THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 47, pp. 40601-40607, November 25, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

C-terminal Dimerization Activates the Nociceptive
Transduction Channel Transient Receptor Potential

Vanilloid 17

Received for publication, May 1, 2011, and in revised form, September 5, 2011 Published, JBC Papers in Press, September 16,2011, DOI 10.1074/jbcM111.256669

Shu Wang and Huai-hu Chuang'

From the Department of Biomedical Sciences, Cornell University, Ithaca, New York 14853

potential vanilloid 1 (TRPV1) channels.

tured peptide linkers.
\_

(Background: Oxidation sensitizes nociception by covalent cysteine modification of pain transduction transient receptor

Results: Cysteines within a unique C-terminal region are ligated to form intersubunit disulfide bonds to sensitize TRPV1.
Conclusion: Dimerization of adjacent C termini activates TRPV1.
Significance: This is potentially the first example of channel activation by physical approximation of two intrinsically unstruc-

J

Covalent modification of the specific cysteine residue(s) by
oxidative stress robustly potentiates transient receptor poten-
tial vanilloid 1 (TRPV1) and sensitizes nociception. Here we
provide biochemical evidence of dimerization of TRPV1 sub-
units upon exposure to phenylarsine oxide and hydrogen perox-
ide (H,0,), two chemical surrogates of oxidative stress. A disul-
fide bond formed between apposing cysteines ligates two C
termini, serving as the structural basis of channel sensitization
by oxidative covalent C-terminal modification. Systematic cys-
teine scanning of the C terminus of a cysteineless TRPV1 chan-
nel revealed a critical region within which any cysteine intro-
duced phenylarsine oxide activation to mutant TRPVI.
Oxidative sensitization persisted even when this region is sub-
stituted with a random peptide linker containing a single cys-
teine. So did insertion of this region to TRPV3, a homolog lack-
ing the corresponding region and resistant to oxidative
challenge. These results suggest that the non-conserved linker
in the TRPV1 C terminus senses environmental oxidative stress
and adjusts channel activity during cumulative oxidative dam-
age by lowering the activation threshold of gating elements
shared by TRPV channels.

The capsaicin receptor TRPV1 is a polymodal receptor that
converts multiple noxious stimuli into electric signals (1).
TRPV1 is subject to extensive modulation by neurotransmit-
ters, inflammatory cytokines, growth factors, local hormones,
and oxidative chemicals, thereby serving as an integration
device for processing nociceptive information (2—8). As a sub-
strate of many cellular signaling pathways, TRPV1 employs dis-
tinct cytoplasmic domains to translate various modulatory
inputs into channel openings or closures, which ultimately
adjust excitability of sensory afferents.

Oxidation is one of the most robust stimulators of TRPV1
activity (2, 9). It is conserved in both mammalian and avian
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TRPV1s, although birds and mammals have diverged during
evolution to become differentially sensitive to capsaicin, the
principal mammalian deterrent in chili peppers, and other
endogenous lipid agonists (10). Although there might be a
shared common gating mechanism for final channel opening
as initially proposed, modulation of TRPV1 channel could
arise from long-range allosteric interactions from distant
domains. Diffusely distributed cytoplasmic modulatory
domains couple to final channel opening differently, broad-
ening the capacity of TRPV1 for signal integration during
pain detection. The mammalian TRPV1 channel has distinct
binding sites for small chemical agonists, including endoge-
nous fatty acid or acylamides, vanilloids, 2-aminoethoxy-di-
phenyl borate, and purine nucleotides (ATP and GTP), as
well as large macromolecular ligands such as calmodulin or
inositide phospholipids (10 -16). Ligand binding to each site
either directly gates the channel or triggers conformation
changes that secondarily modulate thresholds of channel
opening by other modalities. Analysis of the gating mecha-
nism of TRPV1 activation for even a single modality is hin-
dered by incomplete understanding of coupling processes
among different modes of channel activation. For instance,
mutation in the extracellular proton acceptor (E600), which
is not the capsaicin-binding site, nevertheless causes a pro-
nounced shift of the dose-response curve for vanilloid
ligands, complicating subsequent data interpretation from
functional measurements (17). Mutational analysis directed
toward critical residues required for oxidative TRPV1 chan-
nel modulation suffers from a similar problem. Unantici-
pated changes remote from regions containing mutations
might alter the coupling of channel gates rather than purely
perturbing local structures of the receptor critical for chan-
nel gating. We thus took advantage of functional conserva-
tion of oxidative sensitization of TRPV1 channels between
avian and mammalian and selected the chicken receptor to
simplify the mechanistic analysis of oxidative modulation
because its insensitivity to chemical agonists capsaicin and
2-aminoethoxy-diphenyl borate helps to eliminate one gat-
ing mode, besides its better functional expression.
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TRPV1 activity is heavily modulated by covalent modifica-
tion, receptor trafficking and transcriptional or translational
regulations (3, 18 -21). To minimize the contribution of other
signaling pathways that oxidative chemicals may indirectly
induce in the whole cell context, we used the excised membrane
patch, a reduced experimental system, to elucidate the mecha-
nism of channel activation by direct oxidative covalent
modification.

EXPERIMENTAL PROCEDURES

Cell Culture and Heterologous Expression—HEK293 cells
were cultured with DMEM/F12 supplemented with 10% new-
born calf serum and antibiotics. Cells were transfected with 400
ng wild-type or mutant receptors with or without 50 ng
enhanced GFP plasmids using Turbofect reagents (Fermentas).
Cells were plated on poly-D-lysine-coated coverslips and
recorded 2 days following transfection.

Molecular Biology—Chimeric receptors were generated by
the overlapped extension polymerase chain reaction. Single
point mutants were constructed by overlapped extension PCR
followed by restriction digestion and ligation or by QuikChange
site-directed mutagenesis using Phusion (New England Biolab)
or Pfu polymerase (Stratagene). For Western blotting,
HA-tagged rat TRPV1 or 3X HA-tagged cysteineless chicken
TRPV1 were constructed in a mammalian expression vector.

Non-reducing SDS-PAGE Analysis and Western Blotting—
HEK293 cells transfected with cDNA-containing plasmids
were grown in cell culture plates until 48 h after transfection.
Cells were rinsed three times with PBS and then incubated in
PBS containing 200 um PAO? for 1 h or 10 mm H,O,, for 30 min.
The buffer solution was gently removed and cells were lysed in
PBS containing 1% Triton X-100 and protease inhibitor mix-
tures (Thermo Scientific). To test the reversibility of covalent
dithiaarsanane adducts, we included 10 mm mercaptoethanol
in the lysis buffer. The lysate was resolved on 8% non-reducing
SDS-polyacrylamide gel, which was transferred to an Immo-
bilon membrane (Millipore). The membrane was incubated in
blocking buffer (Tris-buffered saline with 0.05% Tween 20 with
5% nonfat milk) containing anti-HA antibody (at 1:1000 dilu-
tion, Covance, Inc.) at 4 °C overnight. TRPV1 proteins were
visualized using a secondary goat-anti-rabbit HRP-conjugated
antibody at 1:100,000 dilution (Thermo Scientific).

Electrophysiology—All electrophysiology experiments were
conducted at room temperature (21 °C). The standard extracel-
lular solution was composed of 10 mm HEPES, 145 mm CsCl, 1
mMm MgCl,, and 2 mm CaCl, (pH 7.4). The standard internal
solution contained 10 mm HEPES, 145 mM Na gluconate, 1 mm
Mg(gluconate),, and 0.1 mM EGTA (pH 7.4). Access resistances
of recording electrodes were 0.5 to 1 M{). Those of inside-out
macropatch recordings were 0.2 mM{). Pulse and PulseFit soft-
ware (HEKA) was used for data acquisition and analysis. A volt-
age ramp from —120 to +80 mV given at 1 Hz was used to
continuously record currents. Current amplitudes at +80mV
were plotted against time.

Statistical Analysis—The differences of TRPV1 currents
between maximal PAO stimulation and after BAL reversal were

2 The abbreviation used is: PAO, phenylarsine oxide.
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FIGURE 1. Single cysteine substitution mutants are activated by PAO. A,
inside-out patch-clamp recording of the current of single cysteine mutant
Y*cTRPV1 K777C activated by 10 um PAO. The PAO-induced current can be
reversed by T mm reducing agent BAL (all currents are measured at +80 mV).
B, current-voltage relationships at time points before PAO (basal), maximal
PAO stimulation, and full reversal by BAL are shown to demonstrate the char-
acteristic rectification gating of TRPV1. , statistical analysis of cysteine sub-
stitutions and averaged BAL-sensitive induced currents are displayed in the
bar graph (n = 3-9). The results revealed the clustering of positions in C ter-
mini at which anintroduced cysteine confers channel activation by PAO. Sub-
stitutions at positions 796, 799, and 814 had very low recordable currents, and
their modulation were not further determined (n.d.).

measured at +80mV. Data were rundown-corrected and pre-
sented as mean * S.E. The sensitivity of each cysteine substitu-
tion to PAO application was determined using one-way analysis
of variance. A p value less than 0.05 was considered to be sta-
tistically significant.

RESULTS

Cysteine Scanning Analysis Revealed That Numerous Posi-
tions in the C Terminus Are Permissive for Oxidative Activation
of TRPVI—To study the positional specificity of disulfide-
bond-evoked channel opening in chicken TRPV1, we intro-
duced single cysteine residues individually back into a cysteine-
less mutant chicken TRPV1 (*'¢cTRPV1) background at each
position between amino acids 772 and 832. In most positions
(56 of 59 mutants), cysteine substitutions yielded functional ion
channels with discernible basal currents at a membrane poten-
tial of +80 mV under cell-attached recording conditions, pro-
vided that Cs™ was used as charge carriers in electrophysiologi-
cal measurements. Excision of membrane patches into a buffer
solution with simple electrolyte composition allowed us to
quantify the effect of PAO, a cysteine-reactive chemical selec-
tive for vicinal thiols, on each mutant channel (Fig. 1, A and B).
If the C terminus of TRPV1 folded into a discrete structural
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motif, covalent cysteine modification-induced channel activa-
tion should only be observed for cysteines introduced to a lim-
ited subset of positions: A pair of cysteines had to be in physical
proximity with appropriate orientation to each other to form an
intersubunit disulfide bond to activate the channel. Surpris-
ingly, for a contiguous stretch of peptide between positions 772
and 809 of chicken TRPV1, the introduction of a cysteine con-
ferred a response to PAO activation (Fig. 1C). No apparent peri-
odicity was noted in this region, which suggests that the exist-
ence of cysteine, rather than a specific folded structure in this
region, is sufficient for C terminus-mediated oxidative modu-
lation. In contrast, introduction of cysteine residues into most
positions of the more distal region of the C terminus (from
Lys-810 to Asp-831) of cTRPV1 resulted in no significant oxi-
dative sensitization (Fig. 1C).

PAO Reacted with Vicinal Thiols in Two Subunits to Form an
Intersubunit Dimer—Given that a mutation to cysteine at
almost position (33 of35 functional channels) along a continu-
ous segment from Cys-772 to Glu-809 resulted in disulfide-
mediated channel activation, it is unlikely that this region has a
well folded structure with an interface that complements other
domains of TRPV1. We hence considered an alternative
hypothesis that this region is unstructured. Thermal motion
might then expose the substituted cysteine, which can occa-
sionally approximate the corresponding cysteine residue in an
adjacent subunit and be driven to form a stable disulfide bond
under oxidative conditions.

To determine whether such a disulfide bond is formed
between subunits at positions permissive for oxidative activa-
tion, we used non-reducing SDS-PAGE to resolve TRPV1
monomers and oligomers in the lysates prepared from HEK293
cells transfected with TRPV1 cDNAs. No discrete bands of
defined molecular sizes from detergent-solubilized cell lysates
under non-reducing conditions were observed using wild-type
rat TRPV1. We suspected that numerous cysteines in wild-type
TRPV1 could have led to spurious disulfide bonds and intro-
duced the anomalous mobility of channel proteins. Cysteineless
c¢TRPV1 should not form high molecular weight homo-oligom-
ers or complexes with other cellular proteins under non-reduc-
ing conditions. The cysteineless cTRPV1, as expected, migrated
as a monomeric polypeptide on the non-reducing SDS gel. We
thus focused on molecular weight analysis of single cysteine
substitution mutants in this background (Fig. 2). We examined
several single-cysteine substitution mutants (cysteine at posi-
tions 772, 774,777,784, 786, and 790) heterologously expressed
in HEK cells. We treated live transfected cells with 200 um PAO
for 1 h to catalyze in situ cysteine modification. PAO treatment
drove the dithiaarsanane adduct formation for channels in their
native environments, provided that proximal thiols were pres-
ent and covalent bonds formed were not broken by cellular
antioxidants. A substantial fraction of channel proteins from
these PAO-sensitive mutants had a shift of mobility to a range
consistent with dimer formation in non-reducing SDS-PAGE.
Dimeric adducts could be reversed to monomers by an excess of
reducing agents (10 mm B-mercaptoethanol) (Fig. 24). Inter-
estingly, dimeric proteins cross-linked by PAO from each cys-
teine reversion or substitution mutants have slight but repro-
ducible differences in their mobility, indicating their structural
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FIGURE 2. Non-reducing SDS-PAGE Western blot analysis of the PAO
effect on HA-tagged cysteineless chicken TRPV1 and single-cysteine
substitution mutants transiently expressed in HEK293 cells. A, under oxi-
dative condition (200 um PAO for 1 h), single-cysteine mutant ¥*C772 and
Y*K777C migrated as both monomeric (around 95 kDa) and dimeric (around
250 kDa) polypeptides, and the band for dimeric ©*°C772 and “*K777C
reverted back to the sizes of monomers when the reducing agent B-mercap-
toethanol was added to protein samples. The vast majority of cysteineless
mutant migrated as a monomer even after PAO treatment. Mock-transfected
cells did not have any proteins recognized by anti-HA antibodies in the cor-
responding positions for TRPV1 monomers or dimers. B, the “*cTRPV1
mutants with single cysteine substitution at positions 774(<*G774C), 777(“*
K777C), 784(<*1784C), 786(<*"P786C), and 790(“*'S790C) migrated as both
monomeric and dimeric polypeptides under oxidative conditions (200 um
PAO for 1 h).

difference even under the denatured condition (Fig. 2B). The
responsiveness in functional assays and reactivity to site-di-
rected cysteine modification of each of these mutants to PAO
provided supportive evidence that intersubunit dimerization
from disulfide bonding causes channel activation.

Two Single Cysteine-containing Random Peptide Fragments
Can Substitute the TRPV1 Linker Region to Introduce PAO Acti-
vation into “*¢TRPVI—Truncation of the very end of rat
TRPV1 produced sensitized mutant channels with lowered
thresholds for temperature- and voltage-dependent activation,
suggestive of a tonic inhibitory role of the distal region of the C
terminus of TRPV1 in channel gating (22, 23). An intersubunit
disulfide bond within the segment just proximal to this “inhib-
itory” region might sensitize the full-length channel by relieving
the inhibitory effect mediated by this distal C-terminal seg-
ment. This model predicts that distal C-terminal truncation of
any PAO-sensitive single-cysteine substituted mutant chicken
TRPV1 would be constitutively activated or sensitized even
without oxidative stress and would result in no further activa-
tion by PAO. We thus created two versions of truncation
mutants (A32 and A43) ina Cys-772 or 777C background to test
this hypothesis (Fig. 3A4). Both truncation mutants remained
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FIGURE 3. The PAO-induced channel activation does not require a linker
of any specific primary amino acid sequence. A, nomenclatures and corre-
sponding amino acid sequences of various “*’cTRPV1 mutants are shown.
The cysteine introduced in these mutants was at the Lys-777 position of the
cysteineless TRPV1. Representative traces of PAO activation and the reversal
by the reducing agent BAL of truncation mutants “*K777CA32 and “*
K777CA43 (B) and of random peptide linker mutants “*'cTRPV1 ,,,5_;57,CAP
and “*polyGS,,3_,5,Cys777 (C) are displayed in each panel.

robustly activated by 10 um PAO, which was also reversed by
dithiol reducing agent 2,3-dimercaptopropanol (BAL) (PAO-
induced currents = 2.0 = 0.9 nA, » = 5and = 0.89 = 0.34 nA,
n = 4 for A32 and A43, respectively, Fig. 3B). Clearly, cross-
linking two neighboring C termini did not cause channel acti-
vation by removing autoinhibition by the C-terminal tail in
TRPV1 gating.

The prevalence of permissive positions for introducing a sin-
gle-cysteine substitution to confer oxidative activation to
TRPV1 raised several mechanistic questions. First, is this
region required, or is the presence of any cysteine residue
within this region sufficient for oxidative activation of chan-
nels? Secondly, if this region is essential for oxidant-induced
channel activation, does it simply serve as a spacer or, rather,
obligate a certain primary sequence to exert its stimulatory
function? To address these questions, we created the mutant
YCTRPV1 (5773 757 CAP by replacing the amino acids
between Ser-772 and Arg-788 with a short tripeptide of Cys-
Ala-Pro sequence (Fig. 3A4). This mutant shortens the distance
between the TRP domain and the distal C-terminal inhibitory
region but contains a single cysteine residue. We recorded from
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this mutant and found that it is sensitized by PAO comparably
to any single-cysteine substitution mutants (PAO-induced cur-
rents = 2.5 = 1.3 nA, n = 6, Fig. 3C). We further replaced the
Cys-Ala-Pro (CAP) tripeptide of “*cTRPV1 5,73 74, CAP
with a random 15-amino acid-long poly-glycine-serine linker
containing a single cysteine insertion, denoted “*"polyGS,,,5_
787)Cys-777 (Fig. 3A). This channel was well expressed and
showed pronounced PAO sensitization (PAO-induced cur-
rents = 1.6 = 0.8 nA, n = 6, Fig. 3C).

Hydrogen Peroxide Activated the Single Cysteine Substitu-
tion Mutants and the Random Peptide Linker Mutant
P polyGS ;75_ 57 Cys-777—PAO and the more common oxi-
dative stress H,O, share the ability to join vicinal cysteines to
form disulfide adducts. However, the disulfide bond formed by
PAO treatment is slightly different, with an additional arsenic
atom bridging two sulfurs. We therefore examined whether
H,O, could catalyze simple disulfide bond formation and what
the functional consequences of such modification are. Oxida-
tion of single-cysteine substitution mutants was detected as a
shift of mobility of TRPV1 mutant polypeptides (Fig. 44) on the
non-reducing SDS-PAGE gel. We then assessed the ability of 10
mMm H,O, to activate mutant channels with a single cysteine per
subunit. Channel activation by H,O, was as robust as that aris-
ing from PAO application, although H,O, activation and
recovery kinetics were slower than PAO, and the reversal of
activation required a higher concentration (10 mm) of the
reducing agent BAL (Fig. 4, B and C). This may imply the sta-
bility of simple disulfides that sensitize TRPV1 in the oxidative
process, which is consistent with a long-lasting sensitization of
nociception in the animal model (9).

Basic gating properties of TRPV1 channels, including strong
voltage-dependent rectification (Fig. 4D), activation by an
acidic pH, and direct modulation of current amplitude by Cs™
or Mg>" (24, 25), are preserved in these mutants (data not
shown). Oxidation primarily alters the energy barriers to
reduce the activation threshold of TRPV1, thereby playing an
important role in sensitization of this transduction channel.

The Short Peptide Linker Fragment from TRPVI Transfers
PAO Sensitivity to Oxidant-insensitive TRPV3—These results
suggest that the critical segment in TRPV1 probably does not
form a rigid structure to function as a gating module to regulate
TRPV1 activity. Instead, it may operate as a flexible linker to
connect distinct gating domains of TRPV1 to meter the envi-
ronmental oxidative stress the cytoplasmic tails face. Clearly,
the segment endowing oxidative modulation is dispensable for
a functional channel. It is even not evolutionarily conserved
across homologous channels in the same TRPV family. Align-
ment of multiple TRPV channel sequences revealed that the
homologous TRPV3 channel lacks a corresponding segment
(Fig. 5A). If these TRPV homologs have similar basic elements
designed for gating movements facilitating channel opening,
insertion of this extra sequence into TRPV3 might not disrupt
other gating elements for TRPV3 channel function but success-
fully introduce oxidative modulation into TRPV3. We there-
fore transplanted this segment into analogous positions of oxi-
dation-resistant TRPV3 and asked whether it confers oxidant
sensitivity to the insertion mutant. Indeed, this minichimera
transferred PAO-induced and reducing agent-reversible chan-
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FIGURE 4. Single-cysteine substitution mutants or the random peptide linker mutant is activated by H,0,. A, non-reducing SDS-PAGE Western blot
analysis of the H,0, effect on HA-tagged cTRPV1 mutants transiently expressed in HEK293 cells. After incubating in PBS with 10 mm H,O, for 30 min,
single-cysteine mutants ©*°C772, ¥ °G774C, ¥*K777C, ¥*1784C, ¥*P796C, and “*S790C from whole cell lysates migrated as both monomeric and dimeric
polypeptides, whereas the cysteineless cTRPV1 mutant only migrated as a monomer. B, inside-out patch-clamp recording revealed that the current from
mutant “*'cTRPV1K777C was activated by 10 mm H,0,, which could be reversed by 10 mm BAL (measured at +80 mV). C, statistical analysis of H,O,-induced
currents in mutants is displayed in the bar graph (n = 5-7). D, current-voltage relationships of “*’K777C at time points before H,0, (basal), maximal H,O,

stimulation, and full reversal by BAL are overlaid.

nel activation into TRPV3 (Fig. 5, B and C). The small insertion
did not disrupt any critical structures for TRPV3 gating. How-
ever, C-terminal dimerization is sufficient to lower the activa-
tion threshold of this channel. This observation suggested that
TRPV channels in the same subfamily may share a similar bio-
physical design to form ion-conducting devices and that
TRPV1 may have acquired this additional sequence during evo-
lution to adapt to its physiological function, the integration of
multiple modulatory inputs into a signaling unit controlling
sensory neuron excitability (Fig. 5D).

DISCUSSION

The cytoplasmic tails of TRPV1 contains many substrate
sites for intracellular biochemical signaling pathways that alter
activation thresholds of this nociceptive transduction channel.
Protein phosphorylation, phospholipids, and calmodulin bind-
ing to the C terminus of mammalian TRPV1 exert substantial
modulation on TRPV1 channel gating (26 —28), presumably by
triggering specific conformational change.

Our results highlight a novel mechanism by which TRPV1 is
activated, where stable dimerization via covalent ligation
between C termini of channel subunits is sufficient to open the
channel. One unique feature of oxidative sensitization in con-
trast with other forms of TRPV1 modulation is that it does not
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require a specific local structure in which the disulfide bond
forms. The stability of such a covalent bond serves as the molec-
ular basis of sustained sensitization of TRPV1 following oxida-
tive stress. Conceivably, the advantage of this form of modula-
tion is to report the cumulative oxidative damage incurred
under disease conditions.

The participation of channel C termini in TRPV1 gating is
two-fold. Although some recent studies suggest that the prox-
imal region of the TRPV1 C terminus directly interacts with
phospholipids as the principal gating element (29), the linker
region we identified seems to be unstructured and more
involved in adjusting the activation threshold to trigger channel
opening. Oxidation clearly sensitizes the channel so much as to
exhibit substantial channel activities at room temperature.
Covalent modification of cytoplasmic cysteines has recently
been found to regulate human ether-a-go-go related channels
(HERG) (30). Oxidative stress appears to be a general mecha-
nism to alter electrical excitability.

Currently, there are no structural data available to allow visu-
alization of the differences between the reduced and the oxi-
dized forms of TRPV1. Although the C terminus of TRPV1 is
responsible for integrating distinct modulations by multiple
signaling pathways, the structural basis for such a small domain
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FIGURE 5. Redox-insensitive TRPV3 can be converted into a PAO-acti-
vated ion channel by transferring the linker region unique to TRPV1 but
missing in TRPV3. A, amino acid sequences of C termini of cTRPV1 (wild-
type), human TRPV3, and the V3-V1-V3 minichimera are shown. The inserted
linker sequence is marked in gray. Two cysteines in the native positions of
cTRPV1 are highlighted in the alignment. B, the wild-type human TRPV3 chan-
nel exhibited basal channel activity in the excised inside-out membrane
patch (top panel). Application of 10 um PAO caused no significant increase in
channel activity compared with spontaneously developed basal currents in
the gluconate-based bath solution. T mm BAL slightly enhanced the basal
current, which was reversible upon BAL washout (n = 5).i-V (current-voltage)
relationships of hTRPV3 currents at the basal (a), PAO-treated (b), and BAL-
treated (c) conditions were overlaid for comparison (bottom panel). All three
traces showed characteristic rectification of TRPV3 channels. C, the V3-V1-V3
minichimera displayed similar basal activity increased spontaneously upon
patch excision (top panel). In contrast to the wild-type channel, application of
10 um PAO led to a rapid enhancement of the current amplitude. The slow
increase of currents persisted after PAO washout. However, the current was
rapidly suppressed by the reducing agent BAL. The small stimulation of BAL
on the basal activity of this chimera was evidenced by a further reduction of
current upon BAL washout (n = 6). i-V (current-voltage) relationships of the
V3-V1-V3 minichimera were shown similarly in d, e, and f (bottom panel). The
chimeric channel retained similar voltage-dependent gating to the wild type
TRPV3. D, a summary alignment of amino acid sequences of C termini for
TRPV1s and TRPV3s.
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to carry out specific interactions with many signaling molecules
remains elusive. The ability for the C termini to form disulfide-
based dimers between two subunits within one TRPV1 com-
plex is mostly likely from stochastic interaction between two
adjacent C-terminal tails rather than requiring additional spe-
cific interaction partners from other regions of the channel.
This is supported by the observation that simply inserting the
linker peptide is sufficient to introduce oxidative activation into
the PAO-insensitive wild-type TRPV3 channel, which has a dif-
ferent N terminus and bears more distant sequence homology
than among TRPV1s themselves. There is also some sequence
homology between C termini of cyclic nucleotide gated chan-
nels and of TRPV1 (31), but results from molecular modeling
could not satisfactorily explain the widespread cysteine substi-
tution in the C-terminal linker region for conferring the sensi-
tivity to oxidation. Interestingly, swapping TRPV1 and TRPM8
C termini creates chimeric channels with switched tempera-
ture-dependent activation (32, 33). From the functional per-
spective, there are similar regulatory mechanisms of the C ter-
minus-dependent gating in other tetrameric ion channels.
K, rp channels (Kir6.2), which exhibit modulation by multiple
ligands, possess a C-terminal tail with distinct motifs to regu-
late their sensitivity to each ligand (34, 35). The Kir6.2 C termi-
nus has an inhibitory role in channel gating. Limited C-terminal
truncation generates a constitutively opened channel (36).
However, truncated Kir6.2 can still be directly inhibited by ATP
binding to a specific pocket located in the proximal part of the C
terminus (36). Analogously, deletion of the distal region of the
TRPV1 C terminus sensitizes the channel but does not occlude
the stimulatory effect from dimerization of the more proximal
part of the C termini. Such dimerization may trigger a more
limited gating transition compared with full opening of TRPV1
channels in response to a chemical ligand like capsaicin.
Although we have used a ligand-insensitive homolog to mini-
mize the contribution of one gating mode to channel activation,
dimerization-activated chicken TRPV1 is still subject to
another gating mode. PAO-activated cTRPV1 exhibits strong
voltage dependence comparable with the basal channel activity
of human TRPV1 reported by Voets et al. (37). Recent studies of
ligand-gated MthK potassium channels and cyclic nucleotide-
gated channels suggest that four C termini may form a con-
stricted ring to mobilize the more rigid hinge regions of these
tetrameric ion channels during the gating process, and open
their ion conduction pathways (38 —40). Both MthK and CNG
channels are activated by multiple gating mechanisms operat-
ing synergistically. In MthK, Ca®>" ions oligomerize the RCK
domains to form the gating ring that is destabilized by protons
(41). Although CNG channels exhibit unliganded basal channel
activity and voltage-dependent channel activation, the binding
of multiple cyclic nucleotide molecules to C-terminal ligand
recognition domains also facilitates the major conformational
change for maximal ion conduction (42, 43). Most importantly,
each activation mechanism in these channels is mediated by
distinct gating elements. Activation of TRPV1 by dimerization
of C termini may as well trigger partial gating movements to
facilitate further activation by other modalities, serving as the
structural basis of receptor sensitization of this nociceptive
transduction channel.
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