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Abstract The Transient Receptor Potential Vanilloid 1 (TRPV) channel is activated by an array of

stimuli, including heat and vanilloid compounds. The TRPV1 homologues TRPV2 and TRPV3 are also

activated by heat, but sensitivity to vanilloids and many other agonists is not conserved among

TRPV subfamily members. It was recently discovered that four mutations in TRPV2 are sufficient to

render the channel sensitive to the TRPV1-specific vanilloid agonist resiniferatoxin (RTx). Here, we

show that mutation of six residues in TRPV3 corresponding to the vanilloid site in TRPV1 is

sufficient to engineer RTx binding. However, robust activation of TRPV3 by RTx requires facilitation

of channel opening by introducing mutations in the pore, temperatures > 30˚C, or sensitization
with another agonist. Our results demonstrate that the energetics of channel activation can

determine the apparent sensitivity to a stimulus and suggest that allosteric pathways for activation

are conserved in the TRPV family.

DOI: https://doi.org/10.7554/eLife.42756.001

Introduction
Transient receptor potential (TRP) cation channels are involved in a diverse array of physiological

functions (Li, 2017), with many of them acting as sensory detectors of stimuli such as temperature,

natural products and various cell-signaling molecules (Flockerzi, 2007). Structurally, TRP channels

are tetramers, with each subunit containing six transmembrane helices (S1-S6); the region encom-

passing the S5 through S6 helices forms the central ion-conducting pore, and the S1-S4 helices of

each subunit form voltage sensor-like domains located peripherally in a domain-swapped arrange-

ment (Madej and Ziegler, 2018).

Consistent with the remarkable diversity of biological roles that TRP channels play, the types of

stimuli that activate these channels also largely differ between TRP subtypes, even among closely

related members of the same TRP channel subfamily (Flockerzi, 2007; Li, 2017). However, many

important structural features are highly conserved within each TRP channel subfamily, and

between TRP channels in general (Palovcak et al., 2015; Bae et al., 2018; Kasimova et al., 2018;

Madej and Ziegler, 2018; McGoldrick et al., 2018; Zheng et al., 2018a; Zheng et al., 2018b;

Zubcevic et al., 2018a; Zubcevic et al., 2018b), raising the possibility that TRP channels that are

sensitive to different stimuli share mechanisms of activation downstream of their ligand-interaction

sites. This is well exemplified by TRPV1 and its closest homologue, TRPV2 (48.4% of sequence iden-

tity). TRPV1, an integrator of pain-producing stimuli in nociceptors (Moore et al., 2018), is the only

member of the TRPV (vanilloid) subfamily of TRP channels that can be activated by vanilloid com-

pounds (Caterina et al., 1997; Jordt and Julius, 2002), cysteine-reactive molecules (Salazar et al.,

2008), and some agonists that directly interact with the extracellular face of the pore domain, such
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as protons (Tominaga et al., 1998; Jordt et al., 2000) and the double-knot toxin (DkTx) from taran-

tula venom (Bohlen et al., 2010; Cao et al., 2013; Bae et al., 2016; Gao et al., 2016). In contrast,

TRPV2 is activated by very few known stimuli, including heat (Caterina et al., 1999; Yao et al.,

2011), the non-selective channel modulator 2-aminoethoxydiphenyl borate (2-APB) (Hu et al., 2004)

and cannabinoid compounds (Qin et al., 2008), all of which also influence the activity of TRPV1

(Hu et al., 2004; Qin et al., 2008). In this context, it is remarkable that only four mutations in TRPV2

(TRPV2-4M) are sufficient to enable robust activation by the TRPV1-specific vanilloid agonist resini-

feratoxin (RTx) (Yang et al., 2016; Zhang et al., 2016; Zubcevic et al., 2018b), suggesting that the

sites where vanilloids interact with TRPV1 and TRPV2-4M are very similar, and that these channels

share mechanisms of activation. Indeed, structural studies have confirmed that RTx binds to the

same site between the S1-S4 domains and the pore domain in both TRPV1 (Cao et al., 2013;

Gao et al., 2016) and TRPV2-4M (Zubcevic et al., 2018b) (Figure 1—figure supplement 1A).

In the present study, we explored whether vanilloid sensitivity could be engineered into the

TRPV3 channel, which shares 42% sequence identity with TRPV1. TRPV3 is expressed primarily in

mammalian keratinocytes, where it is required for the formation of the skin barrier (Cheng et al.,

2010), and mutations in the channel can lead to skin diseases such as Olmsted Syndrome (Lin et al.,

2012; Zhi et al., 2016). TRPV3 is a polymodal detector of warm temperatures (Peier et al., 2002;

Smith et al., 2002; Xu et al., 2002), chemicals such as 2-APB (Chung et al., 2004; Hu et al., 2004)

and multiple natural products such as camphor, eugenol and thymol (Xu et al., 2006; Vogt-

Eisele et al., 2007). To probe for RTx sensitivity in TRPV3, we mutated six residues in mouse TRPV3

(TRPV3-6M) corresponding to the vanilloid-binding pocket of rat TRPV1, and found that although

RTx can bind to the mutant channel, activation of TRPV3-6M by RTx requires facilitation of the open-

ing transition, either by introducing mutations in the pore domain, or sensitizing the channel with

heat or 2-APB. Our results provide functional evidence for conserved mechanisms of activation

within the TRPV family, while also providing important information on TRPV3-specific activation

properties.

Results

Engineering vanilloid sensitivity into the TRPV3 channel
We began by testing whether RTx sensitivity could be engineered into the TRPV3 channel. The vanil-

loid-binding pocket region is highly similar in TRPV1, TRPV2 and TRPV3, both in terms of amino acid

sequence conservation (Figure 1A) and 3-dimensional structure (Cao et al., 2013; Gao et al., 2016;

Huynh et al., 2016; Zubcevic et al., 2016; Singh et al., 2018; Zubcevic et al., 2018b) (Figure 1—

figure supplement 1A), and four mutations are sufficient to confer RTx sensitivity to the rat, mouse

and rabbit TRPV2 channels (Yang et al., 2016; Zhang et al., 2016; Zubcevic et al., 2018b). We ini-

tially introduced four mutations into mouse TRPV3 that are equivalent to those in rat TRPV2-4M to

generate the TRPV3-4M channel (F522S/L557M/A560T/Q580E; Figure 1A and Figure 1—figure

supplement 1A), expressed the construct in Xenopus laevis oocytes and used the two-electrode

voltage-clamp technique to test for responses to RTx and to the non-specific TRPV channel agonist

2-APB (Hu et al., 2004). We recorded current time courses for channel activation at room tempera-

ture by each agonist (see Figure 1B, left panel and Materials and methods), and obtained current-

voltage (I-V) relations in the absence and presence of activators, or in the presence of ruthenium red

(RR), a non-specific inhibitor of TRP channels (see Figure 1B, right panel and Materials and meth-

ods). Whereas TRPV2-4M displayed robust responses to RTx (Figure 1C), as we showed previously

(Zhang et al., 2016), TRPV3-4M was activated by 2-APB but not by 100 nM RTx (Figure 1D), a con-

centration that is saturating for both TRPV1 and TRPV2-4M (Zhang et al., 2016). We found two

additional positions within the vanilloid pocket where the size, shape and polarity of the residues in

TRPV3 largely differ from those in TRPV1 (H523 and W521 in TRPV3 correspond to E513 and Y511

in TRPV1, respectively; Figure 1A and Figure 1—figure supplement 1A). We therefore mutated

these two additional positions in TRPV3-4M to the corresponding residues in TRPV1 to generate

TRPV3-6M, and found that the construct remained insensitive to RTx, although it retained robust

responses to 2-APB (Figure 1E).

The binding of an agonist to its site requires functional coupling to the pore domain to promote

opening of the ion conduction pathway. To test whether differences in the pore domain might play
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Figure 1. Engineering an RTx-binding site into the TRPV3 channel. (A) Sequence alignment of S3 through S6 TM helices of rat TRPV1 (blue), rat TRPV2-

4M (F472S/L507 M/S510T/Q530E, green), mouse TRPV3-4M (F522S/L557M/S560T/Q580E, black), mouse TRPV3-6M (W521Y/H523E/F522S/L557M/

A560T/Q580E, black) and mouse TRPV3 chimeras containing the pore domain of rat TRPV2 (TRPV3/V2P). Key residues involved in RTx binding in

TRPV2-4M and TRPV3-4M that were mutated to the corresponding residues in TRPV1 are shown in red, with the two additional mutations (W521Y/

Figure 1 continued on next page
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a role in preventing RTx activation in TRPV3-6M, we transferred the pore domain of rat TRPV2 into

the TRPV3-6M construct to generate TRPV3-6M/V2P (Figure 1A). Remarkably, the resulting chimera

was robustly activated by RTx and readily blocked by RR (Figure 1F), indicating that the pore

domain of TRPV2 contains determinants that are important for RTx-activation. We also found that

the two additional residues in the vanilloid pocket differing between TRPV3-4M and TRPV3-6M were

necessary for RTx activation, since we transferred the pore domain of TRPV2 into TRPV3-4M to gen-

erate TRPV3-4M/V2P (Figure 1A), and found that the resulting chimera could be activated by 2-APB

but not by RTx (Figure 1G).

Mutations within the pore domain required for vanilloid activation of
TRPV3
We next sought to identify the specific residues within the pore domain of TRPV2 that enable activa-

tion of TRPV3-6M/V2P by RTx. We aligned the sequences of TRPV1, TRPV2 and TRPV3 and found

21 amino acids in the pore domain that are conserved between TRPV1 and TRPV2 but differ in

TRPV3 (Figure 2A). We individually mutated each of the 21 residues in the TRPV3-6M background

to those in TRPV1 and TRPV2, and tested for their response to RTx and 2-APB. We identified five

positions that when individually mutated resulted in constructs with robust RTx-activated currents

that were very similar in magnitude to those elicited by 2-APB (V587L, A606V, F625L, F656I, F666Y;

Figure 2B,C, dark blue). The TRPV3-6M + V587L construct exhibited a higher apparent RTx to 2-

APB current amplitude ratio resulting from 2-APB-dependent desensitization after RTx-stimulation.

Notably, these five mutated residues are widely distributed within the pore domain, located in the

S5 helix (V587L and A606V), pore turret (F625L), and S6 helix (F656I and F666Y) (Figure 2D and Fig-

ure 2—figure supplement 1). Most of these residues (V587, F625 and F656) are located at the pro-

tein/lipid interface, close to the RTx-binding pocket in TRPV1 and TRPV2-4M (Figure 2—figure

supplement 1A–C) (Gao et al., 2016; Zubcevic et al., 2018b). A606 is tightly packed between the

S5 helix and the pore helix of the same subunit (Figure 2—figure supplement 1A,B). F666 is facing

the ion-conduction pathway, and is located at a key position in the S6 helix proposed to function as

a gating hinge in TRPV channels (Palovcak et al., 2015; Zubcevic et al., 2016; Kasimova et al.,

2018; McGoldrick et al., 2018) (Figure 2—figure supplement 1B,D). In addition, five constructs

with individual mutations at additional positions exhibited detectable responses to RTx (I595L,

K611D, L635F, L639M, Y650F; Figure 2B–D, light blue, and Figure 2—figure supplement 1) that

were, however, smaller than the responses to 2-APB in those same constructs. The remaining 11

individual residue substitutions we tested, which largely localize to positions in extracellular pore

loops that are less conserved between TRPV channels (Figure 2D and Figure 2—figure supplement

1A), resulted in RTx-insensitive constructs that were still activated by 2-APB (L596V, L599F, S613K,

D618P, S620E, I644F, Q646E, P651K, L653V, I659L, T660A; Figure 2B,C, grey).

Interestingly, some residue substitutions that conferred RTx sensitivity to TRPV3-6M did not

involve large side-chain modifications, such as V587L and F666Y, whereas some mutations expected

to be more disruptive based on more radical changes in side chain size or polarity, such as D618P,

S620E or P651K, did not have an apparent effect on RTx- or 2-APB-senstivity (Figure 2B,C), possibly

due to their location in more flexible and less conserved regions of the pore. Out of all substituted

residues that conferred RTx responsiveness to TRPV3-6M, only the side-chain of V587 is close

enough to the bound RTx to directly interact with the agonist, judging from the distances between

Figure 1 continued

H523E) in TRPV3-6M shown in purple and bold. (B) Voltage protocols used to measure time courses for activation (left) or I-V relations (right). In both

cases voltage steps were elicited every 2 s. (C-G, left panel) Representative time courses of activation in response to RTx (100 nM) or 2-APB (3 mM)

measured at ±60 mV. 50 mM ruthenium red (RR) was applied at the end of each recording to inhibit the channel. The dotted horizontal line indicates the

zero-current level. The thick colored horizontal lines indicate the application of agonists or RR. (C-G, right panel) Mean normalized I–V relations

obtained in the presence of 100 nM RTx (black), 3 mM 2-APB (yellow) and 50 mM RR (red-filled symbols). Currents were normalized to the current value

in the presence of a saturating concentration of 2-APB (3 mM) or RTx (100 nM) at +60 mV. Data are expressed as mean ± S.E.M (n = 4–8 cells).

DOI: https://doi.org/10.7554/eLife.42756.002

The following figure supplement is available for figure 1:

Figure supplement 1. The vanilloid-binding pocket in the TRPV family.

DOI: https://doi.org/10.7554/eLife.42756.003
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Figure 2. Identification of key residues for RTx activation in the pore domain of TRPV3-6M. (A) Sequence alignment of the S3 to S6 TM helices for

rTRPV1, rTRPV2-4M, mTRPV3-6M, WT mTRPV3, TRPV3-5PM and TRPV3-4PM. Residues labeled with stars are conserved in TRPV1 and TRPV2 but

different in TRPV3; black stars – mutations that did not influence RTx activation; blue - mutations that enabled moderate (light blue) or strong (dark

blue) responses to RTx. The purple highlights denote the 6M mutations. (B) Representative time courses of activation of TRPV3-6M channels with

Figure 2 continued on next page
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bound RTx and side-chains from that equivalent position in the RTx/DkTx-bound TRPV1 structure

(Figure 2—figure supplement 1C) (Gao et al., 2016) or the RTx-bound TRPV2-4M structure

(Zubcevic et al., 2018b). It seems therefore unlikely that the rest of the mutated residues that

enabled RTx activation in TRPV3-6M directly interact with the vanilloid. The observation that each of

the 10 identified residues enable RTx activation when mutated individually, together with their wide-

spread distribution within the pore domain, suggest that state-dependent differences in the free

energy contributions of individual side-chains throughout the protein can determine sensitivity to an

agonist without requiring that each of these residues forms part of an interconnected allosteric net-

work. This is similar to the hypothesis that state-dependent differences in the hydration of residues

dispersed throughout the protein could potentially determine temperature-sensitivity in tempera-

ture-activated TRP channels (Clapham and Miller, 2011).

Estimates of the apparent affinity for RTx obtained from dose-response relations would provide

an opportunity to investigate the energetic additivity in the contributions to RTx sensitivity for each

of the individual pore mutations. However, RTx is very hydrophobic and likely experiences pro-

nounced membrane partitioning and accumulation, which together with likely a high affinity for the

TRPV3-6M channels results in an exceedingly slow dissociation as described previously for TRPV1

and TRPV2-4M (Yang et al., 2016; Zhang et al., 2016), and as shown for TRPV3-6M + V587L

and a construct containing all 5 cumulative pore mutations in the 6M background (TRPV3-6M

+ 5PM) (Figure 2—figure supplement 2). Indeed, for these two constructs a 10-fold smaller RTx

concentration (10 nM) elicited currents of similar magnitude as those activated by 100 nM RTx, but

over a longer application time, which were also similar to those activated by 400 nM RTx in the same

cells (Figure 2—figure supplement 2). Together, the very slow dissociation of RTx and the slow acti-

vation kinetics by this agonist preclude the measurement of dose-response relations or using the

activation kinetics as an estimate for the association rate for RTx. Instead, we decided to investigate

how these mutations impact activation of TRPV3 channels by other stimuli.

Temperature sensitivity of TRPV3 constructs
The binding of each agonist to its site in the channel must allosterically influence the conformation

of the pore domain to open the ion conduction pathway. Therefore, it is possible that the mutations

in the pore that enable strong RTx-dependent activation of TRPV3 do so by shifting the gating equi-

librium towards the open state, which would facilitate activation by RTx and other stimuli as well.

Indeed, opening of TRPV3 upon initial stimulation seems to be largely disfavored when compared to

TRPV1 and TRPV2 (Liu et al., 2011; Liu and Qin, 2016). For example, the TRPV3 channel can only

initially be activated by heat at temperatures > 50˚C, but will respond to much lower temperatures

on subsequent heating (Liu et al., 2011). To test if the five pore mutations affect the overall gating

equilibrium, we determined if they facilitate TRPV3 activation by heat. For these experiments we

used the two-electrode voltage clamp technique together with a temperature-controlled perfusion

system, as previously described (Figure 3A) (Zhang et al., 2018). First, we detected robust activa-

tion by heat in TRPV1-expressing oocytes, which we used as a positive control (Figure 3B). For WT

Figure 2 continued

individual pore mutations. Channels were stimulated by RTx (100 nM) and 2-APB (3 mM), and blocked with RR (50 mM) as indicated by the colored

horizontal lines. Currents were measured at +60 (circles) and �60 mV (triangles) as in Figure 1. The dotted horizontal lines indicate the zero-current

level. (C) Summary of the current magnitudes activated in response to RTx relative to saturating 2-APB at +60 mV from experiments as in (B). Values for

individual oocytes are shown as open circles and mean ±S.E.M. as squares (n = 3–6). (D) Side view of a cartoon representation of the transmembrane

domain of a mTRPV3 subunit (apo, closed structure, PDB: 6DVW) (Singh et al., 2018). The side-chains of residues that enable strong RTx activation

when mutated are shown in dark blue, for those that enable weak RTx activation in light blue and for mutations without effect in light grey. Residues

within the RTx-binding pocket that were mutated in the 6M construct are highlighted in purple. Helices are shown with 20% transparency, to visualize

all side-chains.

DOI: https://doi.org/10.7554/eLife.42756.004

The following figure supplements are available for figure 2:

Figure supplement 1. Structural mapping of point mutations in the pore domain of TRPV3.

DOI: https://doi.org/10.7554/eLife.42756.005

Figure supplement 2. RTx exhibits high apparent affinity and slow dissociation.

DOI: https://doi.org/10.7554/eLife.42756.006
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Figure 3. Temperature sensitivity of TRPV3 constructs. (A) Voltage protocol used for recording the temperature responses (top), and a cartoon of the

temperature-control system used for the experiments (bottom). Temperature was controlled by using two perfusion lines immersed in baths at high- or

room-temperature (Zhang et al., 2018), and temperature was measured with a thermistor positioned close to the oocyte. (B) Representative time-

course obtained from a TRPV1-expressing oocyte (upper panel), showing the response to a heating stimulus, followed by the application of 3 mM 2-

APB and RR (50 mM). The dotted line indicates the zero-current level. The recorded temperature is shown in the middle panel. The bottom panel shows

the currents in a log-scale at �60 mV normalized to their value at 30˚C plotted as a function of temperature, obtained from experiments as in the upper

panel. Data from individual cells are shown as black curves, and the mean ± S.E.M as blue open circles (n = 7). (C–E) Representative current- (top panel)

Figure 3 continued on next page
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TRPV3, we failed to observe any response to a single heat stimulus <50˚C, but observed robust

responses to 2-APB (Figure 3C,F), consistent with previous reports (Liu et al., 2011; Liu and Qin,

2017). We observed the same result for TRPV3-6M, indicating that the 6M mutations do not notice-

ably influence channel activation or temperature-sensing (Figure 3—figure supplement 1A). We

then measured the responses to heat and 2-APB of five TRPV3 constructs without the 6M mutations,

each containing one of the pore mutations that gave rise to robust RTx activation in TRPV3-6M. Four

out of five single point mutants (V587L, F625L, F656I and F666Y) displayed strong responses to 2-

APB but no activation by temperatures below 50˚C (Figure 3F and Figure 31—figure supplement

1B–E), with a heat-sensitivity of current-temperature relations that was not qualitatively different

from ion diffusion as assessed from their Q10 values (Figure 3—figure supplement 2). In contrast,

the A606V mutant exhibited temperature-activated currents below 45˚C, which were clearly larger

than the responses of WT TRPV3 and TRPV3-6M, but slightly smaller than those of TRPV1 in terms

of Q10 and magnitude relative to 2-APB (Figure 3D,F and Figure 3—figure supplement 2). This

result suggests that the mutation at A606 facilitates TRPV3 activation through multiple modalities,

including RTx and heat. We also found that the responses to heat and the associated Q10 values of

the TRPV3/V2P chimera with and without the 6M mutations (Figure 3—figure supplement 1F,G

and Figure 3—figure supplement 2), and the TRPV3-5PM construct with all five cumulative pore

mutations in the WT TRPV3 background (i.e. without the 6M mutations) (Figure 3E,F and Figure 3—

figure supplement 2) were qualitatively similar to that of the A606V mutant. These results suggest

that the other four positions in the pore do not contribute to temperature-dependent activation.

Consistently, a construct containing all pore mutations except A606V (TRPV3-4PM) exhibited no

response to temperatures below 50˚C (Figure 3—figure supplement 1H and Figure 3—figure sup-

plement 2).

Residues in the pore have distinct effects on activation by different
stimuli
The results thus far indicate that A606V facilitates activation by temperature and enables RTx sensi-

tivity, whereas the other four mutated positions in the pore domain have no effect on temperature-

dependent responses. We wondered whether the mutations might allosterically favor activation by

other stimuli. 2-APB is a common agonist for TRPV1, TRPV2 and TRPV3 channels, and in mouse

TRPV3 it seems to bind away from any of the mutants affecting RTx sensitivity in TRPV3-6M (Fig-

ure 2—figure supplement 1A) (Singh et al., 2018), allowing us to investigate the allosteric effects

of these mutants on activation by 2-APB. We therefore set out to measure the effects of pore muta-

tions introduced into the WT background (i.e. no 6M mutations) on concentration-response relations

for activation by 2-APB. We first measured the response of WT TRPV3 to 2-APB, and obtained an

apparent affinity of 460 ± 12 mM (Figure 4A,F), consistent with a previous report (Phelps et al.,

2010). Interestingly, the V587L mutation, which robustly promotes activation by RTx (Figure 2B), did

not have any effect on the apparent affinity for 2-APB (440 ± 13 mM; Figure 4B,F). In contrast, the

A606V mutation produced a detectable (~3.5 fold) increase in the apparent affinity to 132 ± 7 mM

(Figure 4C,F), consistent with this mutation having a generalized effect on TRPV3 channel gating, as

it affects the sensitivity of the channel to all tested stimuli. Interestingly, we found that a construct

containing four cumulative pore mutations without A606V (TRPV3-4PM) exhibited a small ~2 fold

shift in the apparent affinity for 2-APB (210 ± 2 mM, Figure 4D,F), which combined synergistically

Figure 3 continued

and temperature- (middle panel) time courses obtained from the constructs indicated. The lower panel shows the I-temperature relations in a log-scale

obtained from experiments as in the upper panel (n = 5–11). In (D) and (E), the curves in solid circles correspond to the mean I vs T relations for WT

TRPV1 (light blue) and TRPV3 (grey). (F) Summary of current responses to heat (45˚C) relative to saturating 2-APB (3 mM) at room temperature. Values

for individual oocytes are shown as open circles and mean ±S.E.M. as open squares (n = 4–5).

DOI: https://doi.org/10.7554/eLife.42756.007

The following figure supplements are available for figure 3:

Figure supplement 1. Temperature-activation of TRPV3 constructs.

DOI: https://doi.org/10.7554/eLife.42756.008

Figure supplement 2. Q10 values.

DOI: https://doi.org/10.7554/eLife.42756.009
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with A606V in TRPV3-5PM for a 20-fold increase in the apparent affinity (19 ± 2 mM, Figure 4E,F).

Together, these results suggest that the five residues in the pore facilitate opening by distinct mech-

anisms, differentially affecting activation by heat and 2-APB, while each enabling activation by RTx.

Notably, the maximal response to 2-APB was similar to the response to RTx in the 4PM and 5PM

mutant channels when tested in the 6M background (TRPV3-6M/4PM and TRPV3-6M/5PM) (Fig-

ure 4—figure supplement 1), as well as in all five individual pore mutants when in the 6M back-

ground, with the exception of V587L, which together with L635F exhibited 2-APB-dependent

desensitization and thus a higher IRTx: I2APB ratio (Figure 2B,C).

Heat and 2-APB render TRPV3-6M channels sensitive to RTx in the
absence of mutations in the pore domain
The results thus far suggest that the A606V mutation favors channel opening in a stimulus-indepen-

dent manner, and that this is sufficient to allow TRPV3-6M channels to open in response to RTx at

room temperature. If this were true, the TRPV3-6M channel should be able to respond to RTx if

opening is facilitated by other stimuli that activate TRPV3, such as heat or 2-APB. Consistent with

Figure 4. Effect of pore mutations on TRPV3 2-APB sensitivity. (A–E) Representative current time courses at �60 mV at increasing concentrations of 2-

APB, followed by block with RR (50 mM), as indicated by the colored horizontal lines. The blue-dotted lines indicate the zero-current level. Currents

were held at 0 mV and voltage was stepped to �60 mV for 100 ms every 2 s. (F) Mean normalized concentration-response relations for 2-APB measured

from experiments as in (A–E). Data are shown as mean ± S.E.M. (n = 4–6). The continuous curves are fits to the Hill equation with EC50 and s (slope)

values as follows: TRPV3, EC50 = 464 ± 12 mM, s = 2.63; TRPV3-4PM, EC50 = 210 ± 20 mM, s = 1.84; TRPV3-A606V, EC50 = 132 ± 7, s = 2.72; TRPV3-5PM,

EC50 = 19 ± 2 mM, s = 1.32; TRPV3-V587L, EC50 = 443 ± 13 mM, s = 2.28.

DOI: https://doi.org/10.7554/eLife.42756.010

The following figure supplement is available for figure 4:

Figure supplement 1. Relative maximal activation by RTx and 2-APB for TRPV3 constructs.

DOI: https://doi.org/10.7554/eLife.42756.011
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the WT TRPV3 channel being unable to bind RTx, as it lacks the 6M mutations in the binding pocket,

application of the vanilloid together with heating did not elicit any response (Figure 5A). Consistent

with our hypothesis, application of a short heating pulse together with RTx resulted in prominent

activation of TRPV3-6M at temperatures only slightly above room temperature (Figure 5B), in con-

trast to the lack of response to heating up to 45˚C in the absence of RTx for the same construct (Fig-

ure 3—figure supplement 1A). These results indicate that RTx and temperature act cooperatively

to activate TRPV3-6M under conditions where neither stimulus alone would suffice. Consistent with

cooperativity between heat and RTx binding, and our proposed mechanism for A606V, both the

TRPV3-6M/V2P chimera and TRPV3-6M A606V responded to RTx at room temperature (Figures 1F

and 2B), and TRPV3 A606V was activated by a heating stimulus <50˚C (Figure 3D). In addition, acti-

vation of the TRPV3-6M/V2P chimera to RTx observed at room temperature could be reduced to

baseline levels when temperature was decreased to 10˚C (Figure 5C), providing further evidence of

coupling between heat-dependent activation and RTx sensitivity. We also examined whether we

could sensitize RTx activation of TRPV3-6M by pre-stimulation with a saturating concentration of 2-

APB. Similar to our results with heat, application of RTx after a short stimulation with 2-APB did not

activate WT TRPV3 channels (Figure 5D), but resulted in robust activation of TRPV3-6M channels in

the absence of additional pore mutations (Figure 5E). Collectively, these results demonstrate that

RTx binds to the TRPV3-6M channel, but that further facilitation of channel opening is required for

the vanilloid to activate TRPV3-6M.

Discussion
The goal of the present study was to determine whether sensitivity to vanilloids could be engineered

into the TRPV3 channel. Our results demonstrate that like TRPV2, the TRPV3 channel contains a

‘defunct’ vanilloid-binding site that can be readily made functional by mutating a few key positions

in the binding pocket. More importantly, our results show that the allosteric machinery required for

coupling vanilloid-binding to pore-opening has remained functional through evolution in both

TRPV2 and TRPV3 channels, even though these two channels are not naturally sensitive to vanilloid

molecules. This points to the presence of conserved mechanisms of gating among structurally

related but functionally distinct TRP channels. In contrast to TRPV2, RTx binding to the engineered

vanilloid site in TRPV3 was not sufficient to promote channel activation at room temperature, which

required further manipulations: either co-stimulation with heat or sensitization with 2-APB, or the

introduction of single point mutations at one of 10 identified positions throughout the pore that are

conserved in TRPV1 and TRPV2 but differ in TRPV3. This indicates that agonist sensitivity in TRP

channels is not only fine-tuned by the structure of the agonist-binding pocket, but also by the intrin-

sic energetics of activation that are influenced by multiple sites throughout the pore. Out of the five

positions in the pore that enabled robust RTx activation in the TRPV3-6M construct, A606 at the

extracellular end of the S5 helix had an effect on temperature-activation and moderately increased

sensitivity to 2-APB. In contrast, the other four positions had no clear influence on heat-dependent

activation and only produced a large (>20 fold) increase in 2-APB sensitivity when introduced cumu-

latively and together with A606V. These findings point to the presence of non-overlapping allosteric

networks in the pore, and likely the rest of the protein, that selectively influence activation by spe-

cific stimuli.

It is intriguing that both TRPV2 and TRPV3 can respond to RTx once the vanilloid pocket has

been engineered. The presence of densities near the vanilloid pocket in the cryo-EM structures of

apo-TRPV1 (Gao et al., 2016), -TRPV2 (Zubcevic et al., 2016), -TRPV3 (Zubcevic et al., 2018a), -

TRPV5 (Hughes et al., 2018b) and -TRPV6 (McGoldrick et al., 2018) have led to the hypothesis that

the site can also be occupied by lipids in these channels, leading to inhibition of TRPV1 (Gao et al.,

2016) or activation of TRPV6 (McGoldrick et al., 2018). Indeed, it has been shown that the endoge-

nous monounsaturated fatty acid oleic acid inhibits TRPV1 by binding to the vanilloid pocket

(Morales-Lázaro et al., 2016). This raises the possibility that the functional coupling between the

vanilloid site and the pore is maintained in vanilloid-insensitive TRPV channels because it is important

for their modulation by lipids or other endogenous modulators.

How similar are the mechanisms for RTx activation in TRPV1, TRPV2-4M and TRPV3-6M? The

overall fold of the vanilloid site, located at a key interface between the S1-S4 domain and the pore

(Jordt and Julius, 2002; Cao et al., 2013; Gao et al., 2016; Zhang et al., 2016; Singh et al., 2018;
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Figure 5. Interaction between RTx, temperature and 2-APB in TRPV3 channels. (A–C) Representative time courses for (A) WT TRPV3, (B) TRPV3-6M and

(C) TRPV3-6M/V2P activation in response to 100 nM RTx and changes in temperature, which is shown in the middle panel. WT TRPV3 was also activated

by 2-APB (3 mM), and all currents were blocked by RR (50 mM). Time courses were obtained at +60 (circles) and �60 mV (triangles) as described in

Figure 1B, and temperature was controlled and monitored as in Figure 3. The blue-dotted horizontal lines indicate the zero-current level. The bottom

Figure 5 continued on next page
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Zubcevic et al., 2018b), and the overall orientation of side-chains in the binding site known to

establish key interactions for activation by RTx are highly conserved between TRPV1, TRPV2 and

TRPV3 channels (Figure 1—figure supplement 1A). Indeed, the crystal structure of the TRPV2-4M

channel solved with RTx bound (Zubcevic et al., 2018b) suggests a similar binding pose for the

vanilloid when compared to the structure of TRPV1 bound to RTx and the double knot toxin (DkTx)

(Figure 1—figure supplement 1A). Interestingly, whereas the cryo-EM structures of closed, apo

TRPV2 display four-fold (C4) symmetry relative to the central pore axis (Huynh et al., 2016;

Zubcevic et al., 2016), the crystal structures of TRPV2-4M obtained in non-conducting conforma-

tions in the absence and presence of RTx (Zubcevic et al., 2018b) have symmetry-breaking features

in the S4-S5 linker resulting in C2-symmetry for the tetrameric channel. The break in C4-symmetry

was therefore proposed as an intermediate step in the mechanism of activation by RTx in TRPV2-4M

(Zubcevic et al., 2018b). A similar symmetry-breaking step was suggested for activation of human

TRPV3 by 2-APB (Zubcevic et al., 2018a), where a subpopulation of 2-APB-treated particles adopt

non-conducting conformations with central C2-symmetry, whereas structures of a fully open, 2-APB-

bound conformation of mouse TRPV3 and of non-conducting, apo states of both human and mouse

TRPV3 exhibit C4 symmetry (Singh et al., 2018; Zubcevic et al., 2018a). In contrast to TRPV2 and

TRPV3, no intermediate conformations with C2 symmetry have been identified for TRPV1, even if

the data-set for the RTx/DkTx/TRPV1 complex is analyzed without imposing a central C4-symmetry

axis (Bae et al., 2016; Gao et al., 2016). A comprehensive exploration of the conformational space

of these proteins, including structures of RTx-bound TRPV1 in the absence of DkTx, and fully open

RTX-bound TRPV2-4M, will be required to understand how changes in symmetry are associated with

activation in each of these proteins.

Another difference between structurally-inferred activation mechanisms in TRPV1 and other

TRPVs involves an a- to p-helical conversion of a segment of the S6 helix, which results in a disrup-

tion in the helix-stabilizing backbone hydrogen bonds in that segment and is proposed to function

as a hinge through which the lower S6 tilts to open the internal entrance to the pore

(Palovcak et al., 2015; Zubcevic et al., 2016; Kasimova et al., 2018; McGoldrick et al., 2018) (Fig-

ure 2—figure supplement 1B,D). The S6 helices in the non-conducting, apo structures of TRPV2

(Huynh et al., 2016; Zubcevic et al., 2016; Zubcevic et al., 2018b), TRPV3 (Singh et al., 2018;

Zubcevic et al., 2018a) and TRPV6 (McGoldrick et al., 2018) are entirely a-helical, whereas the S6

helices in the open-state structures of TRPV3 and TRPV6 contain a p-helical bulge from which their

inner portion tilts, opening the activation gate and exposing a different face of the helix to the

central aqueous pore (Figure 2—figure supplement 1B and D) (McGoldrick et al., 2018;

Singh et al., 2018; Zubcevic et al., 2018a). In the case of TRPV1, all structures in either open or

non-conducting conformations contain a p-bulge in the S6 (Figure 2—figure supplement 1C)

(Cao et al., 2013; Liao et al., 2013; Gao et al., 2016). More studies are therefore required to deter-

mine whether the S6 of TRPV1 also undergoes an a- to p-helix transition during activation, or

whether TRPV1 contains a persistent p-helical bulge that shifts positions along the helix to enable

gating (Palovcak et al., 2015).

It is intriguing to consider whether the other members of the TRPV family could be engineered to

be activated by RTx. On the one hand, the structure of the zebrafish TRPV4 channel exhibits signifi-

cant differences relative to all other TRPVs, particularly in the orientation of the S1-S4 domains rela-

tive to the pore (Deng et al., 2018). This results in considerable changes in the region of TRPV4

corresponding to the vanilloid pocket of TRPV1 (Figure 1—figure supplement 1B), making it

Figure 5 continued

panel shows normalized current vs temperature relations in a log scale at �60 mV obtained from experiments as in the upper panels. Individual cells

are shown as black curves, with currents normalized to their amplitudes at 10˚C, and the mean ± S.E.M. is shown in blue open circles (n = 3–4). For (B)

and (C), the mean I vs T for WT TRPV3 is depicted in solid grey circles. (D, E) Representative time courses of activation of (D) WT TRPV3 and (E) TRPV3-

6M in response to 2-APB (3 mM), RTx (100 nM), and RR (50 mM) at ±60 mV. (F) Summary of the current amplitude ratios for TRPV3 and TRPV3-6M

activation by RTx relative to 2-APB. Values for individual oocytes are shown as open circles, the mean ± S.E.M. in open squares (n = 4–6).

DOI: https://doi.org/10.7554/eLife.42756.012

The following figure supplement is available for figure 5:

Figure supplement 1. Pore mutants of TRPV3 do not enable sensitivity to other TRPV1-specific agonists.

DOI: https://doi.org/10.7554/eLife.42756.013
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unlikely that RTx could bind in the state represented by the structures. On the other hand, the site

corresponding to the vanilloid pocket in the structures of TRPV5 (Hughes et al., 2018a) and TRPV6

(McGoldrick et al., 2018) is very similar to that of RTx-sensitive TRPV channels (Figure 1—figure

supplement 1B). Interestingly, non-protein densities in the vanilloid pocket observed in cryo-EM

structures of TRPV5 (Hughes et al., 2018a) and TRPV6 (McGoldrick et al., 2018) have been pro-

posed to represent either the bound inhibitor econazole or a channel-activating lipid, respectively,

raising the possibility that the pocket may be functionally coupled to the pore in these channels.

It is interesting that in contrast to TRPV1 and TRPV2-4M, binding of RTx to TRPV3-6M does not

readily elicit activation at room temperature. Before any previous stimulation, activation of TRPV3

seems to involve a transition with a large energy barrier, as either higher concentrations of 2-APB or

temperatures > 50˚C are initially required for robust activation when compared to subsequent stimu-

lations, which elicit maximal activation at lower temperatures (<40˚C) or 2-APB concentrations

(Chung et al., 2004; Liu et al., 2011; Liu and Qin, 2017). This ‘sensitization’ is irreversible over the

explored time-scale of several minutes, indicating that the return kinetic barrier towards the initial

closed state is also high, and making it possible to shift the net apparent gating equilibrium towards

the open state by either surpassing or reducing this kinetic barrier (Liu et al., 2011). Activation of

TRPV1 and TRPV2 by heat involves significant hysteresis as well, as both the apparent threshold for

activation and the steepness of the current-temperature relations are reduced after channels have

been initially activated by heat (Liu and Qin, 2016; Sánchez-Moreno et al., 2018). However, in con-

trast to TRPV3, TRPV1 channel opening by the vanilloid capsaicin does not involve hysteresis

(Liu and Qin, 2016), suggesting that TRPV1 activation by vanilloids does not necessarily require

overcoming a large initial energy barrier. Furthermore, initial activation of TRPV1 and TRPV2 with 2-

APB sensitizes both channels to subsequent 2-APB applications (Liu and Qin, 2016), but to a lesser

degree than in TRPV3 (Chung et al., 2004; Liu et al., 2011) and more importantly, without influenc-

ing the apparent threshold or sensitivity to activation by heat (Liu and Qin, 2016). Together, these

observations raise the possibility that a large energy barrier is an obligatory component of activation

for TRPV3, whereas activation of TRPV1 and TRPV2 by some stimuli follows a path that does not

involve a large kinetic barrier. The structural origin of this kinetic barrier is not known, but it is inter-

esting to note that the open and closed TRPV3 structures exhibit far more drastic differences than

those of open and closed TRPV1 (Cao et al., 2013; Gao et al., 2016) and TRPV6 (McGoldrick et al.,

2018) structures, including significant changes in the length of the S6 and TRP helices, and a 20˚
rotation of the rest of the channel relative to the pore domain (Singh et al., 2018). Furthermore, a

structure of human TRPV3 was recently obtained under conditions that favor sensitization, and it

also exhibits significant conformational changes in the S6, the TRP box and the S4-S5-linker helices

as compared to the apo closed state (Zubcevic et al., 2018a). Based in these structures it was sug-

gested that the a- to p-transition in the S6 helix observed between the human apo and the 2-APB-

sensitized structures may be part of the sensitization mechanism in TRPV3 (Zubcevic et al., 2018a),

as no such transition has been structurally observed for TRPV1 or TRPV2 (see discussion above). It is

therefore possible that RTx binding to TRPV3-6M channels is not sufficient to overcome this large

energy barrier, either because the vanilloid site in TRPV3-6M may lack the allosteric connections to

influence this slow transition, or because of energetically weaker coupling of the RTx site to the gat-

ing machinery. It is likely that the binding of RTx to TRPV3-6M and TRPV2-4M and/or its coupling to

the pore might not function as efficiently as in TRPV1. Indeed, RTx-sensitive TRPV2 and TRPV3 con-

structs cannot be activated by capsaicin (Yang et al., 2016; Zhang et al., 2016) (Figure 5—figure

supplement 1A and data not shown), a vanilloid exhibiting much lower apparent affinity when com-

pared to RTx.

If RTx-binding to TRPV3-6M does not lead to channel activation because it is not capable of over-

coming the initial energy barrier, it is expected that stimuli capable of directly activating TRPV3

channels, such as heat or 2-APB, could enable RTx activation, as we show in the present manuscript.

How is RTx-sensitivity enabled in TRPV3-6M by each of the identified mutations in the pore? The

A606V mutation facilitates activation by all tested stimuli, suggesting that it has a global effect on

gating, possibly by favoring activation of the heat-sensing machinery, enhancing the efficacy of cou-

pling between the stimulus-sensing domains and the pore, directly reducing the large kinetic barrier

in the activation pathway and/or directly stabilizing the open state. A global effect of the mutation

on gating is consistent with the lower Q10 values for all heat-sensitive TRPV3 constructs containing

the A606V mutation (Figure 3—figure supplement 2) relative to the Q10 for TRPV1, as expected for
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‘sensitized’ TRPV3 channels (Liu et al., 2011). This ‘global’ effect on gating of A606V could also

explain the non-additivity in the increase in apparent affinity for 2-APB observed in TRPV3-5PM (~20

fold) relative to TRPV3-4PM (2-fold), which lacks the A606V mutation, and TRPV3-A606V (3.5-fold)

(Figure 4F). Structurally, residue A606 at the top of the S5 helix is tightly packed against the pore

helix of the same subunit (Figure 2—figure supplement 1A,B), so that the A606V mutation might

influence the relative positioning of these two helices, resulting in a global effect on gating. It will be

interesting to investigate how A606 and RTx sensitivity relate to position S404 in the membrane-

proximal N-terminal domain that has been associated with temperature-dependent sensitization in

TRPV3 (Liu and Qin, 2017).

The mechanism for the other four pore mutations that also enable robust RTx activation is more

puzzling, as they all had negligible effects on activation by heat and 2-APB, suggesting that they

specifically influence activation by RTx. The side-chain of V587L could potentially contribute to RTx-

binding, as the residues at equivalent positions in the RTx/DkTx-bound TRPV1 (Figure 2—figure

supplement 1C) (Cao et al., 2013; Gao et al., 2016) and RTx-bound TRPV2-4M (Zubcevic et al.,

2018b) structures are ~4 Å from the vanilloid. However, this position has not been previously identi-

fied as an important determinant for vanilloid binding in TRPV1 (Yang et al., 2015; Elokely et al.,

2016; Zhang et al., 2016). Importantly, V587 is located at a critical junction between the S4-S5

linker- and S5-helices that undergoes an a to p transition between the apo-TRPV2 and RTx-bound

TRPV2-4M structures (Zubcevic et al., 2018b). This transition appears to be fundamental for cou-

pling RTx-binding to gating in this channel, which is consistent with a key role of the S4-S5 linker in

transducing the binding of capsaicin or RTx to the opening of the pore proposed for TRPV1 based

on structural (Cao et al., 2013; Gao et al., 2016) and functional data (Yang et al., 2015;

Yang et al., 2018). It is therefore possible that V587L specifically enhances the coupling between

RTx binding and gating by influencing the conformational dynamics of the S4-S5 linker helix.

Together with V587L, mutations F625L (pore helix) and F656I (S6 helix), which promote strong

responses to RTx, and I595L (S5 helix) and Y650F (S6 helix), which promote weaker responses, are all

located at a protein/membrane interface that includes the vanilloid-binding pocket (Figure 2—fig-

ure supplement 1A,B). Multiple non-protein densities observed at that interface in the apo- or RTx/

DkTx-bound structures of TRPV1 in nanodiscs have been proposed to correspond to bound lipids

(Gao et al., 2016), which take different positions in the two structures and suggest gating-associ-

ated lipid rearrangements (Figure 2—figure supplement 1C). For TRPV3 it was suggested that acti-

vation by 2-APB involves the expulsion of a lipid bound near side chain Y650, based on a non-

protein density close to Y650 in the apo structure of mouse TRPV3 that is absent in the 2-APB-bound

open structure (Singh et al., 2018). Channel-lipid interactions at that interface could play a role in

channel activation by RTx, raising the possibility that mutations in that interface that enable RTx acti-

vation of TRPV3-6M do so by altering protein-lipid interactions.

The lack of a global effect on gating by mutation F666Y, which enables strong responses to RTx

in TRPV3-6M and is located at the p-helical portion of S6 (Figure 2—figure supplement 1B,D), sug-

gests that the mutation does not largely influence the a- to p-helix transition. The equivalent residue

Y671 in TRPV1 has been proposed to be responsible for coupling capsaicin-induced conformational

changes in S6 to the selectivity filter and pore-helices (Palovcak et al., 2015; Kasimova et al.,

2018). It is therefore possible that F666Y has a similar role in activation of TRPV3-6M by RTx, while

activation by 2-APB and temperature could engage other mechanisms to influence the conformation

of the filter and pore-helices. L635F and L639M also enable weak responses to RTx, and are in the

pore-helix or selectivity filter, respectively, consistent with the hypothesis that conformational

changes in those regions are important in the late stages of the mechanism of TRPV1 activation by

capsaicin (Kasimova et al., 2018; Yang et al., 2018). However, contrary to the stimulating effect of

the L635F mutation in TRPV3-6M, Phe to Leu substitutions at equivalent positions in TRPV1 (F640L)

or TRPV2 (F603L) also result in potentiated responses to heat or 2-APB, respectively, and higher

basal channel activity (Myers et al., 2008). It will be interesting to investigate the apparently oppo-

site effects on gating that Leu or Phe side-chains have at that position in TRPV1 and TRPV2 vs

TRPV3 channels. Finally, the five identified pore mutations added cumulatively to TRPV3 did not

have an effect on activation by other TRPV1-specific stimuli, such as extracellular protons

(Jordt et al., 2000) or double knot toxin (DkTx) (Bohlen et al., 2010; Cao et al., 2013; Gao et al.,

2016) (Figure 5—figure supplement 1B,C), consistent with the absence of binding sites for these

two modulators in TRPV3.
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The fact that conservative side-chain modifications, such as V587L or I595L, can have such a dra-

matic effect on the response to RTx in TRPV3-6M raises the possibility that other relatively subtle

structural alterations, such as those caused by the binding of another ligand, a post-translational

modification, or an alteration in the properties of the membrane, could enable responses to channel

modulators that would otherwise seem inactive. The picture of TRPV channel gating that emerges

from this study is one where fine structural differences dictate the response of a channel to an ago-

nist or combination of agonists. Understanding these differences might be key to unraveling the

mechanisms of allosteric signal integration in TRP channels.

Materials and methods

Expression of constructs and molecular biology
The rat TRPV1 and TRPV2 channel (Caterina et al., 1997; Caterina et al., 1999) cDNAs were kindly

provided by Dr. David Julius (UCSF), whereas mouse TRPV3 (Peier et al., 2002) cDNA was kindly

provided by Dr. Feng Qin (SUNY Buffalo). All constructs were sub-cloned into the pGEM-HE vector

for expression in oocytes. Chimeras were generated by a three-step overlapping PCR protocol and

mutations were introduced using a two-step overlapping PCR mutagenesis technique. The DNA

sequence of all constructs and mutants was confirmed by automated DNA sequencing and cRNA

was synthesized using the T7/SP6 polymerase (mMessage mMachine kit, Ambion) after linearizing

the DNA with the appropriate restriction enzymes.

Electrophysiological recordings
All channel constructs were expressed in Xenopus laevis oocytes and studied using the two-elec-

trode voltage clamp technique (TEVC) following 1–4 days of incubation after cRNA injection. The

animal care and experimental procedures were performed in accordance with the Guide for the

Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of

the National Institute of Neurological Disorders and Stroke (Animal protocol number 1253–17).

Oocytes were removed surgically and incubated with agitation for 1 hr in a solution containing (in

mM) 82.5 NaCl, 2.5 KCl, 1 MgCl2, 5 HEPES, pH 7.6 (with NaOH), and collagenase (2 mg/ml; Wor-

thington Biochemical, Lakewood, NJ). Defolliculated oocytes were injected with cRNA for each of

the constructs and incubated at 17˚C in a solution containing (in mM) 96 NaCl, 2 KCl, 1 MgCl2, 1.8

CaCl2, 5 HEPES, pH 7.6 (with NaOH), and gentamicin (50 mg/ml, GIBCO-BRL, Gaithersburg, MD).

Oocyte membrane voltage was controlled using an OC-725C oocyte clamp (Warner Instruments,

Hamden, CT). Data were filtered at 1–3 kHz and digitized at 20 kHz using pClamp software (Molecu-

lar Devices, Sunnyvale, CA) and a Digidata 1440A digitizer (Axon Instruments). Microelectrode resis-

tances were 0.1–1 MW when filled with 3 M KCl. For recording TRP channel currents, the external

recording solution contained (in mM) 100 KCl, 10 HEPES, pH 7.6 (with KOH). Experiments were per-

formed at room temperature (~22˚C), except as indicated otherwise. Agonists and RR were applied

using a gravity-fed perfusion system that resulted in exchange of the 150 mL recording chamber vol-

ume within a few seconds. Current time courses were obtained by stepping membrane voltage

every 2 s from a holding potential of 0 mV to either �60 or +60 mV for 100 ms, and plotting the

mean steady-state current at the end of each voltage step as a function of total recording time. I-V

relations were obtained similarly, but voltage was stepped every 2 s to a different value, in 10 mV

increments and starting at �60 mV.

For temperature-activation experiments, calcium-activated chloride currents were minimized by

using calcium-free solution containing 30 mM Caccinh-A01 and recording at negative membrane vol-

tages. Heat stimuli were achieved by passing the external recording solution through glass capillary

spirals immersed in a water bath maintained at about 70˚C, and recordings were performed during

constant perfusion with temperature measured using a thermistor (TA-29, Warner Instruments)

located close to the cell. The thermistor was connected to the digitizer via a temperature controller

(TC-324B, Warner Instruments) (Zhang et al., 2018). Oocytes injected with the various constructs

were only studied if un-injected oocytes from the same batch contained a low density of endoge-

nous temperature-sensitive currents at negative membrane voltages. For delivering cold stimuli, the

external solution was passed through glass capillary spirals that were immersed in an ice bath. The

mean I vs T relations were calculated by automatically binning each of the recordings in temperature
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intervals of 2˚C, and averaging a single data point within each interval per cell. All data analysis was

carried out using Igor Pro 6.3 (Wavemetrics, Portland, OR). Q10 values were obtained from Q10 =

1010 x m, where m is the slope of linear fits to normalized log(current) vs temperature relations (not

shown) over temperature intervals ~ 20–34˚C or 38 – 45˚C (Zhang et al., 2018).

Reagents and chemicals
All reagents were obtained from Sigma-Aldrich (St. Louis, MO), unless indicated otherwise. Resinifer-

atoxin (RTx, Tocris Bioscience, Bristol, UK) and capsaicin stock solutions were made in ethanol. 2-

APB stock solutions were made fresh every day in DMSO. Double knot toxin (DkTx) was synthetized

in the laboratory as described previously (Bae et al., 2012).
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Gómez JD, Swartz KJ. 2016. Structural insights into the mechanism of activation of the TRPV1 channel by a
membrane-bound tarantula toxin. eLife 5:e1273. DOI: https://doi.org/10.7554/eLife.11273

Bae C, Jara-Oseguera A, Swartz KJ. 2018. TRPM channels come into focus. Science 359:160–161. DOI: https://
doi.org/10.1126/science.aar6205, PMID: 29326261

Bohlen CJ, Priel A, Zhou S, King D, Siemens J, Julius D. 2010. A bivalent tarantula toxin activates the capsaicin
receptor, TRPV1, by targeting the outer pore domain. Cell 141:834–845. DOI: https://doi.org/10.1016/j.cell.
2010.03.052, PMID: 20510930

Cao E, Liao M, Cheng Y, Julius D. 2013. TRPV1 structures in distinct conformations reveal activation mechanisms.
Nature 504:113–118. DOI: https://doi.org/10.1038/nature12823, PMID: 24305161

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. 1997. The capsaicin receptor: a heat-
activated ion channel in the pain pathway. Nature 389:816–824. DOI: https://doi.org/10.1038/39807, PMID:
9349813

Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D. 1999. A capsaicin-receptor homologue with a high
threshold for noxious heat. Nature 398:436–441. DOI: https://doi.org/10.1038/18906, PMID: 10201375

Cheng X, Jin J, Hu L, Shen D, Dong XP, Samie MA, Knoff J, Eisinger B, Liu ML, Huang SM, Caterina MJ,
Dempsey P, Michael LE, Dlugosz AA, Andrews NC, Clapham DE, Xu H. 2010. TRP channel regulates EGFR
signaling in hair morphogenesis and skin barrier formation. Cell 141:331–343. DOI: https://doi.org/10.1016/j.
cell.2010.03.013, PMID: 20403327

Chung MK, Lee H, Mizuno A, Suzuki M, Caterina MJ. 2004. 2-aminoethoxydiphenyl borate activates and
sensitizes the heat-gated ion channel TRPV3. Journal of Neuroscience 24:5177–5182. DOI: https://doi.org/10.
1523/JNEUROSCI.0934-04.2004, PMID: 15175387

Clapham DE, Miller C. 2011. A thermodynamic framework for understanding temperature sensing by transient
receptor potential (TRP) channels. PNAS 108:19492–19497. DOI: https://doi.org/10.1073/pnas.1117485108,
PMID: 22109551

Deng Z, Paknejad N, Maksaev G, Sala-Rabanal M, Nichols CG, Hite RK, Yuan P. 2018. Cryo-EM and X-ray
structures of TRPV4 reveal insight into ion permeation and gating mechanisms. Nature Structural & Molecular
Biology 25:252–260. DOI: https://doi.org/10.1038/s41594-018-0037-5, PMID: 29483651

Elokely K, Velisetty P, Delemotte L, Palovcak E, Klein ML, Rohacs T, Carnevale V. 2016. Understanding TRPV1
activation by ligands: Insights from the binding modes of capsaicin and resiniferatoxin. PNAS 113:E137–E145.
DOI: https://doi.org/10.1073/pnas.1517288113, PMID: 26719417

Flockerzi V. 2007. An introduction on TRP channels. Handbook of experimental pharmacology:1–19.
DOI: https://doi.org/10.1007/978-3-540-34891-7_1, PMID: 17217048

Gao Y, Cao E, Julius D, Cheng Y. 2016. TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid
action. Nature 534:347–351. DOI: https://doi.org/10.1038/nature17964, PMID: 27281200

Hu HZ, Gu Q, Wang C, Colton CK, Tang J, Kinoshita-Kawada M, Lee LY, Wood JD, Zhu MX. 2004. 2-
aminoethoxydiphenyl borate is a common activator of TRPV1, TRPV2, and TRPV3. Journal of Biological
Chemistry 279:35741–35748. DOI: https://doi.org/10.1074/jbc.M404164200, PMID: 15194687

Hughes TET, Lodowski DT, Huynh KW, Yazici A, Del Rosario J, Kapoor A, Basak S, Samanta A, Han X,
Chakrapani S, Zhou ZH, Filizola M, Rohacs T, Han S, Moiseenkova-Bell VY. 2018a. Structural basis of TRPV5
channel inhibition by econazole revealed by cryo-EM. Nature Structural & Molecular Biology 25:53–60.
DOI: https://doi.org/10.1038/s41594-017-0009-1, PMID: 29323279

Hughes TET, Pumroy RA, Yazici AT, Kasimova MA, Fluck EC, Huynh KW, Samanta A, Molugu SK, Zhou ZH,
Carnevale V, Rohacs T, Moiseenkova-Bell VY. 2018b. Structural insights on TRPV5 gating by endogenous
modulators. Nature Communications 9:4198. DOI: https://doi.org/10.1038/s41467-018-06753-6,
PMID: 30305626

Huynh KW, Cohen MR, Jiang J, Samanta A, Lodowski DT, Zhou ZH, Moiseenkova-Bell VY. 2016. Structure of the
full-length TRPV2 channel by cryo-EM. Nature Communications 7:11130. DOI: https://doi.org/10.1038/
ncomms11130, PMID: 27021073

Zhang et al. eLife 2019;8:e42756. DOI: https://doi.org/10.7554/eLife.42756 17 of 19

Research article Neuroscience Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.42756.014
https://doi.org/10.1371/journal.pone.0051516
https://doi.org/10.1371/journal.pone.0051516
http://www.ncbi.nlm.nih.gov/pubmed/23240036
https://doi.org/10.7554/eLife.11273
https://doi.org/10.1126/science.aar6205
https://doi.org/10.1126/science.aar6205
http://www.ncbi.nlm.nih.gov/pubmed/29326261
https://doi.org/10.1016/j.cell.2010.03.052
https://doi.org/10.1016/j.cell.2010.03.052
http://www.ncbi.nlm.nih.gov/pubmed/20510930
https://doi.org/10.1038/nature12823
http://www.ncbi.nlm.nih.gov/pubmed/24305161
https://doi.org/10.1038/39807
http://www.ncbi.nlm.nih.gov/pubmed/9349813
https://doi.org/10.1038/18906
http://www.ncbi.nlm.nih.gov/pubmed/10201375
https://doi.org/10.1016/j.cell.2010.03.013
https://doi.org/10.1016/j.cell.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20403327
https://doi.org/10.1523/JNEUROSCI.0934-04.2004
https://doi.org/10.1523/JNEUROSCI.0934-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15175387
https://doi.org/10.1073/pnas.1117485108
http://www.ncbi.nlm.nih.gov/pubmed/22109551
https://doi.org/10.1038/s41594-018-0037-5
http://www.ncbi.nlm.nih.gov/pubmed/29483651
https://doi.org/10.1073/pnas.1517288113
http://www.ncbi.nlm.nih.gov/pubmed/26719417
https://doi.org/10.1007/978-3-540-34891-7_1
http://www.ncbi.nlm.nih.gov/pubmed/17217048
https://doi.org/10.1038/nature17964
http://www.ncbi.nlm.nih.gov/pubmed/27281200
https://doi.org/10.1074/jbc.M404164200
http://www.ncbi.nlm.nih.gov/pubmed/15194687
https://doi.org/10.1038/s41594-017-0009-1
http://www.ncbi.nlm.nih.gov/pubmed/29323279
https://doi.org/10.1038/s41467-018-06753-6
http://www.ncbi.nlm.nih.gov/pubmed/30305626
https://doi.org/10.1038/ncomms11130
https://doi.org/10.1038/ncomms11130
http://www.ncbi.nlm.nih.gov/pubmed/27021073
https://doi.org/10.7554/eLife.42756


Jordt SE, Tominaga M, Julius D. 2000. Acid potentiation of the capsaicin receptor determined by a key
extracellular site. PNAS 97:8134–8139. DOI: https://doi.org/10.1073/pnas.100129497, PMID: 10859346

Jordt SE, Julius D. 2002. Molecular basis for species-specific sensitivity to "hot" chili peppers. Cell 108:421–430.
DOI: https://doi.org/10.1016/S0092-8674(02)00637-2, PMID: 11853675

Kasimova MA, Yazici AT, Yudin Y, Granata D, Klein ML, Rohacs T, Carnevale V. 2018. A hypothetical molecular
mechanism for TRPV1 activation that invokes rotation of an S6 asparagine. The Journal of General Physiology
150:1554–1566. DOI: https://doi.org/10.1085/jgp.201812124, PMID: 30333107

Li H. 2017. TRP channel classification. Advances in Experimental Medicine and Biology 976:1–8. DOI: https://doi.
org/10.1007/978-94-024-1088-4_1, PMID: 28508308

Liao M, Cao E, Julius D, Cheng Y. 2013. Structure of the TRPV1 ion channel determined by electron cryo-
microscopy. Nature 504:107–112. DOI: https://doi.org/10.1038/nature12822, PMID: 24305160

Lin Z, Chen Q, Lee M, Cao X, Zhang J, Ma D, Chen L, Hu X, Wang H, Wang X, Zhang P, Liu X, Guan L, Tang Y,
Yang H, Tu P, Bu D, Zhu X, Wang K, Li R, et al. 2012. Exome sequencing reveals mutations in TRPV3 as a cause
of Olmsted syndrome. The American Journal of Human Genetics 90:558–564. DOI: https://doi.org/10.1016/j.
ajhg.2012.02.006, PMID: 22405088

Liu B, Yao J, Zhu MX, Qin F. 2011. Hysteresis of gating underlines sensitization of TRPV3 channels. The Journal of
General Physiology 138:509–520. DOI: https://doi.org/10.1085/jgp.201110689, PMID: 22006988

Liu B, Qin F. 2016. Use dependence of heat sensitivity of vanilloid receptor TRPV2. Biophysical Journal 110:
1523–1537. DOI: https://doi.org/10.1016/j.bpj.2016.03.005, PMID: 27074678

Liu B, Qin F. 2017. Single-residue molecular switch for high-temperature dependence of vanilloid receptor
TRPV3. PNAS 114:1589–1594. DOI: https://doi.org/10.1073/pnas.1615304114, PMID: 28154143

Madej MG, Ziegler CM. 2018. Dawning of a new era in TRP channel structural biology by cryo-electron
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Morales-Lázaro SL, Llorente I, Sierra-Ramı́rez F, López-Romero AE, Ortı́z-Renterı́a M, Serrano-Flores B, Simon
SA, Islas LD, Rosenbaum T. 2016. Inhibition of TRPV1 channels by a naturally occurring omega-9 fatty acid
reduces pain and itch. Nature Communications 7:13092. DOI: https://doi.org/10.1038/ncomms13092,
PMID: 27721373

Myers BR, Bohlen CJ, Julius D. 2008. A yeast genetic screen reveals a critical role for the pore helix domain in
TRP channel gating. Neuron 58:362–373. DOI: https://doi.org/10.1016/j.neuron.2008.04.012, PMID: 18466747

Palovcak E, Delemotte L, Klein ML, Carnevale V. 2015. Comparative sequence analysis suggests a conserved
gating mechanism for TRP channels. The Journal of General Physiology 146:37–50. DOI: https://doi.org/10.
1085/jgp.201411329, PMID: 26078053

Peier AM, Reeve AJ, Andersson DA, Moqrich A, Earley TJ, Hergarden AC, Story GM, Colley S, Hogenesch JB,
McIntyre P, Bevan S, Patapoutian A. 2002. A heat-sensitive TRP channel expressed in keratinocytes. Science
296:2046–2049. DOI: https://doi.org/10.1126/science.1073140, PMID: 12016205

Phelps CB, Wang RR, Choo SS, Gaudet R. 2010. Differential regulation of TRPV1, TRPV3, and TRPV4 sensitivity
through a conserved binding site on the ankyrin repeat domain. Journal of Biological Chemistry 285:731–740.
DOI: https://doi.org/10.1074/jbc.M109.052548, PMID: 19864432

Qin N, Neeper MP, Liu Y, Hutchinson TL, Lubin ML, Flores CM. 2008. TRPV2 is activated by cannabidiol and
mediates CGRP release in cultured rat dorsal root ganglion neurons. Journal of Neuroscience 28:6231–6238.
DOI: https://doi.org/10.1523/JNEUROSCI.0504-08.2008, PMID: 18550765

Salazar H, Llorente I, Jara-Oseguera A, Garcı́a-Villegas R, Munari M, Gordon SE, Islas LD, Rosenbaum T. 2008. A
single N-terminal cysteine in TRPV1 determines activation by pungent compounds from onion and garlic.
Nature Neuroscience 11:255–261. DOI: https://doi.org/10.1038/nn2056, PMID: 18297068

Sánchez-Moreno A, Guevara-Hernández E, Contreras-Cervera R, Rangel-Yescas G, Ladrón-de-Guevara E,
Rosenbaum T, Islas LD. 2018. Irreversible temperature gating in trpv1 sheds light on channel activation. eLife 7:
e36372. DOI: https://doi.org/10.7554/eLife.36372, PMID: 29869983

Singh AK, McGoldrick LL, Sobolevsky AI. 2018. Structure and gating mechanism of the transient receptor
potential channel TRPV3. Nature Structural & Molecular Biology 25:805–813. DOI: https://doi.org/10.1038/
s41594-018-0108-7, PMID: 30127359

Smith GD, Gunthorpe MJ, Kelsell RE, Hayes PD, Reilly P, Facer P, Wright JE, Jerman JC, Walhin JP, Ooi L,
Egerton J, Charles KJ, Smart D, Randall AD, Anand P, Davis JB. 2002. TRPV3 is a temperature-sensitive
vanilloid receptor-like protein. Nature 418:186–190. DOI: https://doi.org/10.1038/nature00894,
PMID: 12077606

Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, Raumann BE, Basbaum AI, Julius D.
1998. The cloned capsaicin receptor integrates multiple pain-producing stimuli. Neuron 21:531–543.
DOI: https://doi.org/10.1016/S0896-6273(00)80564-4, PMID: 9768840

Vogt-Eisele AK, Weber K, Sherkheli MA, Vielhaber G, Panten J, Gisselmann G, Hatt H. 2007. Monoterpenoid
agonists of TRPV3. British Journal of Pharmacology 151:530–540. DOI: https://doi.org/10.1038/sj.bjp.0707245,
PMID: 17420775

Zhang et al. eLife 2019;8:e42756. DOI: https://doi.org/10.7554/eLife.42756 18 of 19

Research article Neuroscience Structural Biology and Molecular Biophysics

https://doi.org/10.1073/pnas.100129497
http://www.ncbi.nlm.nih.gov/pubmed/10859346
https://doi.org/10.1016/S0092-8674(02)00637-2
http://www.ncbi.nlm.nih.gov/pubmed/11853675
https://doi.org/10.1085/jgp.201812124
http://www.ncbi.nlm.nih.gov/pubmed/30333107
https://doi.org/10.1007/978-94-024-1088-4_1
https://doi.org/10.1007/978-94-024-1088-4_1
http://www.ncbi.nlm.nih.gov/pubmed/28508308
https://doi.org/10.1038/nature12822
http://www.ncbi.nlm.nih.gov/pubmed/24305160
https://doi.org/10.1016/j.ajhg.2012.02.006
https://doi.org/10.1016/j.ajhg.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22405088
https://doi.org/10.1085/jgp.201110689
http://www.ncbi.nlm.nih.gov/pubmed/22006988
https://doi.org/10.1016/j.bpj.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27074678
https://doi.org/10.1073/pnas.1615304114
http://www.ncbi.nlm.nih.gov/pubmed/28154143
https://doi.org/10.1007/s00424-018-2107-2
https://doi.org/10.1007/s00424-018-2107-2
http://www.ncbi.nlm.nih.gov/pubmed/29344776
https://doi.org/10.1038/nature25182
https://doi.org/10.1038/nature25182
http://www.ncbi.nlm.nih.gov/pubmed/29258289
https://doi.org/10.1007/s12264-017-0200-8
http://www.ncbi.nlm.nih.gov/pubmed/29282613
https://doi.org/10.1038/ncomms13092
http://www.ncbi.nlm.nih.gov/pubmed/27721373
https://doi.org/10.1016/j.neuron.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18466747
https://doi.org/10.1085/jgp.201411329
https://doi.org/10.1085/jgp.201411329
http://www.ncbi.nlm.nih.gov/pubmed/26078053
https://doi.org/10.1126/science.1073140
http://www.ncbi.nlm.nih.gov/pubmed/12016205
https://doi.org/10.1074/jbc.M109.052548
http://www.ncbi.nlm.nih.gov/pubmed/19864432
https://doi.org/10.1523/JNEUROSCI.0504-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18550765
https://doi.org/10.1038/nn2056
http://www.ncbi.nlm.nih.gov/pubmed/18297068
https://doi.org/10.7554/eLife.36372
http://www.ncbi.nlm.nih.gov/pubmed/29869983
https://doi.org/10.1038/s41594-018-0108-7
https://doi.org/10.1038/s41594-018-0108-7
http://www.ncbi.nlm.nih.gov/pubmed/30127359
https://doi.org/10.1038/nature00894
http://www.ncbi.nlm.nih.gov/pubmed/12077606
https://doi.org/10.1016/S0896-6273(00)80564-4
http://www.ncbi.nlm.nih.gov/pubmed/9768840
https://doi.org/10.1038/sj.bjp.0707245
http://www.ncbi.nlm.nih.gov/pubmed/17420775
https://doi.org/10.7554/eLife.42756


Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge P, Lilly J, Silos-Santiago I, Xie Y, DiStefano
PS, Curtis R, Clapham DE. 2002. TRPV3 is a calcium-permeable temperature-sensitive cation channel. Nature
418:181–186. DOI: https://doi.org/10.1038/nature00882, PMID: 12077604

Xu H, Delling M, Jun JC, Clapham DE. 2006. Oregano, thyme and clove-derived flavors and skin sensitizers
activate specific TRP channels. Nature Neuroscience 9:628–635. DOI: https://doi.org/10.1038/nn1692,
PMID: 16617338

Yang F, Xiao X, Cheng W, Yang W, Yu P, Song Z, Yarov-Yarovoy V, Zheng J. 2015. Structural mechanism
underlying capsaicin binding and activation of the TRPV1 ion channel. Nature Chemical Biology 11:518–524.
DOI: https://doi.org/10.1038/nchembio.1835, PMID: 26053297

Yang F, Vu S, Yarov-Yarovoy V, Zheng J. 2016. Rational design and validation of a vanilloid-sensitive TRPV2 ion
channel. PNAS 113:E3657–E3666. DOI: https://doi.org/10.1073/pnas.1604180113, PMID: 27298359

Yang F, Xiao X, Lee BH, Vu S, Yang W, Yarov-Yarovoy V, Zheng J. 2018. The conformational wave in capsaicin
activation of transient receptor potential vanilloid 1 ion channel. Nature Communications 9:2879. DOI: https://
doi.org/10.1038/s41467-018-05339-6, PMID: 30038260

Yao J, Liu B, Qin F. 2011. Modular thermal sensors in temperature-gated transient receptor potential (TRP)
channels. PNAS 108:11109–11114. DOI: https://doi.org/10.1073/pnas.1105196108, PMID: 21690353

Zhang F, Hanson SM, Jara-Oseguera A, Krepkiy D, Bae C, Pearce LV, Blumberg PM, Newstead S, Swartz KJ.
2016. Engineering vanilloid-sensitivity into the rat TRPV2 channel. eLife 5:e16409. DOI: https://doi.org/10.
7554/eLife.16409, PMID: 27177419

Zhang F, Jara-Oseguera A, Chang TH, Bae C, Hanson SM, Swartz KJ. 2018. Heat activation is intrinsic to the
pore domain of TRPV1. PNAS 115:E317–E324. DOI: https://doi.org/10.1073/pnas.1717192115, PMID: 292793
88

Zheng W, Cai R, Hofmann L, Nesin V, Hu Q, Long W, Fatehi M, Liu X, Hussein S, Kong T, Li J, Light PE, Tang J,
Flockerzi V, Tsiokas L, Chen XZ. 2018a. Direct Binding between Pre-S1 and TRP-like Domains in TRPP Channels
Mediates Gating and Functional Regulation by PIP2. Cell Reports 22:1560–1573. DOI: https://doi.org/10.1016/
j.celrep.2018.01.042, PMID: 29425510

Zheng W, Hu R, Cai R, Hofmann L, Hu Q, Fatehi M, Long W, Kong T, Tang J, Light P, Flockerzi V, Cao Y, Chen
XZ. 2018b. Identification and characterization of hydrophobic gate residues in TRP channels. The FASEB
Journal 32:639–653. DOI: https://doi.org/10.1096/fj.201700599RR, PMID: 28970257

Zhi YP, Liu J, Han JW, Huang YP, Gao ZQ, Yang Y, Wu RN. 2016. Two familial cases of Olmsted-like syndrome
with a G573V mutation of the TRPV3 gene. Clinical and Experimental Dermatology 41:510–513. DOI: https://
doi.org/10.1111/ced.12833, PMID: 27273692

Zubcevic L, Herzik MA, Chung BC, Liu Z, Lander GC, Lee SY. 2016. Cryo-electron microscopy structure of the
TRPV2 ion channel. Nature Structural & Molecular Biology 23:180–186. DOI: https://doi.org/10.1038/nsmb.
3159, PMID: 26779611

Zubcevic L, Herzik MA, Wu M, Borschel WF, Hirschi M, Song AS, Lander GC, Lee SY. 2018a. Conformational
ensemble of the human TRPV3 ion channel. Nature Communications 9:4773. DOI: https://doi.org/10.1038/
s41467-018-07117-w, PMID: 30429472

Zubcevic L, Le S, Yang H, Lee SY. 2018b. Conformational plasticity in the selectivity filter of the TRPV2 ion
channel. Nature Structural & Molecular Biology 25:405–415. DOI: https://doi.org/10.1038/s41594-018-0059-z,
PMID: 29728656

Zhang et al. eLife 2019;8:e42756. DOI: https://doi.org/10.7554/eLife.42756 19 of 19

Research article Neuroscience Structural Biology and Molecular Biophysics

https://doi.org/10.1038/nature00882
http://www.ncbi.nlm.nih.gov/pubmed/12077604
https://doi.org/10.1038/nn1692
http://www.ncbi.nlm.nih.gov/pubmed/16617338
https://doi.org/10.1038/nchembio.1835
http://www.ncbi.nlm.nih.gov/pubmed/26053297
https://doi.org/10.1073/pnas.1604180113
http://www.ncbi.nlm.nih.gov/pubmed/27298359
https://doi.org/10.1038/s41467-018-05339-6
https://doi.org/10.1038/s41467-018-05339-6
http://www.ncbi.nlm.nih.gov/pubmed/30038260
https://doi.org/10.1073/pnas.1105196108
http://www.ncbi.nlm.nih.gov/pubmed/21690353
https://doi.org/10.7554/eLife.16409
https://doi.org/10.7554/eLife.16409
http://www.ncbi.nlm.nih.gov/pubmed/27177419
https://doi.org/10.1073/pnas.1717192115
http://www.ncbi.nlm.nih.gov/pubmed/29279388
http://www.ncbi.nlm.nih.gov/pubmed/29279388
https://doi.org/10.1016/j.celrep.2018.01.042
https://doi.org/10.1016/j.celrep.2018.01.042
http://www.ncbi.nlm.nih.gov/pubmed/29425510
https://doi.org/10.1096/fj.201700599RR
http://www.ncbi.nlm.nih.gov/pubmed/28970257
https://doi.org/10.1111/ced.12833
https://doi.org/10.1111/ced.12833
http://www.ncbi.nlm.nih.gov/pubmed/27273692
https://doi.org/10.1038/nsmb.3159
https://doi.org/10.1038/nsmb.3159
http://www.ncbi.nlm.nih.gov/pubmed/26779611
https://doi.org/10.1038/s41467-018-07117-w
https://doi.org/10.1038/s41467-018-07117-w
http://www.ncbi.nlm.nih.gov/pubmed/30429472
https://doi.org/10.1038/s41594-018-0059-z
http://www.ncbi.nlm.nih.gov/pubmed/29728656
https://doi.org/10.7554/eLife.42756

