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Two amino acid residues determine 2-APB sensitivity
of the ion channels TRPV3 and TRPV4
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Temperature-activated transient receptor potential ion channels
(thermoTRPs) are polymodal detectors of various stimuli including
temperature, voltage, and chemicals. To date, it is not known how
TRP channels integrate the action of such disparate stimuli. Iden-
tifying specific residues required for channel-activation by distinct
stimuli is necessary for understanding overall TRP channel func-
tion. TRPV3 is activated by warm temperatures and various chem-
icals, and is modulated by voltage. One potent activator of TRPV3
is 2-aminoethyl diphenylborinate (2-APB), a synthetic chemical that
modulates many TRP channels. In a high-throughput mutagenesis
screen of ~14,000 mutated mouse TRPV3 clones, we found 2
residues (H426 and R696) specifically required for sensitivity of
TRPV3 to 2-APB, but not to camphor or voltage. The cytoplasmic
N-terminal mutation H426N in human, dog, and frog TRPV3 also
effectively abolished 2-APB activation without affecting camphor
responses. Interestingly, chicken TRPV3 is weakly sensitive to
2-APB, and the equivalent residue at 426 is an asparagine (N).
Mutating this residue to histidine induced 2-APB sensitivity of
chicken TRPV3 to levels comparable for other TRPV3 orthologs. The
cytoplasmic C-terminal mutation R696K in the TRP box displayed
2-APB specific deficits only in the presence of extracellular calcium,
suggesting involvement in gating. TRPV4, a related thermoTRP, is
2-APB insensitive and has variant sequences at both residues
identified here. Remarkably, mutating these 2 residues in TRPV4 to
TRPV3 sequences (N426H and W737R) was sufficient to induce
TRPV3-like 2-APB sensitivity. Therefore, 2-APB activation of TRPV3
is separable from other activation mechanisms, and depends on 2
cytoplasmic residues.

A subset of transient receptor potential (TRP) ion channels have
important roles in sensory biology, including pain and ther-
mosensation (1-4). The requirement of several so-called ther-
moTRPs in thermosensation in vivo has been demonstrated, sug-
gesting that these ion channels have a physiological role as
molecular thermometers (5-9). Thresholds of temperature-
activation of thermoTRPs are shifted in the presence of chemical
agonists, effectively modulating thermosensation (1, 10-12). Sev-
eral natural and synthetic compounds have been identified as
agonists or antagonists for each of the thermoTRPs (13). However,
little is known about how these chemicals modulate TRP channel
activity.

TRPV3, one of these thermoTRPs, is a nonselective cation
channel expressed primarily in mammalian keratinocytes, and is
involved in thermosensation (4, 7, 14). Like other thermoTRP
channels, TRPV3 is a polymodal detector of temperature (heat)
and chemicals. TRPV3 agonists include structurally-related natural
compounds such as camphor, thymol, and carvacrol (15, 16). One
of the most potent TRPV3 agonists is 2-aminoethyl diphenylbori-
nate (2-APB), a synthetic compound that modulates the activity of
many ion channels. It is a common activator of the heat-gated
TRPV ion-channels TRPV1, TRPV2, and TRPV3 (17, 18).
Besides its action on TRPVs, 2-APB activates TRPA1 and
TRPM6, and inhibits TRPM2, TRPMS8, TRPC4, TRPCS, and
TRPC6 channels (19).

Domains within TRPV3 that confer sensitivity to 2-APB, cam-
phor, or any other chemical are not known. The identity of sites
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required for response to specific chemical agonists might reveal the
location of putative binding sites, and shed light on potential
mechanisms of how these ion channels integrate signals from
various stimuli. Here, we applied an unbiased random mutation
approach to identify residues that are specifically required for
TRPV3 chemical sensitivity.

Results

Identification of Mutations Specifically Affecting 2-APB Responses.
We screened a mouse TRPV3 mutant library consisting of ~14,000
cDNA constructs carrying on average 2.5 mutations per clone
generated by error prone PCR. Mutant constructs were transfected
into human embryonic kidney (HEK293) cells, and calcium re-
sponses evoked by heat (42°C), 25 uM 2-APB, and 1.75 mM
camphor were monitored in a fluorescence imaging plate reader
(FLIPR). We recently described the identification of residues
specifically required for TRPV3 heat activation (20). Here, we
focused on the 2-APB and camphor dataset to identify residues
specifically required for chemical responses.

Specifically, we selected clones that showed normal responses for
one chemical, but significantly reduced activation by the other (for
selection criteria, see Methods). Positive clones were picked, re-
grown, and full dose-response curves against each stimulus were
measured, and ECs values calculated (see Methods). Seven mutant
clones were confirmed as specifically 2-APB deficient, and se-
quenced. Remarkably, all 7 clones included mutations in 1 of 2
residues. The first, histidine (H) 426, is present in the cytoplasmic
N terminus region, between the ankyrin and transmembrane do-
mains. We identified 4 distinct substitutions of H426 in the screen
(Table 1). The second, arginine (R) 696 is present within C-
terminal cytoplasmic TRP box (IWRLQR), a conserved domain in
TRP channels (2, 3). The 3 mutations at this residue have the same
closely-related arginine to lysine substitution. All 7 mutations
caused severe deficits in 2-APB responses, without affecting cam-
phor responses (Table 1). Although some camphor-deficient clones
were also identified, they were relatively more subtle mutations,
shifting ECsy values of camphor ~2-fold or less (data not shown).
For this reason, we focused this study on the 2 residues causing
specifically >10-fold 2-APB deficiency.

Initial Electrophysiological Characterization of TRPV3-H426 and
TRPV3-R696 Channels. FLIPR is an indirect way of measuring ion
channel activity. To confirm our FLIPR results, we used patch
clamp technique and measured whole-cell currents of wild-type
mouse TRPV3, TRPV3-H426N, and TRPV3-R696K when 2-APB
(1 uM to 3 mM) or camphor (0.3 to 20 mM) were individually bath
applied from low to high concentrations (Fig. 1 and Fig. S1). In a
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Table 1. TRPV3 mutants associated with deficiency of 2-APB sensitivity

2-APB Camphor Emax, RFU;
Clones ECso, uM 2-APB ny;) ECso, MM Camphor ny;y Mutations 20-mM camphor
WT 9.0 2.0 1.6 2.0 +0.6 2.7 WT 61903
C5P2 >200 3.4 1.8 £ 0.2 3.1 K617E, R696K 64345
C11P2 >200 1.9 1.7 £ 0.1 3.5 1503T, A543T, R696K 61741
D2P2 >200 2.9 1.8 = 0.1 3.1 R696K 52671
E3P2 >200 1.7 23+04 2.6 H426V 55162
E8P2 >200 3.1 1.9 = 0.1 1.9 H426N 48852
F3P2 >200 1.7 1.8 = 0.1 2.1 D81V, H426R 55680
FAP2 >200 2.0 1.9 = 0.1 2.5 H426Q 49916

concentration-dependent manner, 2-APB activated currents in
HEK293 cells transfected with wild-type TRPV3 with average ECsy
values of 25.9 = 0.3 (g = 2.3) and 36.8 £ 3.6 uM (npin = 3.3)
at +100 and —100 mV, respectively (Fig. 14; Fig. S14); 2-APB did
not induce measurable currents in HEK293 cells transfected with
TRPV3-H426N up to 100 uM. However, concentrations of 2-APB
that are saturating for wild-type TRPV3 (0.3 to 3 mM) were able
to activate currents in this mutant in a concentration-dependent
manner (Fig. 14; Fig. S14). Consequently, the TRPV3-H426N
showed a >10-fold ECs shift of 2-APB-dependent activation, and
the response never reached saturation. In parallel experiments,
camphor also activated currents in HEK293 cells transfected with
wild-type TRPV3 in a concentration-dependent manner with ECsg
values of 6.7 = 0.1 (ngiy = 7.8) and 7.0 = 0.1 mM (nmiy = 8.4) at
+100 and —100 mV, respectively. Importantly, wild-type-like re-
sponses to camphor were observed in HEK293 cells transfected
with the TRPV3-H426N [ECs, values of 6.3 = 0.1 (ngi = 7.5) and
6.7 £ 0.1 mM (nmi = 8.1) at +100 and —100 mV, respectively],
confirming that camphor activation is unaltered in this mutant (Fig.
1A4; Fig. S1B).

In whole-cell patch-clamp experiments, 2-APB also induced
minimal TRPV3-R696K activation. At +100 mV, 2-APB started to
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Fig. 1.  Electrophysiological characterization of TRPV3-H426N and TRPV3-

R696K. (A) Concentration-response curves of 2-APB- and camphor-activated
responses in wild-type and H426N mutant reveal specific loss of 2-APB re-
sponse, but not camphor-evoked response. (B) In R696K mutant, 2-APB-
activated response was also specifically affected, whereas camphor-activated
responses were similar between wild-type TRPV3 and R696K mutant. For
R696K mutant, the acute peak response was used to calculate the ECsg value.
Error bars are SEs. For 2-APB responses: n = 17 for wild-type TRPV3; n = 9 for
H426N mutant; and n = 6 for R696K mutant. For camphor responses: n = 10
for wild-type TRPV3; n = 5 for H426N mutant; and n = 10 for R696K mutant.
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activate HEK293 cells expressing this mutant channel at ~3 uM,
and reached saturation at 30 uM, with an ECs, of 10.0 = 1.3 uM
(npin = 2.1). Higher concentrations of 2-APB (>30 uM) evoked a
desensitizing current with an “off-response” after washout of
2-APB, a phenomenon that is described in detail below. However,
at —100 mV, 2-APB failed to activate R696K mutant channels even
at 1 mM (Fig. 1B; Fig. S14). The maximal 2-APB response at 1 mM
at —100 mV was —2.3 * 1.4 pA/pF (n = 6), which is significantly
smaller (>10-fold) than for wild-type TRPV3 channels (—482.1 =
69.2 pA/pF at 300 uM, n = 17), suggesting that the maximal channel
response evoked by 2-APB is decreased in the TRPV3-R696K
mutant. However, camphor activated similar responses to TRPV3-
and TRPV3-R696K-transfected HEK293 cells [ECsy values of
55+02 (I‘le = 50) and 7.9 = 0.1 mM (nHill = 58) at +100 and
—100 mV, respectively] (Fig. 1B; Fig. S1B). Therefore, the initial
electrophysiological data confirmed our screening results that
TRPV3-H426N and TRPV3-R696K mutants are deficient in
2-APB responsiveness, without affecting overall channel function as
tested by their ability to respond to camphor.

We next asked what side-chain properties of H426 and R696 are
crucial for TRPV3 activation by 2-APB. We individually mutated
positions 426 and 696 to all other amino acids and measured FLIPR
dose-response curves for both 2-APB and camphor. Interestingly,
all H426 mutants had decreased 2-APB responses with a strong
(>10-fold) increase of ECs values (Table S1). Most of the mutants
had normal camphor responses except for the helix-breaking pro-
line substitution, which showed ~2-fold increase of camphor ECs.
The data are consistent with the result of our primary screen that
identified 4 different substitutions resulting in 2-APB deficiency at
this position. Mutant channels carrying aromatic side-chains F, T,
and W did not respond to either camphor or 2-APB. However, most
R696 mutants showed reduced 2-APB responses, but also had
decreased maximal camphor (20 mM) responses, indicating that
these mutations affect overall channel expression or function
(Table S2). This result is also consistent with our initial result from
the primary screen, where only the lysine substitution was identified
to be specifically required for 2-APB at this residue. R696F also
showed some 2-APB-specific deficit, although maximal camphor
responses were slightly affected. Mutants R696D, R696G, R696N,
R696P, R696S, and R696T did not show significant responses to
either 2-APB or camphor when compared with pcDNA vector-
transfected cells.

Voltage-Dependent Response Remained Intact in 2-APB Mutants.
Voltage-dependence has been shown to have important roles in
TRP channel activation and gating (1, 10-12, 21). In the absence of
chemical stimulators (for example camphor or 2-APB), voltage
steps from —120 to +180 mV (20 mV step) did not activate currents
in HEK293 cells transfected with wild-type TRPV3, indicating that
TRPV3 (unlike TRPV1 and TRPMS) is not activated by voltage
alone at the range tested here (20, 22). However, in the presence of
30 uM 2-APB, a voltage-dependent current was activated (Fig.
S2A). As expected, no detectable voltage-modulated current was
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seen in TRPV3-H426N when treated with 30 uM 2-APB (Fig.
S2B). However, 6 mM camphor evoked a voltage-dependent
current in HEK293 cells expressing wild-type TRPV3 (Vy;, of
81.3 + 2.6 mV) (Fig. S2 4 and D) and TRPV3-H426N (V) of
81.3 + 2.5 mV) (Fig. S2 B and D). Similar to TRPV3-H426N, there
was no detectable voltage-modulated current in TRPV3-R696K
when treated with 30 uM 2-APB (Fig. S2C). However, camphor
activated a voltage-dependent current with a Vi, of 81.1 = 5.4 mV
(Fig. S2 C and D). These results indicate that voltage-modulation
is intact in TRPV3-H426N and TRPV3-R696K, and implies that
loss of voltage-dependence is unlikely to be the cause of decreased
responses to 2-APB in these mutant channels.

Temperature Sensitivity of TRPV3-H426N and TRPV3-R696K. Temper-
ature sensitivity is a hallmark of TRPV3 channel function (14, 16,
23). Therefore, we asked whether temperature activation was
altered in TRPV3-H426N and TRPV3-R696K clones. We mea-
sured temperature (25 to 42 °C) activation of HEK293 cells trans-
fected with wild-type TRPV3, TRPV3-H426N, or TRPV3-R696K
mutant in a FLIPR assay. Heat responses of TRPV3-H426N were
either equal to or slightly larger than wild-type TRPV3 responses
(n = 4 experiments), suggesting that 2-APB- and heat-activation
can be separated (Fig. S2E; and data not shown). However, heat
responses in TRPV3-R696K were much smaller compared with
wild type (n = 3 experiments), suggesting that this mutant is not
specifically altering 2-APB activation (Fig. S2E).

Calcium-Dependent Desensitization of TRPV3-R696K. An interesting
feature of the 2-APB response in TRPV3-R696K-transfected
HEK?293 cells is fast desensitization at >30 uM 2-APB and an
off-response to 2-APB at high concentrations (Fig. S3). This
phenomenon is in contrast to wild-type TRPV3, which sensitizes in
response to repetitive/continuous stimulation of chemicals or heat
(14, 16). The mechanism underlying TRPV3 sensitization is pro-
posed to be a loss of calcium inhibition of this channel (22). Because
desensitization of most other TRP channels (such as TRPV1 and
TRPAL1) to chemical or temperature stimuli also depends on
extracelullar calcium (24, 25), we set out to test whether extracel-
lular calcium has a role in 2-APB-evoked desensitizing responses in
TRVP3-R696K. Surprisingly, in the absence of extracelullar cal-
cium, 100 uM 2-APB activated a robust, wild-type-like inward and
outward currents in TRPV3-R696K (current density of TRPV3-
R696K: 755.7 £ 200.0 pA/pF at +100 mV, —641.2 = 133.9 pA/pF
at —100 mV (n = 5); wild-type TRPV3: 615.0 = 266.7 pA/pF at
+100 mV, and —471.0 = 83.2 pA/pF at —100 mV, n = 9) (Fig. S4
A and B). This result suggests that replacement of an arginine by a
lysine at position 696 in the TRP box of TRPV3 drives the channel
into a desensitizing state on 2-APB but not camphor stimulation in
a calcium-dependent manner. A putative Ca?*-binding residue in
the pore loop domain, aspartate 641, is conserved among all TRPV
channels, and is critical to permeation properties of TRP channels
(26, 27). Mutation of D641 into asparagine (N) has been shown to
reduce ruthenium red block and high affinity extracelullar calcium
inhibition of TRPV3 and other TRP channels (17, 22, 26, 27).
Therefore, we examined whether the D641N mutation could relieve
the TRPV3-R696K clone from calcium-dependent loss of 2-APB
response. In a FLIPR assay, the TRPV3-D641N had an ECsy of
2.8 £ 1.3 uM (nmin = 0.7), which is approximately half the value of
wild-type TRPV3 (5.7 = 1.2 uM, ngiy = 1.1). The double mutant
TRVP3-D641N/R696K had an ECsp of 3.3 = 1.1 uM (ngin = 1.1),
showing that the D641N mutation fully restored the 2-APB re-
sponse of the TRPV3-R696K. As expected, the camphor response
was similar among TRPV3, TRPV3-R696K, TRPV3-D641N, and
TRPV3-D641N/R696K (Fig. S4 C and D). These studies demon-
strate that TRPV3-R696 is not purely a 2-APB mutation. The
deficits observed are calcium-mediated, affecting 2-APB but not
camphor responses.
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Fig. 2. A conserved requirement of H426 for 2-APB responses among

mammalian and amphibian TRPV3 orthologs. (A) Sequence alignment of
mouse, rat, human, dog, frog, and chicken TRPV3. Position 426 is indicated. (B)
FLIPR ECs values of 2-APB (B) and camphor (C) in H426N equivalent mutants
of frog, human, and dog TRPV3; fTRPV3 refers to frog TRPV3; hTRPV3 refers
to human TRPV3; and dTRPV3 refers to dog TRPV3. Error bars are SEs; n = 5 for
each clone.

The 2-APB Sensitivity in TRPV3 Orthologs. Amino acid conservations
and variations among orthologs are useful tools for dissecting
structure-function relationships of proteins, including TRP chan-
nels (28, 29). Therefore, we asked whether these TRPV3 orthologs
have comparable camphor and 2-APB responses. Indeed, human,
dog, and frog TRPV3 channels, which have histidines at mouse-
equivalent position 426 (Fig. 24), have similar 2-APB responses
when overexpressed in HEK293 cells (although camphor responses
in Xenopus tropicalis TRPV3 were decreased compared with wild-
type mouse TRPV3) (Fig. 2C). As expected, when H426 in human,
dog, and frog was mutated into N, 2-APB concentration-response
curves were strongly shifted to the right in each of these TRPV3
orthologs (Fig. 2B). Again, this mutation did not decrease camphor
sensitivity when compared with wild-type TRPV3 orthologs (Fig.
2C). On the contrary, both human and frog TRPV3 H426N
mutants had slightly higher camphor sensitivity than their wild-type
counterparts. These results indicate that the 2-APB activation
mechanism of TRPV3 might be conserved throughout different
species.

Interestingly, although R696 is conserved in the TRP box of
TRPV3 among all species, the position equivalent to mouse 426 in
chicken TRPV3 (cTRPV3) is an N (427). As shown above, an H-N
substitution at 426 residue in mammalian or amphibian species
interferes with proper 2-APB responses (Fig. 24). Consistent with
this residue being important for 2-APB responses, the ECsy of
2-APBin cTRPV3is 146.8 = 3.4 uM (ngiy = 2.5) as compared with
that of 11.5 = 3.5 uM (nmn = 1.1) for mouse TRPV3. Strikingly,
mutating N427 into H shifted the concentration-response curve of
2-APB significantly to the left (ECsp of 6.1 = 0.9 uM, ngy = 2.3),
whereas leaving the ECs value for camphor unchanged [3.0 = 0.1
mM (ngn = 5.4) in cTRPV3-N427H vs. 2.6 £ 0.2 mM (ngsn = 5.5)
in cTRPV3] (Fig. 34). Whole-cell patch clamp recording confirmed
that the 2-APB concentration-response curve was strongly
shifted to the left in the chicken TRPV3-N427H as compared
with wild-type cTRPV3 at both +100 [cTRPV3 ECsy = 276.1
17.2 uM (ngin = 2.1) versus cTRPV3-N427H mutant ECs
10.7 = 4.9 uM (ngin = 2.1)] and —100 mV [cTRPV3 ECsy =
330.1 = 225 uM (ngiy = 2.6) versus cTRPV3-N427H mutant
ECso = 13.0 = 4.1 uM (nmn = 3.9)] (Fig. 3B). Single-channel
recordings revealed almost 200-fold increase of channel openings
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Fig. 3. N427H mutation restores 2-APB sensitivity of chicken TRPV3. (A)
Concentration-response curves of 2-APB and camphor in chicken wild-type
TRPV3, cTRPV3-N427H, and pcDNA on FLIPR. Error bars are SEs; n = 6 for each
clone. (B) Whole-cell patch-clamp current-density concentration-response
curves of 2-APB-activated currents in HEK293 cells transfected with wild-type
or N427H mutant chicken TRPV3 at +100 and —100 mV. Error bars are SEs; n =
4 for wild-type chicken TRPV3; and n = 5 for cTRPV3-N427H mutant. (C)
Inside-out single channel recordings of wild-type chicken TRPV3 treated with
25 uM 2-APB or 3 mM camphor. (D) Single channel current traces (inside-out
configuration) of cTRPV3-N427H channel treated with 25 pM 2-APB or 6 mM
camphor. (E) Average fold increase of single channel activities over basal levels
evoked by 2-APB or camphor in inside-out patches expressing wild-type cTRP3
or cTRPV3-N427H mutant (*, P < 0.05, Student’s t test; n = 4 for wild-type
cTRPV3; and n = 5 for cTRPV3-N427H mutant).

over the basal level by 25 uM 2-APB in inside-out patches from
c¢TRPV3-N427H-expressing cells (n = 7), whereas no significant
changes were observed in inside-out patches from wild-type
cTRPV3-expressing HEK293 cells (n = 5). However, 6 mM cam-
phor strongly increased single-channel openings in inside-out
patches from HEK293 cells transfected with either wild-type
c¢TRPV3 or cTRPV3-N427H mutant at similar levels (Fig. 3 C-E).
Hence, a single point-mutation in chicken TRPV3 specifically
increases its sensitivity to 2-APB.

The 2-APB Sensitivity in Related ThermoTRPs: TRPV1, TRPV2, and
TRPV4. Mammalian TRPV3 is closely related to TRPV1 (39%
amino acid homology), TRPV2 (36% homology), and TRPV4
(38% homology). Interestingly, 2-APB is a common agonist of
TRPV1, TRPV2, and TRPV3, but not TRPV4 (18). Therefore, we
asked whether a common mechanism exists for 2-APB action on
these related ion channels. The equivalent position of the mouse
TRPV3 His-426 is N in TRPV1 (N419), TRPV2 (N379), and
TRPV4 (N456) (Fig. 44; Fig. S54). The equivalent position of the
mouse TRPV3 R696 in the TRP box is also R (R701) in TRPV1,
a conserved lysine (K664) in TRPV2, and a noncharged tryptophan
(W737) in TRPV4 (Fig. 44; Fig. S54).

We focused on the N-terminal H residue, which is specifically
required for proper 2-APB responses for mammalian and amphib-
ian TRPV3, and an N to H mutation at this residue is sufficient to
induce robust 2-APB responses in chicken TRPV3. Wild-type
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Fig.4. Mutations of TRPV4 at 2 cytoplasmic residues identified render TRPV4
sensitive to 2-APB. (A) Sequence alignment of the N-terminal region and
C-terminal TRP box of mouse TRPV3 and rat TRPV4. Residues required for
mouse TRPV3 responses to 2-APB and equivalent residues in TRPV4 are indi-
cated. Diagrams illustrate the positions of the 2 intracellular residues and
show a schematic representation of the double mutations in TRPV4. Error bars
are SEs; n = 5 for each clone. (B) Concentration-dependent responses to 2-APB
and 4-a-PDD in HEK293 cells transfected with wild-type or mutated TRPV4;
n =5 for each clone.

TRPV1 and TRPV2 carry Ns at the equivalent position of TRPV3
H426, but show robust responses to 2-APB. This result raises the
possibility that TRPV1 and TRPV2 respond to 2-APB through
distinct mechanisms compared with TRPV3. Nevertheless, we
tested whether introducing a H at this position specifically affects
2-APB responses in TRPV2 and TRPV1. The TRPV1-N419H
mutant had enhanced responses to both 2-APB and capsaicin,
indicating a nonspecific effect on channel expression or function
(Fig. S5B). The corresponding TRPV2-N379H mutant had similar
2-APB and probenecid (another TRPV2 agonist) responses com-
pared with wild-type TRPV2 (Fig. S5C) (30). These results suggest
that the mechanism of 2-APB activation of TRPV2 and TRPV1 is
not completely conserved with that of TRPV3 (see Discussion).
We then asked whether the equivalent residues of TRPV3-H426
and R696 are responsible for the lack of 2-APB responses in
TRPV4. To address this question, we mutated equivalent amino
acid residues at N456 and W737 in TRPV4 to H and R, respectively
(Fig. 44). Wild-type TRPV4 and TRPV4-W737R showed only
marginal 2-APB responses compared with vector-transfected con-
trols (Fig. 4B). However, remarkably, HEK293 cells transfected
with TRPV4-N456H responded to 2-APB with an ECsj of 131.0 *
3.3 uM (nmn = 2.4). Also, TRPV4 carrying double mutations
N456H/W737R showed even more robust responses to 2-APB, with
an ECsy of 10.0 = 0.8 uM (nmn = 1.2) (close to the value of
wild-type mouse TRPV3) (Fig. 4B). Responses to the TRPV4
agonist 4-a-PDD were not significantly different between wild-type
TRPV4 and all of the TRPV4 mutants, suggesting that increased
2-APB responses are not due to increased TRPV4 expression level
or overall gain of function (Fig. 4B). Recordings in excised inside-
out patches expressing TRPV4, TRPV4-N456H, TRPV4-W737R,
or TRPV4-N456H/W737R revealed single-channel activity by 150
1M 2-APB in both TRPV4-N456H and TRPV4-N456H/W737R,
with the latter showing more robust responses (Fig. S6 B and C). No
2-APB-activated single channel activity was seen in wild-type
TRPV4 and TRPV4-W737R (Fig. S64; and data not shown). These
results indicate that differences at the 2 amino acid residues
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identified in our screen are responsible for the lack of 2-APB
sensitivity of TRPV4.

Discussion

Little is known about how each stimulus in TRPV3 is sensed, or how
signal integration is achieved. As an initial approach to this ques-
tion, we have focused on identifying structural elements that are
specifically required for sensitivity of thermoTRPs to each individ-
ual stimulus (20, 31). Our results show that 2 cytoplasmic residues
are each required for activation of TRPV3 by 2-APB, but not by
camphor. Positions 426 and 696 emerged in multiple clones from
our screen, and subsequent electrophysiological characterization
confirmed that mutations H426N and R696K are deficient in
2-APB responses, but not in camphor or voltage responses.

H426 Is Specifically Required for 2-APB Activation of TRPV3. We show
that mutations in H426 dramatically shift the 2-APB ECs, curve,
raising the possibility that these mutations might reflect a defect in
binding. Importantly, this mutant does not affect other modes of
TRPV3 activation (including camphor and heat responses, and
voltage modulation). Our experiments on systematically replacing
H426 by all other amino acids showed that the 2-APB response
cannot be rescued by the positive charge that is also present in R and
lysine, or by a residue of similar structure (shape), like phenylala-
nine. Therefore, the specific requirement of a histidyl side chain at
this residue for proper 2-APB responses suggests (although does
not prove) direct interaction with the ligand. Interestingly, replacing
the chicken TRPV3 N at this position with H is sufficient to induce
robust 2-APB activation, consistent with the hypothesis of this
N-terminal H being part of a 2-APB binding site. However, it is also
possible that chicken TRPV3 binds 2-APB but cannot be efficiently
gated. Therefore, a role of the H residue in gating instead of binding
cannot be ruled out. Regardless whether H426 constitutes a 2-APB
binding site or not, these results show that 2-APB-activation of
TRPV3 can be separated from all other agonists. Recently, we have
identified a distinct segment close to the TRPV3 pore region that
is specifically required for heat but not 2-APB-, camphor-, or
voltage-modulation of the channel (20). Together, these findings
support a hypothesis in which various modulators of TRPV3 have
disparate activation pathways that allosterically couple to gate the
channel (1). This hypothesis is also supported by comparing Hill
coefficients obtained from dose-response curves of 2-APB and
camphor for wild-type TRPV3 channels. Hill coefficients differ
almost 2-fold between these 2 agonists, suggesting that the number
of agonists required for efficient channel opening or the degree of
cooperativity might be larger for camphor than for 2-APB. This
disparity is observed in both FLIPR and patch-clamp experiments
(although with a consistent shift in FLIPR experiments toward
lower Hill coefficients) and consistent throughout all mutants we
examined.

Interestingly, the location of H426 is distinct from the location of
molecular determinants of TRPV1 sensitivity to capsaicin, and
TRPMS sensitivity to menthol (28, 31, 32). For these botanical
chemicals, interaction sites are proposed between transmembrane
domains 2 and 4. Instead, the location of cytoplasmic N-terminal
H426 residue is reminiscent of the site of action of chemical-
activation of TRPAL1 (33, 34). Various reactive chemicals such as
mustard oil, cinnamaldehyde, and allicin (garlic) activate TRPA1
through cysteine modification, and 3 cytoplasmic cysteines juxta-
posing the transmembrane domain in the N terminus of TRPA1 are
involved in these responses. Interestingly, allicin was recently shown
to activate TRPV1 through a cysteine located at the N-terminal
region (35). Therefore, binding of chemicals to this linker region of
TRP channels between ankyrin domains and transmembrane he-
lices might cause conformational change and downstream ion
channel gating. However, mechanistically, there is no evidence that
2-APB is a covalent modifier, and is likely that 2-APB binds in a
reversible lock-and-key fashion.

1630 | www.pnas.org/cgi/doi/10.1073/pnas.0812209106

R696 Within the TRP Box Is Required for Calcium-Dependent 2APB
Responses. The TRP box is a highly conserved hexameric domain
in the C-termini of TRP channels, and has been proposed to have
a role in subunit multimerization, overall channel gating, and PIP2
binding (1, 36-38). An R residue in the TRP box of TRPV1 (R701)
has been implicated in gating the channel to temperature and
chemical stimuli (24, 38). Interestingly, mutations in TRPMS TRP
box have been observed to specifically cause loss of menthol
activation by influencing the gating properties of the channel (31).
In the present study, we found a TRPV3 mutant (R696K) at the
equivalent position of TRPV1-R701 in the TRP box that is asso-
ciated with a loss of 2-APB and heat response, without affecting
camphor responses or voltage modulation. Surprisingly, we found
out that TRPV3-R696K responded relatively normally to 2-APB in
the absence of extracellular calcium. Also, ablating a putative
calcium-binding site at the TRPV3 pore, which has been shown to
mediate calcium-inhibition, appears to override the 2-APB defi-
ciency of TRPV3-R696K (22). However, because we record wild-
type-like camphor responses and observe normal voltage modula-
tion of TRPV3-R696K, it is unlikely that this mutation is causing an
overall change in gating efficiency or a general effect of extracellular
calcium. However, the majority of mutations at this residue did
cause overall channel dysfunction, and, interestingly, most polar
side-chain substitutions (glycine, asparagine, serine, and threonine)
resulted in nonfunctional channels, suggesting that this residue
might be located in a mostly hydrophobic environment. This
complex calcium-dependent 2-APB phenotype of the TRPV3-
R696, together with the compromised heat-activation of this mu-
tant, argues that this residue has an important role in channel gating
in response to some but not all stimuli; 2-APB being an open-
channel blocker as proposed by Chung et al. (17) would explain the
difference between 2-APB and camphor in the R696K mutant.
However, the 2-APB “blocking effect” occurs only in the presence
of extracellular calcium, suggesting involvement of additional mech-
anisms in 2-APB gating in the R696K mutant. The desensitizing
property of the R696K mutant prevents accurate measurement of
the maximal response of 2-APB in whole-cell patch clamp record-
ing, affecting the accuracy of the ECs, value. It also explains the
discrepancy of ECs values between electrophysiological recording
and the FLIPR assay, which measures the concentration of intra-
cellular free calcium ions. Importantly, we have only focused on
mutations that specifically affect 2-APB sensitivity; thus, mutants
with additional defects in camphor or voltage sensitivity are not
characterized. Respective residues might also be required for
2-APB sensitivity in TRPV3 channel and, therefore, revealing
additional 2-APB-sensitive elements. However, we cannot rule out
a more complicated role in 2-APB binding.

The other possibility is that interaction of 2-APB with the TRP
box increases the inhibitory effect of calcium on TRPV3 channel.
Although these 2 regions are separated by the cell membrane, it is
possible that 2-APB interaction of the TRP box might increase the
binding affinity to the pore or transduction efficiency of calcium
inhibition of TRPV3 channel. Regardless of the exact role of R696,
the finding that both H426 and R696 are critical determinants of
2-APB responses in TRPV3 raises the question whether these
cytoplasmic N and C termini interact with each other during resting
or activated states of TRPV3.

The 2-APB Responses in TRPV3 Orthologs and Related TRPVs. The
promiscuous TRP channel modulator 2-APB can function either as
an agonist or antagonist of many TRP channels within 3 subfamilies
(19). In this work, we explored whether the molecular determinants
of 2-APB sensitivity of mouse TRPV3 is shared among TRPV3
orthologs, and related TRPVs. TRPV3 orthologs are present
among mammals, birds, and clawed frogs, but not in bony fishes and
invertebrates. We found that the N-terminal H426 residue is
conserved in human, mouse, dog, and frog, and is required for
proper 2-APB responses in all these species. Interestingly, chicken
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TRPV3 responds poorly to 2-APB and has an N at the equivalent
residue. We show that substituting a H at this position is sufficient
to induce robust 2-APB responses in chicken TRPV3. The change
in chicken TRPV3 sequence at this residue compared with mam-
malian and frog TRPV3 sequences raises the possibility that birds
have specifically lost this H residue, and consequently have lost the
ability to respond to 2-APB (28). However, 2-APB is a synthetic
compound, and whether a structurally-similar endogenous or bo-
tanical molecule exists that acts as a natural TRPV3 agonist is
unknown.

The mechanism of 2-APB sensitivity of TRPV1 and TRPV2
appears to be at least partly distinct from TRPV3, as both of these
2-APB-sensitive channels do not have histidines at the equivalent
position of mTRPV3-H426. However, remarkably, we show that
changing 2 TRPV4 residues to TRPV3-like sequences is sufficient
to induce 2-APB sensitivity in TRPV4, suggesting that shared
elements are required for 2-APB activation between these 2 related
channels.

Methods

Mutant Library. The method of generating a random mutant library and high-
throughput screening for TRPV3 mutants is described previously (20, 31). Error
prone PCR (Diversify PCR Random Mutagenesis Kit, Clontech) was performed on
the cloned mouse TRPV3 gene and subsequently the PCR product was cloned into
the pcDNA5-FRT mammalian expression vector.

Mutagenesis. All site-directed mutants were generated by QuikChange Il XL
Site-Directed Mutagenesis Kit (Stratagene). All clones were verified by DNA
sequencing.

Cell-Culture/Transfection/FLIPR. The methods of cell culture, DNA transfection
and FLIPR are described previously (20, 31). For each mutant clone fluorescence
increase evoked by 2-APB or camphor was measured in quadruplicate and aver-
aged. Responses were normalized to wild-type TRPV3-transfected control wells
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(100%). The normalized 2-APB response was subtracted from the normalized
camphor response. Clones having values of >60% were considered as 2-APB-
specific mutants in the primary screening. For concentration-response curves,
maximal responses were calculated after baseline subtraction. Averages and SDs
were calculated from 3 wells, responses normalized to unity and fitted by a Hill
equation. Cut-off values for hit-confirmation were obtained from calculating
average values and SD of pooled data from controls from all plates. Mutants that
satisfied the following 3 criteria were picked: (i) 2-APB ECs values are >3 SDs from
the average of wild-type TRPV3; (i) camphor ECs values are <1 SD from the
average of wild-type TRPV3; and (iii) camphor-evoked maximal response at 20
mM (Emax) are <2.5 SDs from the average of wild-type TRPV3.

Cloning of X. tropicalis, Canine, and Chicken TRPV3. Cloning of X. tropicalis TRPV3
was described previously (20). Total RNAs from canine and chicken brain tissues
were purchased from Zyagen. First strand cDNA was prepared from the total RNA
by using SuperScript Il reverse transcriptase (Invitrogen). PCR was peformed by
using the following primers: for chicken TRPV3, sense: 5'-ATG ATT AAA GAT AAC
AAA GAA GTT GTT CCA CTA ATG GGC-3’ and antisense: 5'-CTA AAG AGA AGT
TTCAGG CAA ATC ATC CG-3'; for canine TRPV3, sense: 5'-ATG AAT GCC CAC CCC
AAG GAG ATG GTG CCCCTCATG GGCAGA AGA G-3', antisense: 5'-CTA CACTGA
AGTTTCCGG AAATTCATC-3'. The PCR products were cloned into a pCR2.1-TOPO
vector (Invitrogen) and subcloned into pcDNA5-FRT vector by using Kpnl/Notl
sites.

Electrophysiology. The method of whole cell patch clamp recording is described
previously (20, 31). Conductance-voltage (GV) curves were obtained from plateau
currents of voltage-step protocols by calculating the conductance for each data
point in a single experiment separately and normalizing it to the maximal
response. For quantitative single channel analysis the Pulse files were converted
to Axon Binary Files, analyzed, and plotted by using Clampfit 9.2 (Molecular
Devices).
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