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Capsaicin receptor TRPV1 is a nociceptor for vanilloid
molecules, such as capsaicin and resiniferatoxin (RTX). Even
though cryo-EM structures of TRPV1 in complex with these
molecules are available, how their binding energetically favors
the open conformation is not known. Here, we report an
approach to control the number of bound RTX molecules (0-4)
in functional rat TRPV1. The approach allowed direct mea-
surements of each of the intermediate open states under
equilibrium conditions at both macroscopic and single-
molecule levels. We found that RTX binding to each of the
four subunits contributes virtually the same activation energy,
which we estimated to be 1.70 to 1.86 kcal/mol and found to
arise predominately from destabilizing the closed conforma-
tion. We further showed that sequential bindings of RTX in-
crease open probability without altering single-channel
conductance, confirming that there is likely a single open-pore
conformation for TRPV1 activated by RTX.

Allosteric coupling links structurally separate function
domains together through a global conformational
rearrangement, which, in protein complexes, introduces
cooperativity (1). Cooperative activation can substantially
enhance the sensitivity to a stimulus, hence bestows a signifi-
cant functional advantage to multisubunit complexes. Indeed,
multisubunit complex formation is a common phenomenon in
biology (2). Even though diverse models have been satisfac-
torily used to describe the overall cooperative behavior in
protein complexes (3, 4), it remains a major challenge to
directly access cooperative activation among subunits as it
occurs, limiting our understanding of the underlying mecha-
nism. The Monod-Wyman-Changeux (MWC) model pro-
posed over half a century ago (3) postulates that ligand binding
to individual subunits promotes a concerted activation tran-
sition by an identical cooperative factor, f, which reflects en-
ergetic contribution by each subunit (Fig. 1A4). However,
exactly because of cooperative activation, the intermediate
states (shaded in Fig. 1A) are rapidly traversed; their energetic
contributions are rarely determined individually. Reflecting
this challenge, a common practice has been to fit observed
overall activities to a Hill function, yielding a slope factor
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estimate that is neither the cooperative factor nor the number
of subunits but their combined contribution (5).

Biological ion channels are usually made of multiple func-
tionally coupled subunits or repeating domains (6, 7). The
capsaicin (CAP) receptor TRPV1 is a representative multi-
subunit ion channel (8, 9) whose activation exhibits allosteric
properties (10—13). TRPV1 is known to serve as a polymodal
nociceptor; its activation by vanilloids has been investigated in
both functional and structural studies (14). Vanilloid com-
pounds occupy a binding pocket within the transmembrane
region surrounded by multiple transmembrane segments and
the S4-S5 linker (9). In a typical recording of the mouse
TRPV1 activated by CAP, current amplitude reached over 90%
maximum within hundreds of milliseconds (Fig. S1). Even
though this activation process is slow among ion channels, the
intermediate states were swiftly traversed and could not be
individually identified and studied (15). Methods to slow down
activation and to fix gating transition in individual subunits
were developed in this study, which allowed direct assessment
of the property of intermediate states and subunit coupling at
equilibrium under physiological conditions.

Results

We first used resiniferatoxin (RTX), a potent TRPV1 acti-
vator (8), to replace CAP as the agonist. RTX binds in the same
vanilloid-binding pocket as CAP (9) but activates the channel
with an extremely slow (in minutes) time course; RTX-induced
activation is also irreversible (Fig. 1B). The slow activation time
course revealed a clear transition phase of increasing open
probability (Po) in single-channel recordings (Fig. 1, C and F),
indicating sojourns in unstable intermediate open states as
suggested by the MWC model. However, these transient and
stochastic events were observed under nonequilibrium con-
ditions, hence were still difficult to analyze.

From the RTX-TRPV1 complex structures (9, 16), we
identified key channel residues that directly interact with a
bound RTX (Fig. S2). Mutations to these residues in most
cases either exerted minor gating effects or eliminated func-
tion (Fig. S3). Mutating Y512 to alanine retained the slow
activation property of the wildtype channel but noticeably
made RTX activation completely reversible (Fig. 1D). We have
previously suggested that Y512 serves to physically block a
bound vanilloid molecule from exiting the binding pocket (17),
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TRPV1 opening is stabilized equally by its four subunits
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Figure 1. Intermediate open states of wildtype and Y512A mutant channels. A, a classic MWC-type allosteric model for TRPV1 activation; circles and
squares indicate a resting and activated subunit, respectively; open and filled symbols represent apo and resiniferatoxin (RTX)-bound subunits, respectively.
Lo, K, 'K,,, and "L, are equilibrium constants for each transition (n = 1-4). B, a representative macroscopic inside-out patch-clamp current trace of wildtype
mTRPV1 at +80 mV. C, a representative inside-out single-channel recording of wildtype mTRPV1 activated by RTX. D, a representative inside-out
macroscopic current trace of Y512A. Ba>" was used to block channel current. E, a representative inside-out single-channel recording of Y512A activated
by RTX. Fand G, Po versus time plot for the recording shown in C and E, respectively. Transitional Po phases are highlighted by gray shading. Red segments in
C and E indicate duration of RTX application. MWC, Monod-Wyman-Changeux; Po, open probability.

in agreement with structural (16) and functional (18) obser-
vations. Molecular docking of RTX to TRPV1 structures in the
closed (C1 and C2) and open (O1) states using RosettaLigand
(RosettaCommons, https://www.rosettacommons.org/
software/license-and-download) (19, 20) suggested
ductions in Rosetta binding energy by this point mutation, in
supportive of weakening of RTX binding (Fig. S4). After
washing off RTX, Y512A channels could be activated by 2-
APB, CAP, and RTX similar to naive channels without
detectable desensitization (under the Ca®*-free condition).
Single-channel recordings confirmed that Y512A traversed the
transition phase during both activation and deactivation time
courses (Figs. 1, E and G and S5).

Taking advantage of the reversibility property of the Y512A
mutant, we studied rat TRPV1 concatemers containing
different numbers of wildtype and Y511A mutant (equivalent
to Y512A in mouse TRPV1) subunits (Fig. 2A4). These con-
catemer channels were previously shown to respond to CAP in
a concentration-dependent manner, with the CAP potency
progressively decreased as the number of mutant protomers
increased (21). We confirmed that the spontaneous Po of each
concatemer matched that of wildtype channels (Fig. 2, D and
E). We observed with macroscopic (Fig. 2B) and single-
channel recordings (Fig. S6) that RTX could fully activate all
concatemer channels. Importantly, currents from these

re-
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concatemers exhibited gradually enhanced reversibility upon
washing off RTX, with channels containing all or three wild-
type subunits (YYYY and YYYA, respectively) exhibiting little
current deactivation, whereas those with all Y511A subunits
(AAAA) deactivated completely like channels formed by un-
linked monomeric mouse Y512A subunits (Fig. 1D). We
further confirmed that the remaining currents were not
because of an unstable patch (Fig. 2B) but instead represented
steady intermediate Pos (Figs. 2C and S6). These behaviors are
expected as RTX binding to the Y511A subunits in con-
catemers is reversible but irreversible when bound to the
wildtype subunits. Therefore, after extended washing, the
concatemer channels contained a fixed number (zero to four)
of bound RTX molecules.

The concatemers allowed us to characterize each vertical
equilibrium of the MWC model (Fig. 14) in isolation. For
example, after fully activating the YYAA channels and washing
off RTX from the mutant subunits, each channel contained
two RTX molecules (the third column of the model). The Po
value of these channels could be determined from both
macroscopic currents (77 + 3% of the maximum response;
Fig. 2D) and single-channel currents (62 + 10%; Fig. 2E) at the
steady state. Po estimates for YYYY and AAAA channels
matched those from channels made of wildtype and mutant
monomeric subunits, respectively (Fig. 2, D and E). The Po

SASBMB
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Figure 2. Equilibrium measurements of transition states. A, illustration of concatemer complementary DNA (cDNA) constructs. B and C, representative
inside—out current traces from concatemer channels. Resiniferatoxin (RTX) activation reached near 100% Po and was partially or fully reversible, depending
on the number of mutant subunits. The Y511A mutation did not affect 2-APB activation and, as expected, shifted the concentration dependence for
capsaicin activation to the right (17, 21). D, normalized remaining currents after complete wash (Iwash/Imax) can be well fitted to the function Po = (f"Ly)/
(1+f"Ly). E, spontaneous (filled gray circles), maximal (filled red circles), and remaining Po (open red circles) measurements from single-channel recordings
fitted to the same function as in D. For D and E, black diamonds and circles represent the level of the spontaneous activity of the apo state and maximal
activity of the fully RTX-bound state, respectively, of the wildtype channel. F, the simplified MWC model when the number of bound RTX is fixed. G,
estimation of Lo and f using the model in F. Data points from YAYA and AYAY are presented in red triangles. MWC, Monod-Wyman-Changeux; Po, open

probability.

measurements from all concatemers could be satisfactorily
fitted to a general formula derived from the MWC model that
describes the relationship between Po and the number of
bound ligands (Fig. 2F). Transformation of the formula yields a
linear function that allows easy estimation of the equilibrium
constant of unliganded channels, L, and the cooperative fac-
tor, f. Figure 2G shows results from the single-channel data.
We estimated the L, value to be 0.007, equivalent to a resting
Po of 0.7%, which is consistent with experimental observations
from wildtype channels (22); we estimated the f value to be
23.1, equivalent to an activation energy of 1.86 kcal/mol per
RTX binding (Fig. 2G).

It is noticed that a linear fit agreed with experimental
measurements remarkably well, suggesting that subunit con-
tributions to activation are indeed equal, as postulated by the
MW(C theorem. The position of wildtype and mutant subunits
within the concatemers had no obvious influence on the
activation energy, as data from concatemers YAYA and AYAY
agreed reasonably well with that from YYAA (Figs. 2G and S7),
an observation consistent with the new cryo-EM data showing
that RTX binding has no position preference (16).

Where does the 1.86 kcal/mol activation energy arise from?
For the isolated transition shown in Figure 2F, the equilibrium
can be altered at either the closed state or the open state, both
of which could contribute to an increased equilibrium

SASBMB

constant. To quantify energetic effects of RTX binding to the
closed and open states, we analyzed single-channel dwell-time
distributions of the concatemers at steady state (Fig. 3). When
results from all concatemers were compared, we found that the
mean dwell time of the closed state decreased exponentially
with an increasing number of bound RTX, whereas the mean
dwell time of the open state increased exponentially (Fig. 3B).
Equilibrium constant values estimated from dwell-time mea-
surements matched closely with those estimated from Po
measurements (Fig. 3C). From linear fittings of the log-
transformed dwell times (Fig. 3B), we estimated that each
RTX binding destabilized the closed state by 1.17 kcal/mol,
stabilized the open state by 0.53 kcal/mol, therefore producing
a total of 1.70 kcal/mol of activation energy. Therefore, acti-
vation of TRPV1 by RTX originates predominately from
destabilization of the closed state.

Measurements from the concatemers revealed that the Po
values with 0 to 4 bound RTX molecules. Using this infor-
mation, we could tentatively identify the intermediate open
states produced by sequential bindings of RTX during the
course of activation. A typical time course of the wildtype
channel single-channel activation exhibited distinct open
states with low, moderate, and high Po values, corresponding
to one-, two-, and three- or four-bound RTX molecules,
respectively (Fig. 44). All these open states, observed in the
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Figure 3. Single-channel dwell-time analysis reveals energetic effects on the closed and open states. A, an example of inside-out single-channel trace
from the YAAA channel. B, relationship between dwell time in the closed state or open state and the number of resiniferatoxin (RTX) binding. Dotted lines
represent linear fits of the log-transformed data, with a slope factor of 0.86 for the closed state and —0.39 for the open state. The mean values are shown as
black bars. n = 3 to 5. C, comparison between log-transformed lifetime ratios (red) and Pos (black). Dashed lines represent linear fits, with slope factor values

of 1.36 (Po) and 1.25 (lifetime ratio). Po, open probability.

same single-channel recording, exhibited identical amplitudes
(Fig. 4, B and C). Similar observations were made from the
concatemers. This finding is consistent with the classic MWC
model in which the multisubunit complex exists in two (tense
and relaxed) conformations, with ligand binding progressively
shifting the equilibrium toward the relaxed, ak.a. open,
conformation (3). Our results suggest that TRPV1 activated by
RTX has a single open pore conformation.

Discussion

Previously, we reported that structurally related natural
vanilloids from chili peppers and gingers as well as synthetic
CAP derivatives induce similar conformational changes of the
vanilloid-binding pocket of TRPV1, even though they may
bind in different poses (23-25). We now present data sug-
gesting that the activated channel pore adopts the same open
conformation when a varying number of vanilloid-binding
pockets are occupied by RTX, consistent of pore opening be-
ing a concerted transition. Putting together, these observations
support the general assumption that TRPV1 behaves as an
allosteric protein (10—13). By fixing the number of bound RTX
molecules, we were able to directly quantify equilibrium
properties from otherwise unstable intermediate states at both
macroscopic and single-molecule resolutions. We observed

4 Biol. Chem. (2023) 299(6) 104828

that binding of RTX to each of the four subunits yielded an
equal activation energy, as predicted by the classic MWC
model for homotropic cooperativity. A recent structural study
of RTX-TRPV1 complexes indeed suggested nonpreference in
RTX binding to the four subunits (16). The activation energy,
estimated at 1.70 to 1.86 kcal/mol per liganded subunit, is
comparable to that of other channels such as CNG channels
(0.84 to 1.3 kcal/mol) determined indirectly from overall
ligand activation behaviors (26, 27). The comparable maximal
Po of CAP-activated channels indicates that CAP binding is
expected to produce a similar activation energy (17).
Combining the activation energies from multiple subunits
contributes to an exponential increase in Po (the 1.86 x 4 =
7.44 kcal/mol activation energy shifts the closed-to-open
equilibrium toward the open state by over 280,000 folds)
(Fig. 4D). For TRPV1 activated by RTX, the shift in equilib-
rium originates mostly from destabilization of the closed state.

Energetic contributions from the four subunits represent
substantial activation cooperativity in TRPV1. Indeed, coop-
erative activation is a common phenomenon for diverse allo-
steric proteins. However, a general challenge for studying a
cooperative process is to capture the intermediate states with
either functional methods or structural methods. In the
absence of direct information concerning the intermediate
states, a mechanistic interpretation is often speculative. The

SASBMB
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MWC model for allosteric proteins made of identical subunits
(3) has been successfully applied to a wide variety of proteins
including those made of different subunits. Nonetheless,
equivalence in subunit contributions, a key feature dis-
tinguishing it from a Koshland—Némethy—Filmer—type
sequential model (4), remains a postulation. One key valida-
tion of the MWC theorem—measuring directly from the in-
termediate activation states—has been lacking, because of
cooperativity among subunits that makes transitional states
intrinsically unstable. Here, we designed methods locking
TRPV1 in each of the intermediate activation states with
varying ligand occupations, which allowed direct measure-
ments of their thermodynamic properties under physiological
conditions at equilibrium. Near-perfect equivalence in subunit
contribution to allosteric coupling was confirmed.

All RTX-induced open states are found to produce identical
single-channel current amplitudes, suggesting that the acti-
vated pore adopts near identical conformations. Therefore,
pore opening by RTX appears to be driven by a concerted
conformational change. Our functional data hence suggest that
structural asymmetry of the activated states occurs mainly in
the vanilloid-binding pockets, consistent with the recently

SASBMB

reported RTX-TRPV1 complex structures (16). Based on the
1.86 kcal/mol/subunit activation energy, channels with one to
four bound RTX molecules are expected to exhibit a Po of
13.9%, 78.9%, 98.8%, and 99.9%, respectively. Channels with
two bound RTX molecules already spend two-third of the time
in the open state under physiological conditions. Only the fully
RTX-bound channels were assigned an open state in cryo-EM
studies (16, 28), suggesting a shift in stability of the closed and/
or open conformation under these experimental conditions,
such as lower temperatures (22).

Concerted pore opening has been previously proposed for
other channel types including Kv channels, for which inde-
pendent voltage-sensor movements in the four subunits pre-
cede channel activation (29, 30). Very brief (microseconds)
subconductance states were found to be associated with
asymmetrical subunit activations by voltage, hence represent-
ing intermediate gating states (31, 32). It was proposed that
subconductance states could arise from filtering effects on very
rapid flickering events—representing likely a concerted tran-
sition—between the fully open state and the closed state, with
voltage-dependent subunit activations progressively shifting
the equilibrium toward the open state (31). While TRPV1

J. Biol. Chem. (2023) 299(6) 104828 5
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activation by RTX exhibited similar progressive shifting to-
ward the open state, dwell times in the closed and open states
appeared to be long enough to skip the filtering effect on
current amplitude. The allosteric behavior described in the
present study may help correlate published high-resolution
channel structures (16, 33) with distinct functional states to-
ward a better understanding of the activation mechanism of
TRPV1 and other ion channels.

Experimental procedures
Cell culture and molecular biology

The mouse TRPV1 wildtype and Y512A mutant comple-
mentary DNAs (cDNAs) were constructed into pEYFP-N3
vector, where the C terminus of the channel was fused with
the cDNA encoding enhanced YFP to help identify transfected
cells during patch-clamp experiments, as previously described
(34). The Y512A point mutation was introduced using a
mutagenesis kit (Agilent Technologies) and confirmed by
sequencing. Concatemers YYYY, YYYA, YYAA, YAYA,
AYAY, YAAA, and AAAA, representing tandem tetrameric
c¢DNA constructs of rat TRPV1 wildtype (Y) and Y511A (A,
equivalent to Y512A in mouse channel), were generous gifts
from Dr Avi Priel and have been previously described (21).

Human embryonic kidney 293T cells (purchased from
American Type Culture Collection) were cultured ina Dulbecco’s
modified Eagle’s medium (Hyclone or Gibco) supplemented with
10% (v/v) fetal bovine serum (Corning or GenClone), 1% (v/v)
penicillin/streptomycin (Fisher Scientific), and 1% (v/v) MEM
Nonessential Amino Acids Solution (Hyclone) at 37 °C with 5%
CO,. Cells were cultured onto 25 mm glass coverslips (Fisher
Scientific) in 35 mm chambers 18 to 24 h before transfection.
Transient transfection was conducted 18 to 24 h before patch-
clamp recording using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. For macroscopic re-
cordings, 1 pg plasmid was used for transfection for each
chamber; for single-channel recordings, 0.1 pg plasmid was used.
For concatemer channels without a fluorescent tag, the YFP
plasmid was cotransfected (0.2 pg) for each chamber.

Electrophysiology

Patch-clamp recordings were done using an EPC10 ampli-
fier controlled with PatchMaster software (HEKA) in config-
urations as specified in the Results section. All single-channel
recordings were from inside—out patches; most of the
macroscopic recordings were also from inside—out patches;
whole-cell recordings were collected to increase the macro-
scopic current level, especially for mutants such as E571A
mTRPV1, E571AT551A mTRPV1, E571AI574A mTRPV],
because of their poor expression levels. Patch pipettes were
pulled from borosilicate glass (A-M systems or Sutter Instru-
ment) using Sutter Instrument P-97 micropipette puller and
fire-polished to 2 to 6 MQ for macroscopic recordings or 8 to
15 MQ for single-channel recordings. For whole-cell re-
cordings, serial resistance was compensated by 60%. Current
signal was filtered at 2.3 to 2.9 kHz and sampled at 10.0 to
12.5 kHz. All recordings were conducted at room temperature.

6 . Biol. Chem. (2023) 299(6) 104828

Ruthenium red (10 uM) and/or Ba** (100 mM) was used to
block channel current for checking leak. A holding potential of
0 mV was used, from which a 300 ms step to +80 mV followed
by a 300 ms step to —80 mV was applied. The durations of
the +80 mV and -80 mV steps were between 300 ms and 2 s,
adjusted according to experimental needs. The voltage was
held at +80 mV for long continuous single-channel recordings.
Standard symmetrical bath and pipette solutions contained
(millimolar) 140 NaCl, 0.2 EGTA, 10 glucose (optional), and
15 Hepes (pH 7.2 to 7.4). Solution switching was achieved with
a Rapid Solution Changer (RSC-200; Biological Science In-
struments). 2-APB was dissolved in dimethyl sulfoxide to make
1 M stock solution and diluted to working concentrations
using the bath solution; CAP was dissolved in dimethyl sulf-
oxide to make 50 mM stock solution and diluted to working
concentrations using the bath solution; RTX was dissolved in
ethanol to make 1 mM stock solution and diluted to working
concentrations using the bath solution. To obtain single-
channel recordings with a fixed number of RTX molecules
in the concatemers (YYYY, YYYA, YYAA, YAYA, AYAY,
YAAA, and AAAA), 3 mM 2-APB was first perfused onto an
inside—out patch to confirm the number of channels in the
patch. A 100 nM RTX solution was then perfused onto the
patch until Po reached the stable maximal level to make sure
all the binding sites were saturated by RTX. The bath solution
was perfused to wash off the reversibly bound RTX until Po
reached a stable level. This Po level was regarded as the Po
value when the channel was bound with 0 to 4 RTX molecules
according to different concatemers (4 for YYYY; 3 for YYYA; 2
for YYAA, YAYA, and AYAY; 1 for YAAA; and 0 for AAAA).

Rosetta modeling of RTX binding to mutant TRPV1 channels

To evaluate RTX binding to TRPV1, we used the cryo-EM
structures of TRPV1 solved in complex with RTX in the
open (O1 state, Protein Data Bank [PDB]: 7L2L) and closed
(C1 state, PDB: 7L2N; C2 state, PDB: 7MZ5) states to model
RTX interaction. RosettaLigand (RosettaCommons) (19) was
used to dock RTX to wildtype and Y511A mutant structures
for each state. We generated 2000 RTX conformers for the
docking process using BioChemical Library (20). The detail of
the docking algorithm has been described elsewhere (19) (see
Appendix for Rosetta docking scripts and command lines). A
total of 10,000 docking models were generated, and the top
1000 models ranked by total_score were selected for analysis.
Binding energy is represented by the interface_delta_X term
reported in Rosetta energy unit. All-atom RMSD was used to
compare the generated docking RTX models to the RTX-
binding conformations captured in the cryo-EM structures.

Data analysis

Patch-clamp data were exported and analyzed using Igor Pro
8 (WaveMetrics). Statistical analyses were done using GraphPad
Prism 8 (GraphPad Software, Inc). Macroscopic current
amplitude was calculated by measuring the difference between
ligand-activated current and the baseline current level before
any ligand perfusion. A digital filter at 0.4 kHz was used for
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analyzing single-channel amplitude and Po. Single-channel re-
cordings were analyzed using all-point histograms and fitted to a
double-Gaussian function; single-channel amplitude was
measured as the difference between the two gaussian peaks;
single-channel Po was measured by calculating the portion of
open events over the total time recorded. Only true single-
channel recordings (n = 22) or two-channel recordings (n = 2)
were used. Po of two-channel recordings was calculated using
the equation Po = %, where ¢, is the total time of one-channel
opening events observed, ¢, is the total time of two-channel
opening events observed, T is the total recording time. Spon-
taneous Po was measured using the equation Po = 35, wheretis
the total time of the open events observed at room temperature
in bath solution, N is the total number of channels in the patch,
which was determined by calculating the amplitude ratio be-
tween maximum current and the average single-channel cur-
rent, T is the total recording time. There were no overlapping
open events in these recordings. To analyze single-channel dwell
times, the recorded single-channel traces were processed using
the single-channel search function in Clampfit (Molecular De-
vices) to generate dwell-time histograms (35).

Model fitting was conducted in Igor, using the global fitting
procedure when needed. Statistical analysis was done using
GraphPad Prism 8. Student’s ¢ test was used when comparing
between two groups. For comparisons within the same re-
cordings, paired ¢ test was used. For comparison between
multiple groups, one-way ANOVA with Tukeys multiple
comparisons test was used.

Data availability

All data generated or analyzed during this study are
included in the article and supporting information.

Supporting article  contains

information.
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