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Abstract: The transient receptor potential vanilloid type 1 (TRPV1) is a multimodal receptor which
responds to various stimuli, including capsaicin, protons, and heat. Recent advances in cryo-elec-
tron microscopy have revealed the structures of TRPV1. However, due to the large size of TRPV1
and its structural complexity, the detailed process of channel gating has not been well documented.
In this study, we applied the diffracted X-ray tracking (DXT) technique to analyze the intracellular
domain dynamics of the TRPV1 protein. DXT enables the capture of intramolecular motion through
the analysis of trajectories of Laue spots generated from attached gold nanocrystals. Diffraction data
were recorded at two different frame rates: 100 pus/frame and 12.5 ms/frame. The data from the 100
us/frame recording were further divided into two groups based on the moving speed, using the
lifetime filtering technique, and they were analyzed separately. Capsaicin increased the slope angle
of the MSD curve of the C-terminus in 100 ps/frame recording, which accompanied a shifting of the
rotational bias toward the counterclockwise direction, as viewed from the cytoplasmic side. This
capsaicin-induced fluctuation was not observed in the 12.5 ms/frame recording, indicating that it is
a high-frequency fluctuation. An intrinsic counterclockwise twisting motion was observed in vari-
ous speed components at the N-terminus, regardless of the capsaicin administration. Additionally,
the competitive inhibitor AMG9810 induced a clockwise twisting motion, which is the opposite di-
rection to capsaicin. These findings contribute to our understanding of the activation mechanisms
of the TRPV1 channel.

Keywords: diffracted X-ray tracking technique; TRP channel; conformation dynamics; single mole-
cule analysis; TRPV1

1. Introduction

The transient receptor potential vanilloid 1 (TRPV1) channel is activated by various
stimuli, including heat, protons, and vanilloids, and plays a key role in nociception [1-3].
TRPV1 is a homotetramer channel, with each subunit containing six transmembrane seg-
ments and a pore-forming region. The pore is formed by the assembly of transmembrane
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segment 5 (S5), a pore loop, and transmembrane segment 6 (S6), surrounded by a voltage
sensor-like domain composed of a bundle of four transmembrane helices (51-54). Both
the N- and C-termini are intracellular, and an ankyrin repeat domain is prominently pre-
sent at the N-terminus. Cryo-electron microscopy (cryo-EM) has revealed near-atomic res-
olution structures of TRPV1 [4-6], providing a fundamental framework for TRP activa-
tion.

Cryo-EM data of various gating stages, along with simulation studies [7-9], suggest
the occurrence of rotational and twisting motion during gating, but direct detection of
these movements has proven technically challenging.

The most controversial issue regarding the cryo-EM structures is that the capsaicin-
bound structure was presented as a “closed form”, with the lower gate open but the upper
gate closed [5]. Subsequent studies demonstrated the “open form” by applying capsaicin
and heat simultaneously [10], but raised a puzzling question of why capsaicin alone fails
to induce the open conformation. To address this enigma, we have focused on the inves-
tigation of intramolecular motions.

In our previous study, we employed the diffracted X-ray tracking (DXT) technique
to measure the dynamics of the extracellular domains of TRPV1. Capsaicin induced rota-
tional bias towards the clockwise (CW) direction, which was speculated to be a channel
opening movement, and this bias was sustained in motions with longer lifetime groups
[11]. Based on this finding, it was hypothesized that the primary effect of capsaicin in-
volves the opening of the lower gate and an increase in the oscillation frequency of the
upper gate, thereby facilitating calcium influx [11].

In the present study, to elucidate the dynamics associate with ligand binding and
channel gating, we investigated the motion of the N- and C-terminal domains using a
high-speed time-resolved DXT technique with different recording speeds.

2. Methods
2.1. Plasmid Construct and Protein Purification

Full-length human TRPV1 was subcloned into pcDNA3.1 and tagged with (His)s se-
quence at the N-terminus and the FLAG sequence (DYKDDDDK) at the C-terminus. The
TRPV1 protein was expressed in HEK293F cells and cell surface biotinylation was per-
formed using sulfo-NHS-LC-biotin (Thermo Fisher, MA, USA) according to manufac-
turer’s instructions. The TRPV1 protein was purified with two-step purification using an
anti-FLAG affinity chromatography (Sigma-Aldrich, MO, USA) and a Superdex 200 In-
crease size exclusion chromatography (Cytiva, MA, USA). The peak fractions were con-
centrated to 0.1 mg/mL for DXT.

2.2. Sample Preparation for DXT Assays

Gold nanocrystals, which were grown on a KCl (100) surface via epitaxial growth
under a 10 Pa vacuum, were dissolved in double-distilled water, and conjugated with
anti (His)s monoclonal antibody (clone 9C11, FUJIFILM-Wako, Osaka, Japan) or anti
FLAG monoclonal antibody (clone M2, Sigma-Aldrich) under borate buffer, pH 9.0. Buffer
component was substituted with recording buffer (PBS (pH 7.4) with 5 mM n-decyl-3-D-
maltoside (Sigma-Aldrich)) before applying to TRPV1. For the C-terminal analysis of the
12.5 ms/frame recording, ZnO crystal was used for labeling antibodies.

To immobilize biotinylated TRPV1 proteins to the basement surface, 12.5 um thick
polyimide film (Du Pont-Toray, Tokyo, Japan) was coated with cadmium and chromium
(Cd/Cr) by evaporation, then biotin-functionalized self-assembled monolayers (Biotin-
SAM) were formed using Biotin-SAM Formation Reagent (Dojindo, Kumamoto, Japan).
After binding streptavidin on the Biotin-SAM membrane, twenty microliters of biotinyl-
ated TRPV1 (N-terminally (His)s-tagged and C-terminally FLAG tagged, ~0.1 mg/mL)
were applied and incubated at 4 °C for 6 h. Excess protein was washed out with buffer,
and the gold- or ZnO-conjugated antibodies (dispersed in a recording buffer) were
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applied. After incubation for 20 min at 4 °C, excess antibodies were washed out. Ten mi-
croliter of recording buffer containing 10 uM capsaicin with or without 10 uM AMG9810
was applied. The sample chamber was covered with another layer of polyimide film, sand-
wiched by stainless steel frames and screw clamped. Capsaicin and AMG9810 were pur-
chased from Sigma-Aldrich.

2.3. DXT Measurements

DXT measurements were conducted using the SPring-8 BL40XU and the Photon Fac-
tory Advanced Ring AR-NW14A beamlines. The X-ray beam size at SPring-8 BL40XU
beamline was adjusted to 50 um in diameter by inserting a pinhole aperture upstream of
the sample, and time-resolved diffraction images from the gold nanocrystals were rec-
orded by an X-ray image intensifier (V7739P, Hamamatsu photonics, Hamamatsu, Japan)
and a CMOS camera (Phantom V2511, Vision Research, NJ, USA). For each sample, dif-
fractions at 36 positions (6 x 6) within 1 mm? (1 mm x 1 mm) were recorded. The distance
between the sample and the detector was set to 45.6 mm. X-rays with an energy band-
width of 0.1 (15.8 keV in peak energy and photon flux of 10'® photons/s) were used for the
DXT. Data were recorded with 100 us/frame intervals and measured for 450 frames per
spot. Time-resolved diffraction images at the Photon Factory Advanced Ring AR-NW14A
beamline were recorded using a 2D photon-counting detector Pilatus 100 K (Dectris, Ba-
den-Dattwil, Switzerland). The gap of an insertion device U20 was set to 15 mm and the
white X-ray with 17.7 keV in peak energy with an energy bandwidth of 0.1 (photon flux
of 10" photons/s) was used [12]. The distance between the sample and the detector was
set at 95 mm, with beam size of 100 um x 250 pm. Data were recorded with 12.5 ms/frame
intervals and measured for 5000 frames per spot. Recording was performed in triplicate
for each sample, with 0.2 mm distance. Temperature at the sample chamber was kept at
25 °C using the Peltier cooling-and-heating stage (Type 10084L, Japan Hightech, Fukuoka,
Japan). The concentration of the antibody-gold (or ZnO) conjugate was optimized to ob-
tain approximately 1000 trajectories per recording. X-ray radiation damage was assessed
by comparing the MSD curves calculated from the two groups: the first half and the sec-
ond half.

2.4. Image Analysis for DXT

The obtained data were calibrated with the concurrently recorded intensity of inci-
dent X-ray (lo). Each diffraction spot was tracked by TrackPy (v0.3.2
https://doi.org/10.5281/zenodo.60550) after correcting the background. Trajectories were
analyzed using a custom software written within IGOR Pro version 9 (Wavemetrics, Lake
Oswego, OR, USA). Diffraction spots of Au (111), ZnO (100), (002), (101) were used for the
analysis. The diffractions from the fast-moving proteins have a short time duration be-
tween the appearance and disappearance in the observation area, while those of slow-
moving proteins have longer duration. For the lifetime filtering technique, trajectories
with short lifetime (LT < 2.5 ms) and medium lifetime (2.5 ms < LT < 4.0 ms) were extracted
from the 100 ps/frame recording data, and they were analyzed separately.

2.5. Mean Squared Displacement Curve

Protein dynamics were analyzed using a mean squared displacement (MSD) algo-
rithm to extract the local behavior of the protein as a function of time. The MSD curves
were fitted by the following function: 62 (t) = Da t* + 282 Da is the anomalous diffusion
constant, a non-linear relationship to time. a represents subdiffusion (1 >> a > 0) or super-
diffusion (« > 1), and f is a measurement error.
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3. Results

We analyzed the intracellular domain dynamics of TRPV1 using the DXT technique
(Figure 1a). DXT uses X-rays with the wavelength of 0.01 nm to 0.1 nm, enabling position-
ing accuracy at the picometer level. DXT can also measure dynamics to the order of mi-
croseconds to milliseconds, due to the high-brightness X-rays. The motions of the N- and
C-termini were investigated separately, using distinct peptide tags and their correspond-
ing antibodies. Gold or ZnO nanocrystals were bound to the antibodies in advance, to
obtain diffractions. Diffraction recording was conducted at 100 us per frame for fast mo-
tion and 12.5 ms per frame for slow motion (Figure 1b). The utilization of different frame
rates allowed the extraction of distinct motion components. DXT recording with 100
us/frame was conducted at the SPring-8 BL40XU beamline, and 12.5 ms/frame at the Pho-
ton Factory AR-NW14A beamline. The resulting diffraction spots were analyzed in two
axes of tilt (0) (Supplementary Figures S1 and S2 and Supplementary Tables S1 and S2)
and twist (x) angles. For each experimental condition, we analyzed 844-5222 trajectory
points, providing a comprehensive assessment of the system.
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Figure 1. Diffracted X-ray tracking (DXT) measurements. (a) Schematic of the DXT measurement.
Gold nanocrystals were labeled at specific positions of the target proteins, and their motion was
determined by the analysis of the diffraction spots. Pink-beam X-rays elicited trackable diffraction
spots from the gold nanocrystals. (b) Left: Experimental setup for the DXT measurement at the
SPring-8 BL40XU beamline. Time-resolved diffraction images from the gold nanocrystals were rec-
orded by an X-ray image intensifier (V7739P, Hamamatsu photonics) and a CMOS camera (Phantom
V2511, Vision Research) with 100 ps/frame. Right: Photon Factory Advanced Ring AR-NW14A
beamline. Data were recorded using a 2D photon-counting detector (Pilatus 100 K, Dectris) with
12.5 ms/frame. (c) Left: Structure of TRPV1 monomer. The (His)s-tag and FLAG-tag were introduced
at the N- and C- terminus, respectively. ARD: ankyrin repeat domain, TRP: TRP-box domain, PIP2:
PIP2 binding site, CaM: calmodulin binding site. Right: Labeling of TRPV1 with nanocrystal-conju-
gated antibodies and sample preparation. N-terminally (His)e-tagged, C-terminally FLAG tagged,
and biotinylated TRPV1 was immobilized on a biotin-SAM formed polyimide films.



Membranes 2023, 13, 708

5 of 12

3.1. N-Terminal Dynamics of TRPV1

The N-terminal domain of TRPV1 comprises a typical ankyrin repeat domain (ARD),
which is considered to play a major function in thermo-sensation [13,14] as well as mod-
ulating channel function by binding with multiple ligands [15-17]. The TRPV1 proteins
were transiently expressed in HEK293F cells in suspension culture, and their extracellular
domain was biotinylated using the surface biotinylation technique (Figure 1c). The TRPV1
protein was purified, and bound to Cd/Cr-coated polyimide films through a biotin-strep-
tavidin reaction, on which biotin-SAM was generated in advance. The motions of the N-
terminus were monitored using gold nanocrystal-conjugated antibodies specific to the
hexahistidine (His)e-tag introduced at the N-terminus.

Mean square displacement (MSD) curves were calculated for each experiment. MSD
curves of 100 ps/frame recording revealed a slight increase in the slope of the curve by
capsaicin (5 mrad?/ms for control and 10 mrad?/ms for capsaicin) (Figure 2a). However,
further enhancement of the motion to 40 mrad?ms was observed upon application of
AMG9810 (Figure 2a). In contrast, the MSD curves of 12.5 ms/frame recording showed
comparable values between control and AMG9810 of 0.04 mrad?/ms, but which were sup-
pressed to 0.02 mrad?/ms by capsaicin (Figure 2b).
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Figure 2. N-terminal domain movement of TRPV1 (x axis). Mean squared displacement (MSD)
curves of TRPV1 N-terminus for the y axis recorded at (a) 100 ps/frame and (b) 12.5 ms/frame. (c)
Rotational angle analysis for the x axis of short-lifetime group (LT < 2.5 ms, left), (d) medium-life-
time group (2.5 ms < LT < 4 ms) at 100 ps/frame recording and (e) 12.5 ms/frame recording. (f) The
distribution of angular displacement of short-lifetime group, (g) medium-lifetime group at 100
us/frame recording, and (h) 12.5 ms/frame recording.

To characterize the motion properties, we performed a directional analysis by segre-
gating the rotational (x) data into CW and counterclockwise (CCW) directions. The rota-
tional bias was determined from the cytoplasmic side by comparing it to the anchored
extracellular domains.

The calculation from the entire dataset did not show an apparent rotational bias, due
to the closed sample chamber conditions. Therefore, we applied a lifetime filtering tech-
nique [11]. Lifetime was defined as the time between the appearance and disappearance
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of a diffraction spot in the observation area. Diffraction spots can be recorded within the
energy range of synchrotron radiation; the fast-moving proteins have a short time dura-
tion while slow-moving proteins have longer duration. Therefore, the duration of diffrac-
tion spots (lifetime) represents the overall movement of the target protein, providing lig-
and-induced internal motility of TRPV1. Trajectories with lifetimes below 2.5 ms (LT <2.5
ms) represent very fast movements, and trajectories with lifetimes between 2.5 ms and 4.0
ms (2.5 ms < LT < 4.0 ms) represent medium-speed movements. They were extracted from
the original dataset and analyzed separately.

We successfully extracted capsaicin-induced rotational bias in the domains. The
short-lifetime group (LT < 2.5 ms) exhibited a slight CCW bias for all three conditions
(Figure 2c). The medium-lifetime group (2.5 ms < LT < 4.0 ms) demonstrated a sustained
CCW bias for the control and capsaicin, but represented the opposite direction of CW bias
for AMG9810 (Figure 2d). The rotational bias obtained from the 12.5 ms/frame recording
was similar to those of the medium-speed movement group (2.5 ms < LT <4.0 ms): CCW
rotational bias for both control and capsaicin, and CW rotational bias for AMG9810 (Fig-
ure 2e).

The rotation bias analysis demonstrated that the N-terminal movement of control
and capsaicin comprises various moving speed components having CCW rotational bi-
ases (Figure 2c—e). It should be noted that these movements were recorded within the lim-
ited recording frame rate windows, and there may exist other motion components outside
the windows; probably, much slower untwisting movements may be occurring as well.

The distribution of movement along the x axis was displayed by histograms and fit-
ted by Gaussian curves. Peak positions of all three curves of the fast-movement group (LT
< 2.5 ms) were slightly positive (0.003 for control, 0.095 for capsaicin, and 0.057 for
AMG9I810) (Figure 2f). The distributions were broadened by capsaicin and further broad-
ened by AMG9810 (full width at half maximum (FWHM) were: 2.191 for control, 3.316 for
capsaicin, and 4.270 for AMG9810; Table 1), reflecting an increase in motion for capsaicin
and AMG9810, as observed in the Figure 2a. The histograms were similar for the medium-
speed movement group (2.5 ms < LT < 4.0 ms), but the peak position of AMG9810 was
shifted to the negative value (0.088 for control, 0.077 for capsaicin, and -0.047 for
AMG9810).

Table 1. Gaussian fitting parameters for the N-terminus ().

Control Capsaicin AMG9810 (+Cap)
LT<25ms
(100 ps/frame recording)
-Location (mrad) 0.003 +0.032 0.095+0.034  0.057 +0.054
-FWHM (mrad) 2.191 +0.081 3.316 £0.090 4.270 +0.156
-Peak area 0.713 +0.026 0.674 +0.019  0.546 + 0.022
25ms = LT <4.0 ms
(100 ps/frame recording)
-Location (mrad) 0.088 +0.044 0.077 +0.038  -0.047 = 0.058
-FWHM (mrad) 2.317 +0.110 3.135+0.101  3.837+0.160
-Peak area 0.637 +0.030 0.618 +0.020  0.508 +0.023
12.5 ms/frame recording
-Location (mrad) 0.204 + 0.037 0.155+0.037  -0.110 + 0.055
-FWHM (mrad) 4.653 +0.112 3.740+0.101  5.011+0.173
-Peak area 0.671 +0.019 0.723+0.021  0.554 +0.023

As for the slow-speed motion (12.5 ms/frame recording), the peak position was not
significantly influenced by capsaicin (0.204 for control and 0.155 for capsaicin), but the
FWHM was decreased (4.653 for control and 3.740 for capsaicin), suggesting that capsaicin
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reduced the movement at the N-terminus, as observed in the Figure 2b. The peak position
of the AMG9810 was shifted to —0.110.

In conclusion, capsaicin did not induce significant motion change to the N-terminal
domain, and, regardless of the frame rates, both the control and capsaicin intrinsically had
a CCW rotational bias. On the other hand, AMG9810 exhibited a clear increase in the mo-
tion with opposite directional movement compared to the control and capsaicin. This
trend was typically observed in the motion of the medium- and slow-speed groups. It is
speculated that the competitive inhibitor AMG9810 inhibits the endogenous rotational
movement in TRPV1, resulting in the extraction of only the CW directional movement.

3.2. C-Terminal Dynamics of TRPV1

The C-terminal domain of TRPV1 locates much closer to the gate in the sequence. The
S6 segment undergoes conformational changes upon capsaicin binding [5]. The S6 seg-
ment leads to the TRP-box domain, which forms a long helix parallel to the membrane
plane and to the cytoplasmic C-terminus. The C-terminal domain contains calmodulin
and phosphatidylinositol binding sites, which are considered to modulate channel func-
tion [18,19]. The C-terminal domain is mostly intrinsically disordered. The MSD curves
from the 100 us/frame recording demonstrated that capsaicin increased the slope angle
from 10 mrad?/ms (control) to 20 mrad?/ms at the C-terminus (Figure 3a). However, in
contrast to the N-terminus, AMG9810 did not enhance the slope angle. As for the 12.5
ms/frame recording, capsaicin did not change the slope angle of the MSD curve (Figure
3b); instead, AMG9810 increased the slope angle, as observed in the N-terminus.

These dynamics were further analyzed using the lifetime filtering technique and the
rotational bias analysis. Capsaicin induced CCW rotational bias for the fast-movement
group (LT <2.5 ms) (Figure 3c), consequently shifting the peak position of capsaicin in the
histograms from -0.123 (control) to 0.099 (Figure 3f). In contrast to the broadening of the
histograms at the N-terminus, the histograms of AMG9810 in both the short-lifetime
group (LT < 2.5 ms) and medium-lifetime group (2.5 ms < LT < 4.0 ms) were narrowed,
representing a decrease in motion dynamics (Figure 3f,g and Table 2).
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Figure 3. C-terminal domain movement of TRPV1 (x axis). Mean squared displacement (MSD)
curves of TRPV1 C-terminus for the x axis recorded at (a) 100 pys/frame and (b) 12.5 ms/frame. (c)
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Rotational angle analysis for the y axis of short-lifetime group (LT < 2.5 ms, left), (d) medium-life-
time group (2.5 < LT < 4 ms) at 100 ps/frame recording and (e) 12.5 ms/frame recording. (f) The
distribution of angular displacement of short-lifetime group, (g) medium-lifetime group at 100
us/frame recording, and (h) 12.5 ms/frame recording.

Table 2. Gaussian fitting parameters for the C-terminus (x).

Control Capsaicin AMG9810 (+Cap)
LT <2.5ms
(100 ps/frame recording)
-Location (mrad) -0.123 + 0.037 0.099 +0.028 0.041 +0.040
-FWHM (mrad) 2.456 + 0.095 3.237 +0.075 2.093 +£0.101
-Peak area 0.639 +0.024 0.647 £ 0.016 0.656 + 0.031
25ms = LT <4.0 ms
(100 ps/frame recording)
-Location (mrad) -0.025 £ 0.081 0.002 £+ 0.053 -0.093 £ 0.042
-FWHM (mrad) 3.537 +0.221 3.007 +0.139 1.827 £ 0.104
-Peak area 0.690 + 0.046 0.536 + 0.025 0.619 + 0.033
12.5 ms/frame recording
-Location (mrad) 0.031 £ 0.028 0.201 £ 0.048 0.108 + 0.058
-FWHM (mrad) 4.492 +0.082 5.109 £+ 0.152 5.496 +0.197
-Peak area 0.598 + 0.012 0.646 + 0.023 0.491 + 0.022

As for the slow-speed motion (12.5 ms/frame recording), all three conditions showed
CCW rotational biases (Figure 3e). Gaussian fitting for these conditions did not show a
significant change in distributions (Figure 3h). The change in the peak position was also
limited (0.031 for control, 0.201 for capsaicin, and 0.108 for AMG9810).

In conclusion, the motion of the C-terminal domain was highly influenced by the
ligand. In the 100 ps/frame recording, capsaicin induced an increase in movement, accom-
panied by a significant shift in the rotational bias towards CCW direction. This movement
was considered a very fast oscillatory movement, as it was not observed in other timescale
data. Considering the timescale, this movement can be related to the gating dynamics. On
the other hand, AMG9810 suppressed the capsaicin-induced motion at the C-terminus in
the 100 ps/frame recording. This is in sharp contrast to the AMG9810 at the N-terminus,
where it increased movement, accompanied by a clear rotational bias. Histogram analysis
also demonstrated that AMG9810 effectively suppressed the C-terminal motion.

3.3. Subtraction Analysis for Capsaicin-Induced Intracellular Domain Dynamics of TRPV1

To elucidate the capsaicin-induced rotational (x) domain movement more clearly, the
histogram subtractions between them, with and without capsaicin, were performed and
analyzed.

At the N-terminus, capsaicin did not induce significant change in rotational bias, but
broadened the population distribution for both the fast- (LT < 2.5 ms) and the medium-
moving groups (2.5 ms < LT < 4.0 ms) in the 100 ps/frame recording, and narrowed it in
the 12.5 ms/frame recording (Figure 2). Consequently, the subtraction graphs of both the
fast- (LT < 2.5 ms) and medium-moving groups (2.5 ms < LT < 4.0 ms) showed a single
negative peak around zero mrad, with small positive peaks on both sides, indicating that
capsaicin increased the MSD curve angle without changing the rotational bias (Figure 4a,
Supplementary Table S3). In contrast to the 100 us/frame, the subtraction histogram of the
12.5 ms/frame recording showed a single positive peak around the zero mrad, suggesting
that capsaicin narrowed the population distribution without changing the rotational bias.

In contrast, capsaicin shifted the rotational bias at the C-terminus in the 100 ps/frame
recording (Figure 3c). This shift was typically observed in the fast-moving group (LT <2.5
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ms), where the peak position of capsaicin was shifted CCW from -0.123 mrad (control) to
0.099 mrad (Figure 3f), resulting in the two-peak curve with one negative peak at the -0.28
mrad and one positive peak at the 1.48 mrad (Figure 4b), Supplementary Table 54). The
capsaicin-induced rotational bias was not obvious in the subtraction maps of the medium-
moving group (2.5 ms < LT <4.0 ms) and the 12.5 ms/frame recording.
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Figure 4. Subtraction maps of the distribution of angular displacement. Maps were generated by
subtracting the population distribution histograms of control (without capsaicin) from those of cap-
saicin. (a) Motion difference at the N-terminus, and (b) the C-terminus. From left to right: subtrac-
tion maps of the short-lifetime group (LT < 2.5 ms), medium-lifetime group (2.5 ms < LT <4 ms) at
100 ps/frame recording, and 12.5 ms/frame recording.

4. Discussion

In this study, we applied the DXT technique to understand the intracellular domain
dynamics of the TRPV1 channel. DXT is a very powerful method for clarifying membrane
protein dynamics [11,20-22], analyzing the dynamics of functional proteins like chap-
eronin [23], and analyzing the oligomerization mechanisms of amyloid 3 (AP) [24], the
Alzheimer’s disease-related protein; it is also able to do this with a high spatiotemporal
resolution, even for the intramolecular dynamics in living cells [25,26]. Capsaicin induced
high-frequency fluctuational movement at the C-terminus, while CCW twisting motion
on a range of various timescales was observed at the N-terminus, regardless of the addi-
tion of capsaicin (Figure 5). The rotational bias observed in the control may reduce the
energy barrier in gating, which may be beneficial for capsaicin to pull the trigger for gat-
ing, with minimum conformational changes.
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Figure 5. Motion dynamics of TRPV1 cytoplasmic domain activation by capsaicin. Left: A monomer
subunit from the TRPV1 tetramer is depicted in rainbow color scheme from the N-terminus (blue)
to the C-terminus (red). Data are displayed by the UCSF Chimera version 1.15 (PDB: 3]J5P). Right:
DXT demonstrates motion dynamics of the N- and C-terminal domains viewed from the cytoplas-
mic side.

The N-terminal domain of a TRPV1 monomer comprises six ankyrin repeats; each
ankyrin repeat consists of two antiparallel a helices (inner and outer helix), separated by
hairpin loops. The ARD of TRPV1 comprises calmodulin and ATP binding sites, and the
channel function is modulated by binding with Ca?, ATP and other multiple ligands [15-
17]. Recent studies also suggested that the ARD plays an important role in thermal sensa-
tion [13,14]. Point mutations in TRPV1 ARD induce drastic changes in the temperature
threshold in tailed amphibians [14].

In our experiment, capsaicin did not show significant influence on the N-terminal
domain motion, and, independently, an intrinsic CCW rotational bias was observed for
the control and capsaicin. Because recent studies suggested that the N-terminal ARD has
a major function in thermal sensation, further studies are expected to apply DXT to ana-
lyze the thermo-induced TRPV1 gating mechanisms. We also observed that AMG9810 ex-
hibited a clear increase in the MSD curve, but its rotational bias was in the opposite direc-
tion compared to the control and capsaicin. We have confirmed in advance that the
AMG9810 inhibits capsaicin-induced calcium entry, using the cell-based calcium influx
assay. It is speculated that the competitive inhibitor AMG9810 inhibits the endogenous
rotational movement in TRPV1, resulting in the extraction of only the opposing directional
movement.

The C-terminal part of a TRPV1 monomer comprises the TRP-box domain, which is
conserved in the TRPC, TRPV, and TRPM subfamilies [27]. The TRP-box is a long helix,
parallel to the membrane plane [4]. The gating of the TRPV1 channel is regulated by the
PIP2 and calmodulin bindings and by phosphorylation at the TRP-box and other part of
the C-terminus [18,19]. However, most of the cytoplasmic C-terminus is intrinsically dis-
ordered, and its structure is not well understood.

In our experiment, the C-terminal domain motion was highly influenced by ligands.
In the 100 us/frame recording, capsaicin increased the movement at the C-terminus, ac-
companied by a significant shift in the rotational bias towards the CCW direction. This
movement was considered a very fast oscillatory movement, because it was not obvious
in other timescale data. Conformational dynamics of ion channels occur on nanosecond-
to-millisecond timescales. Considering the timescale, this movement can be associated
with gating-related molecular dynamics. Further studies using functionally modified mu-
tant proteins or introducing protein decoration, including phosphorylation, calmodulin
and PIP: binding, may be helpful in elucidating the detailed TRPV1 gating mechanisms.
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Our previous study using DXT to measure the extracellular domain dynamics of
TRPV1 demonstrated that capsaicin induced a CW rotational bias, which was suggested
as a gate-opening movement [11]. From these results, capsaicin may primarily open the
lower gate by the twisting movement of the transmembrane helices and increase the os-
cillation frequency of the upper gate as observed in the C-terminal end, facilitating cal-
cium influx. Further study is needed to fully understand TRPV1’s gating mechanism and
interaction dynamisms by capsaicin and other ligands.

In our analysis, measurements were conducted at different frame rates. We also in-
troduced the lifetime filtering technique, which can successfully classify the motions by
their moving speed. Different frame rates captured motion components operating at sig-
nificantly different speeds, including rapid conformational changes on microsecond-to-
millisecond time scales. Patch clamp experiments suggested that a half-activation time of
TRPV1 by capsaicin is more than hundred milliseconds, significantly slower than the ac-
tivation by heat at 51 °C (#1/2 = ~6 ms) [28]. Our DXT experiments were performed at frame
rates from 100 ps to 12.5 ms, covering the timescale for gate opening expected from the
patch clamp experiments. Patch clamp measures ion permeation resulting from gate open-
ing, whereas DXT detects all motions related to gating. In combination with the patch
clamp technique, DXT may be a powerful tool for unraveling the mechanisms behind,
such as pore dilation (agonist stimulation-induced ionic selectivity changes) [29]. By in-
troduced this technique, we could obtain the capsaicin-induced rotational bias at the in-
tracellular domains, which was not evident in the statistical analysis using the unfiltered
data source.
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https://www.mdpi.com/article/10.3390/membranes13080708/s1, Figure SI1: N-terminal domain
movement of TRPV1 (0 axis); Figure S2: C-terminal domain movement of TRPV1 (0 axis); Table S1:
Gaussian fitting parameters for the N-terminus (0); Table 52: Gaussian fitting parameters for the C-
terminus (0); Table S3: Fitting parameters for the subtraction analysis (N-terminus , x); Table S4:
Fitting parameters for the subtraction analysis (C-terminus, X) .

Author Contributions: Conceptualization, KM. and Y.C.S.; formal analysis, T.O., D.S., T.A., M.S.,
S.F. and M.K,; investigation, KM., T.O,, D.S., T.A.,, M.S,, SF, S.N.,, HS., MK, and Y.C.S.; writing—
original draft preparation, K.M.; writing—review and editing, KM., T.O. and Y.C.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant Numbers JP 23H01818, JP 21K06515,
JP 17H05539 and by JST CREST Grant Number JP18071859, Japan.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank Kayoko Kawaguchi and Takaaki Shiina for technical assistance. DXT
and DXB experiments were performed with the approval of the Japan Synchrotron Radiation Re-
search Institute (Proposal No. 2019A1498, and 2019B1294), and of the Photon Factory Program Ad-
visory Committee (Proposal No. 2019G151, 2019G637, and 2021G567).

Conflicts of Interest: The authors declare no conflict of interest.

1.  Caterina, M.].; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, ].D.; Julius, D. The capsaicin receptor: A heat-activated
ion channel in the pain pathway. Nature 1997, 389, 816-824.

2. Tominaga, M.; Caterina, M.].; Malmberg, A.B.; Rosen, T.A.; Gilbert, H.; Skinner, K.; Raumann, B.E.; Basbaum, A.L; Julius, D.
The cloned capsaicin receptor integrates multiple pain-producing stimuli. Neuron 1998, 21, 531-43.

3. Julius, D. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 2013, 29, 355-84.

4.  Liao, M,; Cao, E.; Julius, D.; Cheng, Y. Structure of the TRPV1 ion channel determined by electron cryo-microscopy. Nature 2013,

504, 107-12.

5. Cao, E; Liao, M.; Cheng, Y.; Julius, D. TRPV1 structures in distinct conformations reveal activation mechanisms. Nature 2013,

504, 113-118.



Membranes 2023, 13, 708 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

Diver, M.M,; Lin King, ].V.; Julius, D.; Cheng, Y. Sensory TRP Channels in Three Dimensions. Annu. Rev. Biochem. 2022, 91, 629—
649.

Yang, F.; Xiao, X.; Cheng, W.; Yang, W.; Yu, P.; Song, Z.; Yarov-Yarovoy, V.; Zheng, ]. Structural mechanism underlying capsaicin
binding and activation of the TRPV1 ion channel. Nat. Chem. Biol. 2015, 11, 518-524.

Zheng, A.; Qin, F. A combined coarse-grained and all-atom simulation of TRPV1 channel gating and heat activation. J. Gen.
Physiol. 2015, 145, 443-456.

Kasimova, M.A; Yazici, A.T.; Yudin, Y.; Granata, D.; Klein, M.L.; Rohacs, T.; Carnevale, V. A hypothetical molecular mechanism
for TRPV1 activation that invokes rotation of an S6 asparagine. |. Gen. Physiol. 2018, 150, 1554-1566.

Kwon, D.H.; Zhang, F.; Suo, Y.; Bouvette, ]J.; Borgnia, M.].; Lee, S.Y. Heat-dependent opening of TRPV1 in the presence of cap-
saicin. Nat. Struct. Mol. Biol. 2021, 28, 554-563.

Fujimura, S.; Mio, K.; Kuramochi, M.; Sekiguchi, H.; Ikezaki, K.; Mio, M.; Hengphasatporn, K.; Shigeta, Y.; Kubo, T.; Sasaki, Y.C.
Agonist and Antagonist-Diverted Twisting Motions of a Single TRPV1 Channel. ]. Phys. Chem. B. 2020, 124, 11617-11624.
Nozawa, S.; Adachi, S.I.; Takahashi, J.I.; Tazaki, R.; Guérin, L.; Daimon, M.; Tomita, A.; Sato, T.; Chollet, M.; Collet, E. Developing
100 ps-resolved X-ray structural analysis capabilities on beamline NW14A at the Photon Factory Advanced Ring. ]. Synchrotron.
Rad. 2007, 14, 313-319.

Ladrén-De-Guevara, E.; Dominguez, L.; Rangel-Yescas, G.E.; Fernandez-Velasco, D.A ; Torres-Larios, A.; Rosenbaum, T.; Islas,
L.D. The contribution of the Ankyrin Repeat Domain of TRPV1 as a thermal module. Biophys. J. 2020, 118, 836-845.

Hori, S.; Tateyama, M.; Shirai, T.; Kubo, Y.; Saitoh, O. Two single-point mutations in Ankyrin Repeat one drastically change the
threshold temperature of TRPV1. Nat. Commun. 2023, 14, 2415.

Rosenbaum, T.; Gordon-Shaag, A.; Munari, M.; Gordon, S.E. Ca*/calmodulin modulates TRPV1 activation by capsaicin. ]. Gen.
Physiol. 2004, 123, 53-62.

Lishko, P.V.; Procko, E.; Jin, X.; Phelps, C.B.; Gaudet, R. The Ankyrin Repeats of TRPV1 Bind Multiple Ligands and Modulate
Channel Sensitivity. Neuron 2007, 54, 905-918.

Phelps, C.B.; Wang, R.R.; Choo, S.S.; Gaudet, R. Differential Regulation of TRPV1, TRPV3, and TRPV4 Sensitivity through a
Conserved Binding Site on the Ankyrin Repeat Domain. J. Biol. Chem. 2010, 285, 731-740.

Numazaki, M.; Tominaga, T.; Takeuchi, K.; Murayama, N.; Toyooka, H.; Tominaga, M. Structural determinant of TRPV1 desen-
sitization interacts with calmodulin. Proc. Natl. Acad. Sci. USA 2003, 100, 8002-8006.

Yazici, A.T.; Gianti, E.; Kasimova, M.A.; Lee, B.H.; Carnevale, V.; Rohacs, T. Dual regulation of TRPV1 channels by phosphati-
dylinositol via functionally distinct binding sites. J. Biol. Chem. 2021, 296, 100573.

Shimizu, H.; Iwamoto, M.; Konno, T.; Nihei, A.; Sasaki, Y.C.; Oiki, S. Global twisting motion of single molecular KcsA potassium
channel upon gating. Cell 2008, 132, 67-78.

Sekiguchi, H.; Suzuki, Y.; Nishino, Y.; Kobayashi, S.; Shimoyama, Y.; Cai, W.; Nagata, K.; Okada, M.; Ichiyanagi, K.; Ohta, N.; et
al. Real time ligand-induced motion mappings of AChBP and nAChR using X-ray single molecule tracking. Sci. Rep. 2014, 4,
6384.

Ohkubo, T.; Shiina, T.; Kawaguchi, K,; Sasaki, D.; Inamasu, R.; Yang, Y.; Li, Z.; Taninaka, K.; Sakaguchi, M.; Fujimura, S.; et al.
Visualizing Intramolecular Dynamics of Membrane Proteins. Int. |. Mol. Sci. 2022, 23, 14539.

Sekiguchi, H.; Nakagawa, A.; Moriya, K.; Makabe, K.; Ichiyanagi, K.; Nozawa, S.; Sato, T.; Adachi, S.; Kuwajima, K.; Yohda, M.;
et al. ATP dependent rotational motion of group II chaperonin observed by X-ray single molecule tracking. PLoS ONE 2013, 8,
e64176.

Chang, J.; Arai, T.; Kuramochi, M.; Inamasu, R.; Lee, Z.; Ohkubo, T.; Mio, K.; Sasaki, Y.C. Dynamic observations of various
oligomers in amyloid {3 isoforms using laboratory diffracted X-ray blinking. Biochem. Biophys. Rep. 2022, 31, 101298.

Mio, K,; Ishihara, M.; Fujimura, S.; Sasaki, D.; Nozawa, S.; Ichiyanagi, K.; Fukaya, R.; Adachi, S.-I.; Kuramochi, M.; Sekiguchi,
H.; et al. X-ray-based living-cell motion analysis of individual serotonin receptors. Biochem. Biophys. Res. Commun. 2020, 529,
306-313.

Mio, K,; Fujimura, S.; Ishihara, M.; Kuramochi, M.; Sekiguchi, H.; Kubo, T.; Sasaki, Y.C. Living-Cell Diffracted X-ray Tracking
Analysis Confirmed Internal Salt Bridge Is Critical for Ligand-Induced Twisting Motion of Serotonin Receptors. Int. |. Mol. Sci.
2021, 22, 5285.

Montell, C. Physiology, phylogeny, and functions of the TRP superfamily of cation channels. Sci. STKE 2001, 90, rel.

Yao, J.; Liu, B.; Qin, F. Kinetic and energetic analysis of thermally activated TRPV1 channels. Biophys. |. 2010, 99, 1743-1753.
Chung, M.K;; Giiler, A.D.; Caterina, M.]. TRPV1 shows dynamic ionic selectivity during agonist stimulation. Nat. Neurosci. 2008,
11, 555-564.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



