV1
cells were 981.1 = 179.7 pA (n = 22) and 972.6 = 174 pA (n =
20), respectively. Heat responses of HEK-TRPV1/FAF1 cells were
585.3 = 85.7 pA (n = 28) and 491.8 = 84.5 pA (n = 25). Thus,
these results indicate that TRPV1 response to heat is reduced by
FAF1.

The reduction in channel activity by FAF1 was also tested in
other channels. TRPA1 is a member of TRP channels activated by
menthol, mustard oil, and tetrahydrocannabinol and is impli-
cated in detection of noxious cold (Story et al., 2003; Jordt et al.,
2004). We therefore tested whether FAF1 modulates channel ac-
tivity of TRPA1. As reported by Jordt et al. (2004), application of
mustard oil to TRPA1-transfected cells produced robust currents
(Fig. 6 B). However, unlike the case of TRPV 1, FAF1 coexpression
did not alter the current responses of TRPA1 to mustard oil.
Similarly, FAF1 coexpression failed to modulate channel activity
of ASIC3 evoked by acid (pH 5.0) application (Fig. 6 B). Thus,
FAF1 seems to regulate activity of TRPV1, not other channels.
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Figure 6.  FAF1 reduces heat-induced current response of TRPV1. A, Whole-cell currents
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FAF1 constitutively reduces TRPV1

To verify whether FAF1 is functional in vivo as a regulatory pro-
tein in native capsaicin receptor, expression of FAF1 in sensory
neurons was silenced by RNA interference (RNAi) (Fire et al.,
1998; Hammond et al., 2000). To have effective RNAI, we gener-
ated RNAI labeled with Cy-3 for easy detection of the transfected
cells. Punctate Cy-3 fluorescence was visible in cultured DRG
neurons 45 d after transfection of RNAi (Fig. 7B). After RNAi
treatment, the mRNA level of FAF1 measured by reverse
transcription-PCR (RT-PCR) was greatly depressed in sensory
neurons, whereas FAF1 RNAI did not affect the message level of
GAPDH. As shown in Figure 7A, application of 0.5 uM capsaicin
evoked inward currents of 0.019 = 0.005 nA/pF (n = 19). In
contrast, silencing FAF1 by RNAi augmented the capsaicin-
sensitive currents (0.101 = 0.015 nA/pF, n = 11), eliciting an
approximate fivefold increase in the whole-cell currents (Fig. 7B).
Thus, these results suggest that FAF1 constitutively controls
TRPV1 in vivo.

Effect of FAF1 on the cell-surface expression of TRPV1
Many proteins that are associated with ion channels affect the
trafficking of pore-forming subunits (Anzai et al., 2002; Okuse et
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al., 2002). Furthermore, vesicular proteins, snapin and synapto-
tagmin IX, interact with TRPV1 to augment the TRPV1 expres-
sion in the membrane (Morenilla-Palao et al., 2004). Likewise,
the downregulation of TRPV1 activity by FAF1 would result from
the FAF1-dependent reduction in the expression of TRPV1 in the
cell membrane. To determine whether FAF1 coexpression mod-
ulates TRPV1 expression in the membrane, we measured the
expression level of TRPV1 in HEK cells by immunoblots after
surface proteins were biotinylated and purified with streptavidin.
As shown in Figure 8, the expression levels of TRPV1 in total cell
lysates did not differ whether FAF1 was cotransfected or not.
Similarly, FAF1 cotransfection failed to affect the expression lev-
els of TRPV1 in the biotinylated fraction. These results suggest
that FAF1 either does not affect degradation of TRPV1 or traf-
ficking to the plasma membrane.

Discussion

In the present study, we isolated a TRPV1-interacting protein,
FAF1, which binds TRPV1 and reduces the sensitivity of TRPV1
to capsaicin, acid, and heat. Judging from the results from
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Figure 8.  FAF1 coexpression does not affect the overall levels of TRPV1 expression in the
plasma membrane. The expression level of TRPV1 in HEK cells was measured by Western blots
after surface proteins were biotinylated and purified with streptavidin (right).

A-phage display, GST pull down, or coimmunoprecipitation as-
say, FAF1 appears to maintain a strong and robust physical inter-
action with TRPV1. The interaction with FAF1 reduces its re-
sponses to capsaicin, acid, and heat and reinstalls the
pharmacological properties of native capsaicin receptor in sen-
sory neurons. The physico-functional interaction with FAFI is
physiologically relevant and constitutively active, because silenc-
ing TRPV1 gene increases its response to capsaicin. Thus, FAF1
seems to be an integral component of the capsaicin receptor com-
plex in sensory neurons, controlling the activity of TRPV1. Be-
cause TRPV1 is a key molecule for the transduction of inflamma-
tory pain (Caterina and Julius, 2001), elucidation of subunit
structures of TRPV1 will provide a more detailed insight into
nociception and pain treatment.

Because FAF1 was first identified as a Fas-associated protein,
its role in Fas-induced cell death signaling has been suggested
(Chuetal., 1995). FAF1 enhances Fas-induced cell death (Chu et
al., 1995) as well as initiates apoptotic cell death by activating
death signaling pathways (Ryu et al., 2003). Although FAFI does
not contain the typical death domain of many Fas-interacting
proteins, it binds the death domain of Fas and induces apoptosis
by interacting with FADD and caspase-8 that are known to be
downstream death-signaling components of Fas (Ryu et al.,
2003). In the present study, FAF1 binds the N terminus of
TRPV1. Furthermore, TRPV1 binds the UB1 domain in FAF1
where Fas is known to bind (Becker et al., 1997; Ryu et al., 1999;
Kim et al., 2005). The UB1 domain in FAF1 might be a region
responsible for the interaction with other receptors. Thus, it is
conceivable that FAF1 might mediate the downstream death sig-
naling pathways initiated by TRPV1 as a receptor that lead to cell
death. Because the expression of TRPV1 alone is sufficient to
induce cell death when stimulated by TRPV1 agonists (Maccar-
rone et al., 2000; Shin et al., 2003), the involvement of FAF1 in
TRPV1-dependent cell death is difficult to resolve. In addition,
we expected that activation of Fas or TNF-« receptor (members
of the TNF receptor family) (Suda et al., 1993; Enari et al., 1995)
by its ligands would affect TRPV1 possibly via FAF1. However,
we failed to see any change in current or membrane potentials
when Fas antibody (Fas ligand) or TNF-a was applied to sensory
neurons (data not shown). Thus, Fas does not appear to link to
TRPV1 in sensory neurons.

Sensitivity to capsaicin of native capsaicin channels and heterolo-
gously expressed TRPV1 seems to be different: TRPV1 expressed in
a heterologous system is much more sensitive to capsaicin than
native capsaicin receptor. For example, the half-maximal con-
centrations (ECs,) of capsaicin for activating native capsaicin-
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sensitive currents is ~0.68—1.1 um (Liu and Simon, 1996; Oh et
al., 1996; Koplas et al., 1997; Liu et al., 1997; Jung et al., 1999). In
contrast, EC5, values for activating TRPV1 expressed in mamma-
lian cell lines are 0.1-0.25 uM, much lower than those for native
capsaicin-sensitive currents in sensory neurons (Tominaga et al.,
1998, 2001; Mohapatra and Nau, 2003). Similar results were also
found in experiments measuring Ca*" influx. ECs, values of cap-
saicin for causing Ca" influx in DRG neurons are 0.072- 0.2 uM
(Wood et al., 1988; Cholewinski et al., 1993; Urban et al., 2000),
whereas those in HEK-TRPV1 or CHO-TRPV1 cells are 0.016—
0.098 uM (Gavva et al., 2004; Toth et al., 2004). The difference in
potency stems from variation possibly raised by different exper-
imental procedures performed in different laboratories. How-
ever, the potencies of capsaicin in activating both TRPV1 and
native capsaicin receptor were compared by the same groups of
researchers, minimizing the experimental variation among dif-
ferent laboratories. Vellani et al. (2001) found that TRPV1 ex-
pressed in HEK cells was much more sensitive to capsaicin than
native channels in DRG neurons, because ECs, values of capsa-
icin for inducing inward currents in HEK-TRPV1 cells and in
sensory neurons were 0.1 and 0.57 uM, respectively. Szallasi et al.
(1999) observed a 10-fold difference in capsaicin sensitivity be-
tween native channel and TRPV1 in Ca®" influx experiments
(ECs, values: 0.3 vs 0.03 M, respectively). Thus, TRPV1 seems
more sensitive to capsaicin than native channels in sensory neu-
rons. Variations in sensitizing or desensitizing cytosolic signals in
sensory neurons and HEK or CHO cells that modulate TRPV1
activity would account for the difference in ligand sensitivity of
TRPV1. However, in the present study, even in single-channel
current recordings from an isolated membrane patch where cy-
tosolic factors were mostly eliminated, we still observed an ap-
proximate threefold difference in capsaicin sensitivity (Fig. 4).
Most notably, the difference in capsaicin sensitivity among native
channels and TRPV1 was negated when it was coexpressed with
FAF1. Furthermore, FAFI silencing in sensory neurons by FAF1
RNAi augmented the capsaicin response (Fig. 7). Thus, it is likely
that FAF1 actively controls TRPV1 in native sensory neurons as a
negative regulator.

Acid, one of the major causes of the hyperalgesia induced by
inflammation or ischemic injury, is known to excite sensory neu-
rons (Steen et al., 1992; Reeh and Steen, 1996; Zeilhofer et al.,
1997). Of the ion channels in sensory neurons that respond to
acidic solution (Chen et al., 1998; Reeh and Kress, 2001), TRPV1
is a candidate transducer of acid-induced hyperalgesia (Caterina
etal., 1997; Tominaga et al., 1998; Kress and Zeilhofer, 1999; Jung
etal.,2002). As seen by others, TRPV1 activity increases as acidity
of the solution increases up to pH 4.4 (Tominaga et al., 1998).
However, unlike progressive activation of TRPV1, extreme acid
reduces neural activity in sensory neurons (Steen et al., 1992;
Zeilhofer et al., 1997). Thus, the apparent discrepancy between
the response profile of TRPV1 and that of sensory neurons to acid
suggests an obligatory regulation of TRPV1 by associated pro-
teins. In the present study, the coexpression of TRPV1 and FAF1
reduces acid-induced response of TRPV1 and reasserts the re-
sponse profiles of native capsaicin receptors to acid. It is not clear
how FAF1 controls the sensitivity of TRPV1 to capsaicin, acid,
and heat, although it is conceivable that FAF1 stabilizes TRPV1
from ligand activation.

The two vesicular proteins, snapin and synaptotagmin IX, are
now known to interact with TRPV1. Using the yeast two-hybrid
screening technique, Morenilla-Palao et al. (2004) cloned
TRPV1-interacting proteins. Snapin and synaptotagmin IX asso-
ciate and colocalize with TRPV1. The strong physical interaction
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would suggest a functional interaction with TRPV1. However,
the two SNARE (soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor) proteins failed to elicit modulatory
action on TRPV1 properties because the overall channel proper-
ties were not changed after coexpression with TRPV1 (Morenilla-
Palao et al., 2004). Instead, snapin and synaptotagmin IX aug-
ment TRPV1 expression in the plasma membrane in a protein
kinase C-dependent manner. Thus, the interaction with two ve-
sicular proteins is now thought to be implicated in protein kinase
C-dependent exocytosis. In the present study, coexpression of
TRPV1 with FAFI elicited consistent change and reduction in its
responses to capsaicin, acid, and heat. The reduction in the chan-
nel responses by FAF1 would be expected if FAF1 suppresses
TRPV1 expression in the plasma membrane. However, coexpres-
sion of TRPV1 with FAF1 did not affect the expression level in the
surface protein fraction (Fig. 8). Thus, FAF1 does not seem to
affect the trafficking or expression of TRPV1 in the plasma mem-
brane. Furthermore, TRPV1 binds FAF1 at the peptide segment
(amino acids 71-201) that contains the ubiquitin homologous
domain (UB1) (Fig. 3). Because the UB1 domain in FAFI is
known to bind proteasome after ubiquitination (Kleijnen et al.,
2003), it is probable that FAF1 might cause degradation of
TRPV1, resulting in the reduction in TRPV1 response. However,
it is less likely that FAF1 induces TRPV1 degradation because it
did not affect the overall expression level of TRPV1.

There is a wide variation in sensitivity to capsaicin among
sensory neurons (Liu and Simon, 1996; Liu et al., 1997). The
variation in capsaicin sensitivity is primarily attributable to the
different levels of TRPV1 expression. Because FAF1 associates
with and reduces the pharmacological responses of TRPV1 to
ligands, FAF1 would in part account for the variation in capsaicin
sensitivity. However, this by no means suggests that all the vari-
ation in capsaicin sensitivity is attributable to FAF1. Other factors
such as sensitizing or desensitizing signals by phosphorylation or
dephoshosphorylation would be more effective in determining
the sensitivity.

In summary, we cloned a TRPV1-interacting protein, FAF1.
Various in vivo and in vitro biochemical experiments, such as
A-phage display, GST pull down, or coimmunoprecipitation as-
say, exhibited robust and strong physical association of FAFI
with TRPV1. Expression of FAF1 with TRPV1 reduced its re-
sponses to all three types of stimuli: capsaicin, acid, and heat. In
addition, the reduction by FAF1 was constitutively active. Be-
cause TRPV1 is a critical molecular transducer for mediating
inflammatory pain, its regulation by FAF1 would contribute to
understanding nociception as well as to designing and developing
TRPV1 antagonists as novel analgesics.
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