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Transient receptor potential vanilloid 1 (TRPV1) channel is a
tetrameric protein that acts as a sensor for noxious stimuli such
as heat and for diverse inflammatory mediators such as oxida-
tive stress to mediate nociception in a subset of sensory neurons.
In TRPV1 oxidation sensing, cysteine (Cys) oxidation has been
considered as the principle mechanism; however, its biochemi-
cal basis remains elusive. Here, we characterize the oxidative
status of Cys residues in differential redox environments and
propose a model of TRPV1 activation by oxidation. Through
employing a combination of non-reducing SDS-PAGE, electro-
physiology, and mass spectrometry we have identified the for-
mation of subunit dimers carrying a stable intersubunit disul-
fide bond between Cys-258 and Cys-742 of human TRPV1
(hTRPV1). C258S and C742S hTRPV1 mutants have a
decreased protein half-life, reflecting the role of the intersub-
unit disulfide bond in supporting channel stability. Interest-
ingly, the C258S hTRPV1 mutant shows an abolished response
to oxidants. Mass spectrometric analysis of Cys residues of
hTRPV1 treated with hydrogen peroxide shows that Cys-258 is
highly sensitive to oxidation. Our results suggest that Cys-258
residues are heterogeneously modified in the hTRPV1 tetra-
meric complex and comprise Cys-258 with free thiol for oxida-
tion sensing and Cys-258, which is involved in the disulfide bond
for assisting subunit dimerization. Thus, the hTRPV1 channel
has a heterogeneous subunit composition in terms of both redox
status and function.

Ion channels play important roles in sensory systems by
detecting diverse changes in the environment and inside the
body. Drosophila melanogaster transient receptor potential
(TRP)2 channel and its homologs are putative six-transmem-

brane proteins that assemble into tetramers to form non-selec-
tive cation channel biosensors (1–3). One of the intriguing fea-
tures of TRP channels is their ability to detect changes in the
redox environment (4). Indeed, numerous TRP channels
including TRPV1, TRPV3, TRPV4, TRPC1, TRPC4, TRPC5,
and TRPA1 sense alterations in the redox environment (5–7).
The oxidative modification of the cysteine (Cys) residues in
these channels mediates their activation and plays an essential
role in various physiological and pathological conditions (5,
7–12).

TRPV1 is localized in a subset of sensory neurons such as C
and A� fibers, which are associated with acute and chronic
inflammatory pain. TRPV1 is activated by diverse inflamma-
tory mediators, such as heat, acidity, pungent compounds,
endogenous lipid signaling molecules, and oxidative stress, to
mediate nociception (5, 7, 13–20). During inflammation, the
redox environment surrounding the cells changes due to rapid
production of reactive oxygen species. Increased levels of reac-
tive oxygen species are implicated in the etiology of inflamma-
tory hyperalgesia (14, 21–24). Importantly, TRPV1 was found
to be responsible for long sustained thermal hypersensitivity in
inflammatory hyperalgesia induced by increased levels of
hydrogen peroxide (H2O2) (25). It is, therefore, possible that
oxidative stress triggers hyperalgesia, at least in part, through
activation of TRPV1.

There have been multiple hypotheses proposed for the regu-
lation of TRPV1 by oxidation. We previously reported that oxi-
dizing agents activate rat TRPV1 (rTRPV1) by modifying the
extracellular Cys residues, where Cys modification acts as a
“switch” for channel activation (7). Another group alternatively
hypothesized that H2O2 activates chicken TRPV1 (cTRPV1) via
oxidizing multiple Cys residues located on the cytoplasmic side;
each Cys residue contributing to the activation in a “graded”
fashion (26). The same group also claimed that C-terminal
dimerization through disulfide bond formation is essential for
oxidation-induced cTRPV1 activation (27). However, a unified
view of how oxidizing agents activate the channel has not yet
been achieved, although there is a consensus that oxidative
modifications of multiple Cys residues are involved in this
mode of TRPV1 activation.

There are two crucial caveats in the above hypotheses that
limit the elucidation of the mechanism underlying TRPV1 acti-

* This work was supported by Grant-in-aid for Scientific Research on Innova-
tive Areas “Oxygen biology: a new criterion for integrated understanding
of life” 26111004 of the Ministry of Education, Culture, Sports, Science, and
Technology, Japan and Grant-in-aid for Scientific Research (A) 24249017 of
the Japan Society for the Promotion of Science. The authors declare that
they have no conflicts of interest with the contents of this article.

1 To whom correspondence should be addressed: Laboratory of Molecular
Biology, Dept. of Synthetic Chemistry and Biological Chemistry, Graduate
School of Engineering, Kyoto University, Kyoto 615-8510, Japan. Tel.:
81-75-383-2761; Fax: 81-75-383-2765; E-mail: mori@sbchem.kyoto-u.ac.jp.

2 The abbreviations used are: TRP, transient receptor potential; SRM, selected
reaction monitoring; TRPV1, transient receptor potential vanilloid 1; WB,
Western Blotting; rTRPV1, rat TRPV1; cTRPV1, chicken TRPV1; hTRPV1,
human TRPV1; DRG, dorsal root ganglion; NEM, N-ethylmaleimide; 5-nitro-
2-PDS, 5-nitro-2-pyridyl disulfide; RIPA, radioimmune precipitation assay

buffer; HBS, HEPES-buffered saline; ARD, ankyrin repeat domain; CAM, car-
bamidomethyl group; half-max, half-maximal.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 8, pp. 4197–4210, February 19, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 4197

http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.700278&domain=pdf&date_stamp=2015-12-23


vation by oxidation. First, all of the studies concluding the
involvement of oxidation of Cys residues in the activation
mechanism are heavily based on site-directed Cys mutagenesis
experiments, which are often regarded as an indirect approach
to assess functional importance of specific residues. Second,
most of these mechanistic models are built based on the simple
assumption that Cys residues in TRPV1 have predominantly
free thiols, both readily accessible and modifiable, at cellular
conditions. Although this is a fair assumption based on studies
implicating that the intracellular milieu is primarily reduced
(28), previous studies have implicated otherwise. For instance,
TRPA1 was demonstrated to possess a disulfide bond between
Cys residues facing the intracellular side (29). Moreover,
TRPV1 has been hypothesized to possess stable structural
disulfide bonds because a reducing agent dithiothreitol (DTT)
alters the cooperative binding of TRPV1-specific agonist res-
iniferatoxin to rat dorsal root ganglion (DRG) and regulates
rTRPV1 activity when expressed in HEK293 cells (5, 12, 30, 31).

Here we address these two caveats for the previous
approaches to understand the role of Cys residues by charac-
terizing the oxidative status of Cys residues in differential redox
environments and propose a refined mechanism of TRPV1
activation by oxidation. In particular, we focus on the activation
mechanism of human TRPV1 (hTRPV1), which has not been
characterized previously.

Experimental Procedures

Reagents—DTT was purchased from Nacalai Tesque (Kyoto,
Japan). Capsaicin, cycloheximide, N-ethylmaleimide (NEM),
and iodoacetamide were purchased from Sigma. Fura-2-AM
ester, 5-nitro-2-pyridyl disulfide (5-nitro-2-PDS), and 2-pyridyl
disulfide were purchased from Dojindo (Kumamoto, Japan).
3-Nitrophenyl disulfide and dipropyl disulfide, dimethyl
sulfoxide (DMSO), H2O2, and reduced glutathione were pur-
chased from Wako (Osaka, Japan). 4-Chlorophenyl disulfide
and 4-aminophenyl disulfide were purchased from Tokyo
Chemical (Tokyo, Japan). NEM, iodoacetamide, cyclohexi-
mide, and reactive disulfides were prepared as stock solutions
in DMSO and were diluted at working concentrations in aque-
ous solutions containing 0.01% or 0.1% DMSO. DTT and H2O2
were directly dissolved in aqueous solutions at working
concentrations.

Cell Culture—Human embryonic kidney (HEK) 293 and
HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum, 30
units/ml penicillin, and 30 �g/ml streptomycin at 37 °C under
5% CO2. HaCaT cells were culture in DMEM containing 10%
fetal bovine serum, 30 units/ml penicillin, 30 �g/ml streptomy-
cin, and 2 mM L-glutamate at 37 °C under 5% CO2.

cDNA Cloning and Recombinant Plasmid Construction—
Plasmids carrying hTRPV1 and rTRPV1 cDNA were prepared
as previously described (7). TRPV1 and hTRPV1 Cys mutants
were subcloned into pCI-neo vector (Promega Corp., Madison,
WI), pEGFP-N (Clontech Laboratories, Mountain View, CA),
or pCMV-Tag2 (Stratagene, Palo Alto, CA).

cDNA Expression in Cells—HEK293 cells and HEK293T cells
were transfected with recombinant plasmids using SuperFect
Transfection Reagent (Qiagen, Valencia, CA) and Lipo-

fectamine 2000 transfection reagent (Invitrogen), respectively,
according to the manufacturer’s instructions. For intracellular
Ca2� concentration ([Ca2�]i) measurement and electrophysi-
ological measurements, recombinant plasmids were co-trans-
fected with pEGFP-F and pEGFP-N1, respectively, and
HEK293 cells with green fluorescence were analyzed. Trans-
fected cells were grown for 30 – 40 h before [Ca2�]i measure-
ment and electrophysiological measurements and were grown
for 48 h before immunoprecipitation and Western blotting
(WB).

Western Blots—Cells were lysed in RIPA buffer containing
the 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, and 20 mM NEM. Protein sam-
ples were fractioned by electrophoresis through 7.5% SDS-
polyacrylamide gels (SDS-PAGE) and analyzed by WB with
anti-TRPV1 (Santa Cruz, SC-12498), anti-�-actin (Sigma,
A2228), and anti-�-tubulin (Sigma, T6074) antibodies. The
chemiluminescence intensities of the bands were measured by
Multigauge version 3.0 (Fuji film, Tokyo, Japan).

Blue Native Polyacrylamide Gel Electrophoresis—Blue native
polyacrylamide gel electrophoresis was performed according to
the method of Schägger and co-workers with some modifica-
tion (32). HEK293 cells transfected with rTRPV1 or hTRPV1
were suspended in sucrose buffer (83 mM sucrose, 6.6 mM im-
idazole/HCl, 20 mM NEM, pH 7.0) and homogenized with
20 – 40 strokes using a Dounce homogenizer. The lysates were
centrifuge at 15,000 � g, and the pellet was solubilized in 35 �l
of solubilization buffer (50 mM NaCl, 50 mM imidazole/HCl, 6
aminohexanoic acid, 1 mM EDTA, 20 mM NEM, pH 7.0). Sub-
sequently, 5 �l of 20% n-dodecyl �-D-maltoside was added and
incubated for 10 min at 4 °C. The sample was then centrifuged
at 15,000 � g, and supernatant was collected, mixed with 5 �l of
50% glycerol, and 2.5 �l of 5% Coomassie Brilliant Blue G-250.
The supernatant was aliquoted into four samples with increas-
ing concentrations of SDS (0, 0.5, 1.0, and 1.5%) and incubated
for 20 min at room temperature. The samples were then sub-
jected to non-denaturing electrophoresis initially at 100 V until
the samples were within the stacking gel and were continued
with a voltage and current limited to 500 V and 15 mA at 4 °C.
After separation, the gel was de-stained for 3 min with 100%
methanol and electro-transferred to PVDF membrane (Milli-
pore, Bedford, MA). After the transfer, the PVDF membrane
was incubated in denaturing solution containing 50 mM Tris-
HCl (pH 7.4) and 2% SDS at 50 °C for 30 min. The blots were
then analyzed by anti-TRPV1.

Chemical Cross-linking—HEK293 cells transfected with
hTRPV1 were detached from the 6-mm dish using trypsin and
washed 3 times with phosphate-buffered saline (PBS). The sam-
ple was aliquoted into three samples with the concentrations of
disuccinimidyl suberate (Sigma) at final concentration of 0, 25,
and 75 �M for 20 min at room temperature. The cross-linking
reaction was quenched with 1 M Tris-HCl (pH 8.0), and samples
were mixed with SDS sample buffer and then analyzed by
3–18% polyacrylamide SDS-PAGE and WB with an antibody to
TRPV1.

Cell Surface Labeling Experiments—The cell surface hTRPV1
was measured by biotinylation as previously described with
some modifications (7). Cells grown in 60-mm dishes were
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washed with HEPES-buffered saline (HBS) containing 107 mM

NaCl, 6 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, 11.5 mM glucose,
and 20 mM HEPES (pH adjusted to 7.4 with NaOH). After incu-
bation of the cells with 10 mM DTT, dishes were washed with
HBS twice and then incubated with sulfo-NHS-SS-biotin
(Thermo Fisher Scientific, San Jose, CA) for 30 min at 4 °C. The
cells were washed with PBS containing 10 mM glycine 3 times to
stop the biotinylation reaction. The cells were then lysed with
300 �l of RIPA buffer with 20 mM NEM and rotated for 2 h at
4 °C. After centrifugation, the supernatant was collected and
incubated with NeutrAvidin-Plus beads (Thermo Fisher Scien-
tific) for 2 h at 4 °C. The proteins were washed with RIPA buffer
containing 50 mM NEM 3 times and resuspended in SDS sam-
ple buffer and subjected to SDS-PAGE and WB.

Protein Stability Assay—HEK293 cells were transfected with
hTRPV1 or hTRPV1 Cys mutants and cultured for 24 h. The
cycloheximide was added to a final concentration of 50 �g/ml
to culture media, and cells were washed twice with PBS and
recovered with RIPA buffer after the indicated times. The sam-
ples were mixed with reducing sample buffer and analyzed by
SDS-PAGE and WB using antibody to TRPV1 and �-actin.
Quantification of hTRPV1 expression was achieved by normal-
ization with �-actin.

Isolation of Rat DRG Neurons—DRG neurons were prepared
from 4-week-old male Sprague-Dawley rats as described previ-
ously (6). The DRG neurons were subjected to WB. All animal
experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Commit-
tees of the Graduate School of Engineering, Kyoto University.

[Ca2�]i Measurement—Transfected HEK293 cells were sub-
jected to [Ca2�]i measurement 3–16 h after plating onto poly-
L-lysine-coated glass coverslips. The fura-2 fluorescence was
measured in HBS. Fluorescence images of the cells were
recorded and analyzed with the video image analysis system
AQUACOSMOS (Hamamatsu Photonics, Shizuoka, Japan)
according to the manufacturer’s instructions. Fura-2 measure-
ments were carried out at room temperature in HBS. The 340:
380-nm ratio images were obtained on a pixel-by-pixel basis
and converted to Ca2� concentrations by in vivo calibrations
using 40 �M ionomycin (33).

Electrophysiology—For electrophysiological measurements,
coverslips with cells were placed in dishes containing bath solu-
tions. Currents from cells were recorded at room temperature
using patch-clamp techniques of whole-cell mode with EPC-10
(Heka Elektronik, Lambrecht/Pfalz, Germany) patch clamp
amplifier as previously described (34). The patch electrode pre-
pared from borosilicate glass capillaries had a resistance of 2– 4
megaohms. Current signals were filtered at 2.9 kHz with a
4-pole Bessel filter and digitized at 10 kHz. Patchmaster (Heka
Elektronik) software was used for command pulse control, data
acquisition, and data analysis. The series resistance was com-
pensated (50 –70%) to minimize voltage errors. A holding
potential of �80 mV was used for all experiments. The external
solution contained 100 mM NaCl, 5 mM KCl, 2 mM BaCl2, 5 mM

MgCl2, 25 mM HEPES, and 30 mM glucose (pH 7.3 adjusted with
NaOH, and osmolarity adjusted to 320 mosM with D-mannitol).
The pipette solution contained 140 mM CsCl, 4 mM MgCl2, 10
mM EGTA, 10 mM HEPES (pH 7.3 adjusted with CsOH and

osmolarity adjusted to 300 mosM with D-mannitol). For the
DTT treatment, liquid junction potential was adjusted before
each experiment.

Liquid Chromatography-Mass Spectrometry—FLAG-hTRPV1
or FLAG-hTRPV1 Cys mutants were transfected into
HEK293T cells. After 48 h the cells were lysed with buffer con-
taining 50 mM Tris (pH 7.4), 2% SDS, 50 mM NEM, 150 mM

NaCl, 1% Nonidet P-40, and 0.5% sodium deoxycholate. The
cell lysates were sonicated, centrifuged at 15,000 � g, and 10�
diluted in RIPA buffer containing 50 mM NEM. FLAG-hTRPV1
was immunoprecipitated with M2 monoclonal antibody conju-
gated to protein A-agarose breads (Sigma) and rocked over-
night at 4 °C. The complex was washed 8 times with RIPA
buffer containing 50 mM NEM for 5 min at room temperature
and resuspended into SDS sample buffer and rocked for 30 min.
The protein samples were fractionated by 7.5% SDS-PAGE.
The bands corresponding to the molecular weight of dimeric
or monomeric FLAG-hTRPV1 were excised and reduced
with 10 mM DTT, alkylated with 55 mM iodoacetamide, and
digested in-gel by treatment with trypsin (12.5 ng/�l) or chy-
motrypsin (10 ng/�l) or glu-C (50 ng/�l) in 50 mM ammo-
nium bicarbonate for overnight at 37 °C as previously
described (35). The samples were analyzed by reverse phase
liquid chromatography tandem mass spectrometry using a
LTQ-orbitrap-XL hybrid mass spectrometer (Thermo
Fisher Scientific) as follows.

A capillary reverse phase HPLC-MS/MS system composed of
an Agilent 1100 series gradient pump equipped with Valco C2
valves with 150-�m pots, and LTQ-orbitrap XL hybrid mass
spectrometer equipped with an XYZ nano-electrospray ioniza-
tion source (AMR, Tokyo, Japan) were employed. Samples were
automatically injected using PAL system (CTC analytics, Zwin-
gen, Switzerland) into a peptide L-trap column (Chemical Eval-
uation Research Institute, Tokyo, Japan) attached to an injector
valve for desalinating and concentrating peptides. After wash-
ing the trap with water containing 0.1% trifluoroacetic acid and
2% acetonitrile, the peptides were separated on a NTCC-360/
100-3-123 column (100 �M diameter, 3 �M C18 particles, Nik-
kyo Technos Co. Ltd., Tokyo, Japan) using a gradient of A (0.1%
formic acid) and B (80% acetonitrile, 0.1% formic acid). The
elution was carried out at 500 nl/min by running from 5% to
45% over 45 min (as shown in Figs. 5 and 6) or 25 min (as shown
in Figs. 8 and 9), 95% for 6 min, 5% for 9 min for selected reac-
tion monitoring (SRM) transitions for the peptide containing
Cys-158, -258, -363, and -742. The elution was carried out from
25% to 80% over 20 min, 95% for 6 min, and 5% for 9 min for
SRM transition for the peptides containing Cys-127 (as shown
in Fig. 8). SRM was carried out with collision-induced dissoci-
ation (35% normal collision energy), 1 microscan, 100-ms ion
time on LTQ linear ion trap. Peak area was calculated using
Xcaliber 3.0 software version 2.2.0.48 (Thermo Fisher Scien-
tific). For the shotgun proteomics experiment, the LTQ
orbitrap XL was operated in a data-dependent mode, selecting
three precursors for fragmentation by collision-induced disso-
ciation. The survey scan was performed in the orbitrap at
30,000 resolutions from 300 to 2000 m/z. Precursors were
isolated with a width of 2 m/z. Single and assigned charge
states were ignored for precursor selection. Proteome dis-
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coverer 1.3 with Sequest (36) was used for protein identifi-
cation against protein database containing the hTRPV1
sequence (accession number Q8NER1). Precursor mass tol-
erance was set to 10 ppm and 0.8 Da for orbitrap and linear
ion trap, respectively. Oxidized methionine (M), carbamido-
methylation (C), and NEM (C) were set as dynamic modifi-
cation. Trypsin, chymotrypsin, or trypsin/glu-C were chosen
as the enzymes for digestion.

Structural Modeling—Three-dimensional structure of rTRPV1
(PDB code 3J5P) was used to estimate the distance between the
Cys residues. Structure was visualized using CCP4 mg software
version 2.9.0 (37).

Statistical Analysis—All data are expressed as the means �
S.E. or � S.D. We accumulated the data for each condition from
at least three independent experiments. The statistical analyses

were performed using Student’s t test. A value of p � 0.05 was
considered significant.

Results

Characterization of Redox Modification in TRPV1—Activa-
tion of cTRPV1 under oxidative stress via dimerization has
been described previously (27). To test whether oxidizing
agents activate mammalian TRPV1 via dimerization similar to
cTRPV1, the protein multimerization of hTRPV1 and rTRPV1
expressed in HEK293 cells treated with a congeneric series of
reactive disulfides with differential redox potentials, was
assessed by non-reducing SDS-PAGE (Fig. 1A) (38). Once the
cells were lysed, sample preparation was carried out in the pres-
ence of NEM, an irreversible Cys alkylating agent that prevents
post-lysis oxidation and thiol-disulfide shuffling (39). hTRPV1

FIGURE 1. Oxidative modification and its impacts on human and rat TRPV1. A, congeneric series of reactive disulfides with their redox potentials (mV).
Compounds with less negative redox potentials have stronger electrophilicity. B, non-reducing SDS-PAGE and WB analysis of hTRPV1- or rTRPV1-transfected
HEK293 cells treated with congeneric series of reactive disulfides (10 �M) for 10 min at room temperature. WB for �-actin are also shown (bottom). C, averaged
time courses of [Ca2�]i rises evoked by reactive disulfides with indicated redox potentials for 8 min in HEK293 cells expressing hTRPV1, rTRPV1, or vector (left).
Plots of maximal rise of Ca2� (�[Ca2�]i) induced by 10 �M concentrations of reactive disulfides for 8 min in HEK293 cells expressing hTRPV1 or rTRPV1 (n �
10 –52) (right). Data points are the mean � S.E. *, p � 0.01 compared with rTRPV1. D, Non-reducing SDS-PAGE and WB analysis of hTRPV1-transfected HEK293
cells treated with various concentrations of DTT for 10 min at 37 °C. E, hTRPV1-transfected HEK293 cells were treated with 10 mM DTT for 10 min, washed with
HBS twice, and recovered as lysates after the indicated time points to be analyzed with non-reducing SDS-PAGE and WB. F, identification of the FLAG-hTRPV1
245-kDa band isolated from HEK293T cells by mass spectrometric analysis. The excised 245-kDa band was subjected to enzymatic digestion (combination of
trypsin or chymotrypsin or trypsin/glu-C) and analyzed with liquid chromatography coupled with tandem mass spectrometry. The amino acids in black were
identified.
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and rTRPV1 showed significant differences in their mobility
even in the absence of exogenous oxidizing agents. Although
the rTRPV1 band was observed at 	100 kDa as predicted from
its molecular mass (95 kDa), hTRPV1 was predominantly
observed at 	245 kDa (Fig. 1B). Recombinant expression of
hTRPV1 and rTRPV1 elicited robust [Ca2�]i increases in
response to the congeneric series of reactive disulfides in
HEK293 cells, which were not observed in the vector-tran-
sected cells (Fig. 1C). Notably, the reactive disulfides that acti-
vated the channels did not alter the band patterns of human or
rat TRPV1 on the non-reducing SDS-PAGE (Fig. 1, B and C).
These data suggest that oxidative modification elicited by reac-
tive disulfides do not affect the multimeric patterns of mamma-
lian TRPV1 channels.

Incubation of hTRPV1-expressing HEK293 cells with DTT
shifted the 245-kDa band to a monomeric position in a dose-
dependent manner (Fig. 1D), suggesting that the formation of
disulfide bonds may be responsible for the band shift observed
under the non-reducing conditions. To examine the reversibil-
ity of the 245-kDa band in a cellular environment, we incubated
the hTRPV1-expressing HEK293 cells with DTT for 10 min
followed by washes, and re-formation of the band was moni-
tored. The 245-kDa band reappeared after 5 min in a time-de-
pendent manner, demonstrating that the monomeric hTRPV1
has high propensity to form a 245-kDa complex when
expressed in cells (Fig. 1E). To confirm the identity of the 245-
kDa band, a purified FLAG-hTRPV1 245-kDa band was ana-
lyzed by mass spectrometry after SDS-PAGE and enzymatic
digestions. We obtained an 81% amino acid sequence coverage
of hTRPV1, including the C and N terminus, revealing that the
dimeric band indeed consists of full-length hTRPV1 (Fig. 1F).
Thus, hTRPV1 appears to possess a stable intersubunit disul-
fide bond between two subunit proteins that is unaffected by
oxidative conditions.

To further test whether hTRPV1 forms a complex with other
proteins or hTRPV1 multimer, we co-expressed hTRPV1-GFP
and hTRPV1 and assessed whether an intermediate band that
consists of hTRPV1-GFP�hTRPV1 could be observed under
non-reducing conditions. We observed three distinct bands
that corresponded to the molecular weights of hTRPV1�
hTRPV1, hTRPV1-GFP�hTRPV1-GFP, and hTRPV1�hTRPV1-
GFP complexes, suggesting that hTRPV1 forms an intersubunit
disulfide bond (Fig. 2A). To confirm the stoichiometry of disul-
fide-linked hTRPV1, the band position of the disulfide-linked
hTRPV1 complex was compared with disuccinimidyl suberate
cross-linked hTRPV1 bands. The position of the disulfide-
linked hTRPV1 corresponded to two disuccinimidyl suberate
cross-linked hTRPV1, revealing the disulfide linkage between two
hTRPV1 subunits (Fig. 2B). To test whether disulfide-linked
hTRPV1 subunits are incorporated into the tetramer, hTRPV1
was subjected to non-reducing blue native PAGE. rTRPV1 was
also analyzed in parallel as a control for disulfide-less TRPV1.
hTRPV1 and rTRPV1 showed a marked difference in the mobility;
rTRPV1 showed a tetramer to monomer transition as a function of
increasing concentrations of SDS, whereas hTRPV1 showed an
absence of monomeric band but increased intensity in the dimeric
band (Fig. 2C). These results suggest that hTRPV1 has a unique
intersubunit disulfide bond.

To examine whether the intersubunit disulfide bond of
hTRPV1 could be observed in an endogenous system, HaCaT
cells, human keratinocytes known to express TRPV1 (40 – 42)
were subjected to non-reducing SDS-PAGE. TRPV1 expressed
in rat DRG was also examined as a negative control. Although
hTRPV1 intersubunit formation was less pronounced than in
the recombinant system, a DTT-sensitive hTRPV1 dimeric
band was clearly observed in HaCaT cells (Fig. 2D), whereas
DTT-sensitive bands were not observed with rTRPV1
expressed in rat DRG (Fig. 2E).

FIGURE 2. The hTRPV1 channel has an intersubunit disulfide bond between two subunits. A, hTRPV1 and hTRPV1-GFP were transfected individually and
co-transfected to HEK293 cells. The lysates were analyzed with reducing and non-reducing SDS-PAGE and WB. B, cell lysates from hTRPV1-transfected HEK293
cells with and without treatment of indicated concentrations of disuccinimidyl suberate (DSS) were subjected to reducing SDS-PAGE and WB. C, cell lysates of
hTRPV1- or rTRPV1-expressing HEK293 cells were treated with or without various concentration of SDS and subjected to non-reducing blue native PAGE. D and
E, reducing and non-reducing SDS-PAGE and WB analysis of native hTRPV1 and rTRPV1 in HaCaT cells (D) and rat DRG neurons (E), respectively.
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hTRPV1 Has an Intersubunit Disulfide Bond between N- and
C-terminal Cys Residues at the Subunit Interface—An align-
ment of rat and human TRPV1 sequences revealed two differ-
ences in Cys residues (Fig. 3A). rTRPV1 has two extra Cys res-
idues compared with hTRPV1, whereas the remaining Cys
residues are conserved among the two groups. To test
whether substitution of these rTRPV1 Cys residues into
hTRPV1 alters the disulfide bond status of the hTRPV1,
S31C and W616C hTRPV1 mutants were subjected to non-
reducing SDS-PAGE. Neither S31C nor W616C substitution
disrupted the intersubunit disulfide bond formation of
hTRPV1 (Fig. 3A). However, to our surprise we found that
rTRPV1-mimicking double amino acid substitutions, S31C
and W616C, disrupted the intersubunit disulfide bond of
hTRPV1 (Fig. 3B), suggesting that the difference in the disul-
fide bond pattern between rat and human species is affected
by the difference in Cys homology. This is an intriguing case
where presence, not absence, of additional Cys residues dis-
rupts the formation of the disulfide bond.

To identify Cys residues that form intersubunit disulfide
bonds, 16 individual Cys residues in hTRPV1 were mutated to
serines, and the dimer/monomer ratios were tested using non-
reducing SDS-PAGE. Mutation of Cys-158, -258, -363, and
-742 significantly reduced the dimer/monomer ratios (Fig. 3C).
The former three Cys residues are within or vicinal to an

ankyrin repeat domain (ARD), and Cys-742 was previously pre-
dicted to interface the neighboring subunit (3, 43). ARD and the
C terminus were hypothesized to mediate subunit interactions
based on the high resolution structure (3), where ARD inter-
faces the ARD-S1 (S1: the first transmembrane region) linker
region and the C-terminal �-strands of the neighboring subunit
(Fig. 3D).

To delineate the disulfide pairing of the hTRPV1 intersub-
unit disulfide bond, electrophysiological analysis was con-
ducted to categorize the functional phenotypes of hTRPV1
mutants with disrupted intersubunit disulfide bonds. First, a
surface-labeling assay confirmed the intersubunit disulfide
bond formation of channel protein complexes at the plasma
membrane (Fig. 4A). The presence of DTT, which efficiently
disrupts dimerization of hTRPV1 (Fig. 1D), in the external solu-
tion caused an increase in the capsaicin EC50 of hTRPV1, sug-
gesting that the disruption of disulfide bond formation reduced
the sensitivity to capsaicin (Fig. 4, B and C). The C258S and
C742S mutations of hTRPV1 caused an increase in the EC50 to
capsaicin, whereas C158S and C363S mutations caused no such
change (Fig. 4D). Importantly, the C258S and C742S mutations
caused a similar change in the EC50 as the DTT treatment,
suggesting a Cys-258 –Cys-742 disulfide bond pairing between
hTRPV1 proteins.

FIGURE 3. Formation of the intersubunit disulfide bond between C and N termini in the hTRPV1 channel. A, alignments of partial amino acid sequences
of rat with human TRPV1 where Cys residues are not conserved (GenBankTM accession number NM_018727 and NM_031982, respectively). Non-reducing
SDS-PAGE and WB analysis of HEK293 cells expressing WT, S31C, W616C, or S31C � W616C hTRPV1 is shown. B, non-reducing SDS-PAGE and WB analysis of
HEK293 cells expressing WT or double S31C � W616C hTRPV1 mutant. C, non-reducing SDS-PAGE and WB analysis of hTRPV1 mutants with single Cys
substitution transiently expressed in HEK293T cells. The amounts of transfected vectors were adjusted to elicit comparative expression level. The extent of
intersubunit disulfide bond formation was quantified by the ratio between the dimer and monomer band (top) (n � 5 independent experiments). Quantitative
densitometric analysis of bands shown in the top panel (bottom). Data points are the mean � S.E. *, p � 0.05 and **, p � 0.01, compared with WT. D, hTRPV1 Cys
mutants with significant reductions in dimer/monomer ratio are indicated as black circles on a schematic topology of hTRPV1 (left). Shown is a ribbon structure
model of rTRPV1 adapted from Liao et al. (3) showing views from side (right). Cys residues are marked with green, and the residues implicated in intersubunit
disulfide bond are marked black and indicated with arrows. Unresolved C-terminal electron density that is predicted to contain Cys-742 is also highlighted in
black.
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Mass Spectrometric Analysis of the hTRPV1 Intersubunit
Disulfide Bond between Cys-258 and Cys-742—To further
delineate the disulfide bond pairing at the N and C termini
interface, quantitative mass spectrometric analysis was carried

out. We reasoned that if a disulfide bond is formed between
Cys-258 and Cys-742, mutation of C742S should reduce the
oxidative status of Cys-258 because the oxidizing partner Cys-
742 is not present in proximity. In contrast, we supposed that
the oxidative status of the other Cys residues that do not form a
disulfide pair should remain relatively unaffected (Fig. 5A). The
quantitation of Cys oxidation for Cys-158, -258, and -363 were
carried out by masking the free (reduced) thiol with NEM and
oxidized thiol with carbamidomethyl group (CAM) and deter-
mining the peak area for the peptides with the respective chem-
ical modifications using SRM (Fig. 5B). Cys-158 is spanned by
proximal lysine (Lys) residues, which results in short peptides
upon tryptic cleavage, hindering identification and quantita-
tion by SRM. The Lys residue at position 156 was, therefore,
mutated to glutamine (K156Q) to optimize the protein
sequence for quantitation by SRM. The intersubunit disulfide
bond of hTRPV1 and the response against reactive disulfide
were largely unchanged by the K156Q mutation (Fig. 5, C
and D).

After non-reducing SDS-PAGE, the dimeric hTRPV1 band
and monomeric hTRPV1 C742S band (or the respective K156Q
mutants) were excised and subjected to trypsin digestion and
quantification of the CAM- and NEM-labeled peptides with
SRM. The transitions for SRM were selected based on MS/MS
spectra for both CAM- and NEM-labeled peptides (Fig. 5, E and
F), and the largest peak area was quantified by multiple reaction
monitoring (Fig. 5, G and H). The mutation of C742S substan-
tially reduced the oxidation status of Cys-258, as demonstrated
by a decreased percentage of CAM-labeled Cys-258-containing
peptides (Fig. 6A), whereas % CAM-labeled peptide for the Cys
residues Cys-363 and Cys-158 (Fig. 6, B and C) were relatively
unaffected (Fig. 6D). We selected to test the effect of C742S
mutation on the oxidative status of Cys-258 instead of the effect
of C258S mutation on the oxidative status of Cys-742 because
the short tryptic peptide containing Cys-742 was not compe-
tent for optimization for detection by mass spectrometry due to
the disruption of hTRPV1 dimer after mutation of proximal
arginine residue. These results strongly suggest the intersub-
unit disulfide bond formation occurs between Cys-258 and
Cys-742 of hTRPV1.

Disruption of the Intersubunit Disulfide Bond Reduces Chan-
nel Stability—The primary function of a disulfide bond is to
provide structural support, increasing the stability of a protein.
The stability of the disulfide-less C258S and C742S hTRPV1
mutants were examined by culturing the transfected HEK293T
cells for various times in the presence of cycloheximide, an
inhibitor of protein synthesis (44, 45), and monitoring the
expression level of the proteins. We found that the disulfide-
less C258S and C742S hTRPV1 had shorter protein lifespans
than WT hTRPV1; protein half-life (t1⁄2) values for C258S,
C742S, and WT were 67, 19, and 122 min, respectively (Fig. 7, A
and B). This result suggests that the intersubunit disulfide bond
of hTRPV1 enhance protein stability.

Cys Residues Involved in Intersubunit Disulfide Bond Forma-
tion Are Also Reactive to Oxidation—Having elucidated the
presence of the structural disulfide bond at the subunit inter-
face, we next asked whether this same region plays a role in
sensing oxidation as the ARD and C terminus of TRPV1 is

FIGURE 4. Electrophysiology analysis of hTRPV1 with the disrupted inter-
subunit disulfide bond. A, cell surface expression of hTRPV1-expressing
HEK293 cells treated with or without 10 mM DTT for 10 min. Cell lysates pre-
pared after exposure to sulfo-NHS-SS-biotin were incubated with Neutr-
Avidin beads and subjected to non-reducing SDS-PAGE and WB. B, whole-cell
currents from hTRPV1-expressing HEK293 cells in response to various con-
centration of capsaicin in the presence or absence of 10 mM DTT. C, relative
amplitudes of whole-cell currents of experiments shown in B (n � 3– 4). EC50
are summarized on the right. *, p � 0.05 compared with DTT (�). D, relative
amplitudes of whole-cell currents in hTRPV1 mutants-transfected HEK293
cells in response to various doses of capsaicin (n � 3–7). EC50 are summarized
on the right. *, p � 0.05 and ***, p � 0.001, compared with WT. The plots were
fitted to the Hill equation ƒ(x) � A0 � (Amax � A0)/(1 � (EC50/x)n, where A0 is
the basal response, Amax is the maximum response, x is the capsaicin concen-
tration, and n is the Hill coefficient. A holding potential of �80 mV was used,
and the current amplitudes were normalized with the maximum current
amplitudes obtained by capsaicin concentration that elicited the largest
response (I/I max). Data points are the mean � S.E.
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FIGURE 5. Quantitative mass spectrometric analyses of disulfide bond pairing. A, disulfide bond pairings that were tested. B, schematic description of the
protocol employed for elucidation of disulfide pairing. C, non-reducing SDS-PAGE and WB analysis of WT and K156Q hTRPV1-expressing HEK293 cells. D,
maximal Ca2� responses (�[Ca2�]i) to 10 �M 3-nitrophenyl disulfide stimulation (n � 19 –33) were normalized to responses to 10 �M capsaicin (n � 28 – 42) for
K156Q hTRPV1 mutant expressed in HEK293 cells. Differences not statistically significant are labeled as ns. E and F, MS/MS spectra of CAM (E)- and NEM
(F)-labeled GRPGFYFGELPLSLAACTNQLGIVK (C is Cys-258) peptide, which were generated from tryptic digestion of FLAG-hTRPV1 purified from HEK293T cells.
The asterisks (*) denote peaks used in multiple reaction monitoring transitions. G and H, representative multiple reaction monitoring analysis of CAM (black)-
and NEM (gray)-labeled Cys-258-containing peptides.

FIGURE 6. An intersubunit disulfide bond between Cys-258 and Cys-742 in hTRPV1 channel. A and B, representative SRM experiments of peptides
containing Cys-258 and Cys-363, which were generated from tryptic digestion of purified WT and C742S FLAG-hTRPV1. C, SRM experiments for peptides
containing Cys-158, which were generated from tryptic digestion of purified FLAG-hTRPV1 mutants, K156Q and K156Q/C742S FLAG-hTRPV1. The
transitions used to quantify CAM (black)- and NEM (gray)-labeled peptides containing Cys-258, Cys-363, and Cys-158 are shown below. The mode of
modification is followed by transitions for the peptides containing the respective Cys residues: CAM (1354.72(z � �2) 
 1124.55(b10�)) and NEM
(1388.73(z � �2) 
 1124.55(b10�)) for Cys-258, CAM (530.74(z � �2) 
 561.25(y4�)) and NEM (564.75(z � �2) 
 629.27(y4�)) for Cys-363, and CAM
(749.36(z � �3) 
 1146.58(y10�)) and NEM (772.04(z � �3) 
 1214.61(y10�)) for Cys-158. The K156Q mutation is labeled as lowercase q. The extent of
Cys oxidation is represented by %CAM labeled peptide, which is the peak area of CAM-labeled peptide/(peak area of CAM-labeled peptide � peak area
of NEM-labeled peptide) (left). D, SRM experiments shown in A–C are summarized as % change in %CAM labeled peptide between WT and C742S for
Cys-258 and Cys-363 (between K156Q and K156Q/C742S for Cys-158). Data points are the mean � S.D. of three analytical replicates.
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known to be a target of diverse modulators such as ATP and
calmodulin (46). First, the accessibility of Cys residues localized
at the subunit interface was assessed. FLAG-hTRPV1-express-
ing HEK293 cells were treated with 500 �M 5-nitro-2-PDS and
reduced, and modified Cys residues were masked with NEM
and CAM, respectively, followed by quantification by SRM. We
found that Cys-127, -158, -258, -363, and -742 are oxidized
upon treatment with 5-nitro-2-PDS, suggesting that Cys resi-
dues localized at the cytoplasmic N- and C-terminal interface
are at least in part accessible by reactive disulfide oxidizing
agents (Fig. 8, A–F). Considering that oxidizing agents do not
affect the intersubunit disulfide bond formation of hTRPV1
(Fig. 1B), these data also suggest that Cys-258 and Cys-742 of
the hTRPV1 dimer possess free thiols on one subunit and inter-
subunit disulfide bond on the adjacent subunit.

To examine whether Cys residues involved in intersubunit
disulfide bond formation are implicated in sensing oxidation,

the activity of C158S, C258S, C363S, and C742S hTRPV1
against H2O2 was tested. C258S and C363S hTRPV1 mutants
showed a significant reduction in Ca2� rises (�[Ca2�]i) evoked
by H2O2 when normalized to capsaicin responses, suggesting
that Cys-258 and Cys-363 play a role in sensing oxidation (Fig.
9A). We next quantified the oxidation sensitivity of these
mutants by systematically comparing the responses of WT,
C258S, and C363S hTRPV1 to a congeneric series of reactive
disulfides with differential redox potentials (Fig. 1A). Consist-
ent with the response to H2O2, C258S and C363S mutants
showed significant impairment in oxidation sensitivity,
reflected by their activating redox potentials (redox potentials
where the channel begins to respond); 	�2000 mV for WT,
	�1300 mV for C363S, and no response for C258S (Fig. 9B).

To explore the hTRPV1 structure-function relationship, the
oxidation sensitivity of Cys-258 and its neighboring Cys resi-
dues (Cys-158 and Cys-363) were assessed by determining the
half-maximum saturation (half-max) of H2O2 for each Cys res-
idues by SRM analysis. The Cys-258 and Cys-363 showed a
dose-dependent relationship between H2O2 concentrations
and %CAM-labeled peptide, revealing they are indeed oxidized
upon treatment with H2O2 (Fig. 9, C and D). In contrast, Cys-
158 was not susceptible to oxidation at the same dosage of H2O2
as Cys-258 or Cys-363 (Fig. 9E). Notably, Cys-258 showed the
highest sensitivity to oxidation among the neighboring Cys res-
idues, suggesting Cys-258 is the prime target of oxidation.
These data are consistent with functional analysis where C258S
and C363S hTRPV1 showed impaired responses against oxida-
tion, whereas C158S showed intact responses (Fig. 9, A and B).
Moreover, these data may implicate one of the Cys-258 in the
hTRPV1 disulfide-linked dimer is involved in the disulfide
bond formation, whereas the other Cys-258 retains a free thiol
that is modified by oxidizing agents. Furthermore, Cys-258half-max
and Cys-363half-max lie in the range of hTRPV1 activation by
H2O2 and are oxidized differentially at varying H2O2 concen-
trations, confirming the hypothesis that the activation of
hTRPV1 by oxidants is “graded,” as previously proposed (Fig.
9F) (26). These results suggest that Cys-258 may not only con-
tribute to the stability of the ion channel by forming a structural
disulfide bond but also acts as an allosteric switch for channel
activation (Fig. 10).

Discussion

Our combined approach of using non-reducing SDS-PAGE,
electrophysiology, and mass spectrometry consistently suggest
disulfide bond formation between Cys-258 and Cys-742 from
two adjacent subunits. Non-reducing SDS-PAGE demon-
strated that C158S, C258S, C363S, and C742S hTRPV1
mutants have significantly impaired intersubunit disulfide
bond formation (Fig. 3C). We aimed to determine the details of
Cys-based mechanisms of hTRPV1 subunits dimerization and
oxidation sensing through Cys-258 and Cys-742. C258S and
C742S mutations in hTRPV1 caused a similar increase in the
EC50 of capsaicin as DTT treatment, which efficiently disrupts
disulfide bonds (Fig. 4, C and D). Quantitative mass spectro-
metric analysis revealed that insertion of the C742S mutation
into hTRPV1 substantially reduced the oxidative status of Cys-
258, corroborating that idea that Cys-258 –Cys-742 are the

FIGURE 7. Decreased protein stability of C258S and C742S hTRPV1
mutants. A, HEK293T cells expressing WT, C258S, and C742S hTRPV1 were
cultured in the presence of cycloheximide for the indicated time periods. The
cell lysates were subjected to reducing SDS-PAGE and WB. The levels of
hTRPV1 were quantified through normalization by those of �-tubulin. B,
quantitative densitometric analysis of the protein levels of WT, C258S, and
C742S normalized to those of �-tubulin (n � 3). Data points are the mean �
S.E. The plots were fitted to the exponential decay equation
ƒ(t) � C � A0e��t, where C is the constant, A0 is the initial amount, x is the
time after cycloheximide administration, and � is the decay constant. The
half-life (t1⁄2) was calculated by ln(2)/�.
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disulfide bond-forming pair (Fig. 6D). In addition, a high reso-
lution EM structure of rTRPV1 also supports disulfide bond
formation between Cys-258 and Cys-742. Cys-258 and Cys-742
in hTRPV1 subunits are likely to be proximal to each other,
considering that C-terminal �-strands (predicted to be residues
within 719 –764) are interfacing finger three and four of the
ARD where Cys-257 (rTRPV1 counterpart of hTRPV1 Cys-
258) is positioned in rTRPV1 (3). It is highly unlikely that a
disulfide bond could form between any combinations of Cys-
157 (rTRPV1 counterpart of hTRPV1 Cys-158), Cys-257, and
Cys-362 (rTRPV1 counterpart of hTRPV1 Cys-363) from two
adjacent subunits, where the proximity of 2.05 Å is required
(Fig. 3D) and the shortest distance, estimated from the near
atomic structure of rTRPV1, among them is 	31.3 Å (Cys-
157–Cys-362). However, we do not rule out the possibility of
other intersubunit disulfide bonds formed by either Cys-158 or
Cys-363. In fact, the mutation of any one of Cys-158, -258, -363,
and -742 do not eliminate the intersubunit disulfide bond of
hTRPV1, although a significant reduction in the dimer/mono-
mer ratios was observed (Fig. 3C). Moreover, our stability data
(Fig. 7B) indicates that C258S hTRPV1 mutant display reduced
stability than WT hTRPV1 but considerably higher stability
than C742S hTRPV1 mutant, suggesting that an absence of
Cys-258 could be compensated through Cys-742 interacting
with other Cys residues, whereas Cys-742 is necessary for stable

channel expression. Further work is necessary to fully appreci-
ate the complexity of oxidative modification in hTRPV1 at the
subunit interface.

Interestingly, the C258S hTRPV1 mutant showed no
response to oxidants (Fig. 9, A and B). Moreover, mass spectro-
metric analysis of Cys residues of hTRPV1 treated with H2O2
showed that Cys-258 is highly sensitive to oxidation, demon-
strating that Cys-258 confers oxidation sensitivity to hTRPV1
(Fig. 9C). These results showed that Cys-258 residues are het-
erogeneously modified in the hTRPV1 tetrameric complex and
comprise Cys-258 with a free thiol for oxidation sensing and
Cys-258 involved in the disulfide bond formation for assisting
in subunit dimerization. Thus, the homotetrameric hTRPV1
channel is essentially a heterotetrameric channel in terms of
both redox status and function (Fig. 10).

The TRPV1 tetrameric complex is thought to have a 4-fold
symmetry centering the channel pore under the reducing con-
ditions (3). If this is true, all four Cys-258 on each TRPV1 sub-
unit should have an equal chance of being oxidized and thus
should result in disulfide-linked tetramer. However, our data
show that TRPV1 forms disulfide-linked dimer. To obtain a
tetrameric complex consisting of two disulfide-linked TRPV1
dimers, the intersubunit disulfide bonds must be arranged in
the opposing position (Fig. 10). Considering that TRPV1 do not
form disulfide-linked tetramer even under the extreme oxidiz-

FIGURE 8. Cys residues at the interface are accessible by oxidants. A–E, Cys oxidation of WT or K156Q FLAG-hTRPV1 induced by 500 �M 5-nitro-2-PDS
treatment for 30 min at 37 °C. Oxidized and reduced Cys of WT or K156Q FLAG-hTRPV1 (for Cys-158 only) treated with or without 500 �M 5-nitro-2-PDS were
masked with CAM (black) and NEM (gray), respectively. The samples were subjected to SRM analysis after purification from HEK293T cells and trypsinization.
%CAM-labeled peptides were determined for Cys-127, Cys-158, Cys-258, Cys-363, and Cys-742 using the following SRM transitions: Cys-127 CAM (894.13(z �
�3) 
 1017.52(y172�)) and NEM (916.80(z � �3) 
 1051.53(y172�)) for A; Cys-158 CAM (749.36(z � �3) 
 1146.58(y10�)) and NEM (772.04(z � �3) 

1214.61(y10�)) for B; Cys-258 CAM (1354.72(z � �2) 
 1124.55(b10�)) and NEM (1388.73(z � �2) 
 1124.55(b10�)) for C; Cys-363 CAM (530.74(z � �2) 

561.25(y4�)) and NEM (564.75(z � �2) 
 629.27(y4�)) for D; Cys-742 CAM (797.05(z � �3) 
 968.43(y152�)) and NEM (819.73(z � �3) 
 1002.44(y152�)) for
E. F, summary of %CAM-labeled peptides for the respective Cys residues. Data points are the mean � S.D. of three analytical replicates.
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ing environment (such as treatment with oxidizing agent (Fig.
1B)), it is possible that 4-fold symmetry of TRPV1 is not present
in human species and that TRPV1 possesses heterogeneity in
subunit orientation. Although our current data are limited in
drawing a definitive conclusion concerning the three-dimen-
sional structural orientation underlying heterogeneous oxi-
dation, we speculate that hTRPV1 is susceptible to hetero-
geneous oxidation due to heterogeneity in orientation of
Cys-258 on each subunit. Ion channels are known to possess
disulfide bonds to provide a structural scaffold or redox sen-
sitivity. These include ion channels such as NMDA receptor,
CLIC1, Kir2.2, cardiac ryanodine receptor, TWIK-1 chan-
nel, and TRPC5 (47–53). However, to our knowledge this is
the first observation in which an ion channel uses the redox
heterogeneity of a single specific Cys residue (Cys-258) to

provide both oxidation sensitivity and protein stability.
Because of the unexplored field of Cys biochemistry in mem-
brane proteins, we believe that this type of functional bifur-
cation is likely to be found in other channels in the near
future.

The intersubunit disulfide bond of hTRPV1 was highly sta-
ble, demonstrated by rapid reformation after reduction by DTT
(Fig. 1E). This may explain how the cytoplasmic intersubunit
disulfide bond may have survived the reductive intracellular
milieu. Consistent with our observation, Tao et al. (54) report
that the preparation of Kir2.2 crystal structure in the presence
of 20 mM DTT and 3 mM tris-(2-carboxyethyl) phosphine
(TCEP) still yielded Kir2.2 with a disulfide bond, suggesting
that disulfide bonds can be a stable structural feature of ion
channels.

FIGURE 9. Quantification of hTRPV1 Cys oxidation induced by H2O2. A, maximal Ca2� responses (�[Ca2�]i) to 1 mM H2O2 stimulation at 37 °C (n � 22–100)
were normalized to responses to 100 nM capsaicin (n � 12– 46) for disulfide-less hTRPV1 mutants expressed in HEK293 cells. *, p � 0.01 compared with WT. B,
oxidation sensitivity of disulfide-less hTRPV1 mutants. Plots of �[Ca2�]i evoked by 10 �M concentrations of the congeneric series of reactive disulfides (see Fig.
1A) in HEK293 cells expressing hTRPV1 or hTRPV1 Cys mutants (n � 5–37). p � 0.05 compared with vector for hTRPV1 WT (*) and C363S mutant (#). Data points
are the means � S.E. C–E, oxidized and reduced Cys of FLAG-hTRPV1 (for Cys-258 and Cys-363) or FLAG-hTRPV1 K156Q (for Cys-158) treated with various doses
of H2O2 for 30 min at 37 °C were masked with CAM and NEM, respectively. The samples were subjected to SRM analysis after purification from HEK293T cells and
trypsinization. The half-max was derived by fitting the plots to the Hill equation (Cys-258half-max � 0.7 mM, Cys-363half-max � 2.2 mM): Hill equation,
ƒ(x) � A0 � (Amax � A0)/(1 � (EC50/x)n, where A0 is then basal %CAM-labeled peptide, Amax is maximum %CAM-labeled peptide, x is the H2O2 concentration,
and n is the Cyshalf-max. Data points are the means � S.D. of three analytical replicates. F, the half-maximal saturation of H2O2 for Cys-258 and Cys-363 is
indicated as dotted lines on a dose-response curve of H2O2 analyzed at 37 °C stimulated for 8 min (n � 41–115). Data points are the mean � S.E. *, p � 0.01
compared with vector.
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In our study it is also important to note that the oxidative
status of Cys residues was characterized based on the reactivity
of free Cys residues with NEM and the reversibility of oxidized
Cys residues with DTT. As a consequence, oxidative Cys mod-
ifications including sulfenic acid, disulfides, glutathionylation,
and nitrosylation were not distinguished (55). In addition,
because the irreversible oxidative modification such as sulfonic
or sulfinic acid cannot be detected with the methodology
employed, these modifications were also not accounted for in
our analysis.

In the current study we focused primarily on the elucidation
of an oxidant-induced activation mechanism at the N- and
C-terminal interface of hTRPV1. However, as described previ-
ously by others for cTRPV1, other domains in the TPRV1 chan-
nels are likely to be involved in sensing oxidation, and the com-
plete picture of oxidation sensing requires characterization
of Cys residues in these domains (26). Although this study
describes Cys modification as the primary mechanism of acti-
vation by oxidants, it is highly likely that other residues, such as
the Lys residue and methionine residue, are also targeted by
oxidants. In fact, a Lys residues in TRPA1 is a known target of
electrophiles, and methionine residues in TRPM2 is implicated
in sensing H2O2 (56, 57).

We found that oxidative post-translational modifications
between hTRPV1 and rTRPV1 are significantly different, as
rTRPV1 lacks the propensity to form an intersubunit disulfide
bond (Fig. 1B). This suggests that the structure and function
between hTRPV1 and rTRPV1 is not completely conserved for
the oxidizing stimuli. Thus, one may need to be cautious when
applying a conclusion to both rTRPV1 and hTRPV1. This is
also true for cTRPV1, where oxidation-induced activation was
correlated with dimerization (27). Interestingly, hTRPV1
endogenously expressed in HaCaT cells is subjected to multiple

redox modifications (as implicated by multiple DTT-sensitive
bands), in stark contrast with rTRPV1 expressed in DRG neu-
rons where only the monomeric protein was observed under
the non-reducing SDS-PAGE (Fig. 2, D and E). Functional char-
acterization and clarification of the significance of unique
redox modifications in hTRPV1 are largely unexplored and
appear to be a fertile field for further investigation.

To our surprise we found that rTRPV1-mimicking double
amino acid substitutions, S31C and W616C, disrupted the
intersubunit disulfide bond of hTRPV1 (Fig. 3B), suggesting
that the difference in the disulfide bond pattern between rat and
human species is affected by the difference in Cys homology.
This is an intriguing case where presence, not absence, of addi-
tional Cys residues disrupts the formation of disulfide bond.
There could be two possibilities underlying this phenomenon;
1) the presence of Cys-31 and Cys-616 alters the oxidative fold-
ing at the endoplasmic reticulum and consequent disulfide
bond patterns, or 2) Cys-31 and Cys-616 react with Cys residues
that otherwise form disulfide bond and prevent the formation
of intersubunit disulfide bond. In the near-atomic EM structure
of TRPV1, both Cys-31 and Cys-616 are not resolved, prevent-
ing us from drawing inferences from the current available
structural information (3). Further investigation of the mecha-
nism underlying the disruption of disulfide bond by insertion of
Cys-31 and Cys-616 will enhance our understanding of bio-
chemistry of TRPV1. TRPV1 is a polymodal sensor that has
diverse physiological functions in addition to nociception, and
general blockage of TRPV1 function for treatment of pain has
caused serious side effects in vivo (58). Detailed understanding
of the activation mechanisms is necessary to achieve selective
regulation of TRPV1 in a modality-specific manner. Our find-
ings improve the understanding of activation of hTRPV1 by
oxidation and provide new insight to enable the design of
modality-specific drugs for treating pain.
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