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Transient Receptor Potential Vanilloid 1 (TRPV1) plays a central role in pain
sensation and is thus an attractive pharmacological drug target. SAF312 is a

potent, selective, and non-competitive antagonist of TRPV1 and shows pro-
mising potential in treating ocular surface pain. However, the precise
mechanism by which SAF312 inhibits TRPV1 remains poorly understood. Here,
we present the cryo-EM structure of human TRPVI1 in complex with SAF312,
elucidating the structural foundation of its antagonistic effects on TRPVI.
SAF312 binds to the vanilloid binding pocket, preventing conformational
changes in S4 and S5 helices, which are essential for channel gating. Unex-

pectedly, a putative cholesterol was found to contribute to SAF312’s inhibition.
Complemented by mutagenesis experiments and molecular dynamics simu-
lations, our research offers substantial mechanistic insights into the regulation

of TRPV1 by SAF312, highlighting the interplay between the antagonist and
cholesterol in modulating TRPVI function. This work not only expands our
understanding of TRPV1 inhibition by SAF312 but also lays the groundwork for
further developments in the design and optimization of TRPV1-related

therapies.

Transient receptor potential vanilloid 1 (TRPVI) is one of the most
comprehensively studied members of the TRP family'. It can be acti-
vated by an array of physical and chemical stimuli, including low pH
(below 6) and high temperature (over 43 °C)?, as well as natural com-
pounds such as capsaicin, double-knot toxin (DkTx), and resinifer-
atoxin (RTX)’. Because TRPVI is broadly expressed in the peripheral
nervous system, it plays a pivotal role in pain and inflammation**. It is a
potential target for treating various pain syndromes, including
chronic, inflammatory, and neuropathic pain°. Consequently, various
small-molecule compounds that can alter TRPV1 functions have
emerged’. Despite their therapeutic potential, developing TRPVI1-
specific drugs is challenging because the sequence and structure of the

members of the TRPV subfamily (TRPVI-6) are highly conserved in
sequence and structure®, SAF312 (also known as Libvatrep), a selective
and non-competitive inhibitor of TRPVI, is currently under investiga-
tion in phase Il clinical trials for treating ocular surface pain (OSP)’'°.
This drug candidate is expected to become the first approved TRPV1
antagonist for pain treatment. Although many structures of TRPV1 in
complex with various ligands have greatly enriched the understanding
of TRPV1 gating and modulation™, the structures of TRPV1 in com-
plex with antagonists are relatively limited, with only one reported
structure of TRPV1 bound to capsazepine” and another one with SB-
366791 at the time of writing this manuscript'®. However, the molecular
mechanism of TRPV1 inhibition by SAF312 remains unclear.
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In this study, we present the cryo-electron microscopy (cryo-EM)
structure of human TRPV1 (hTRPVI) in complex with SAF312 at a
resolution of 2.75A, revealing the mechanism of action of SAF312 in
antagonizing hTRPV1. We further investigate the relationship between
the structure and function using whole-cell patch-clamp, mutagenesis,
fluorescent imaging plate reader (FLIPR) assay, and molecular
dynamics (MD) simulations. In addition, we unexpectedly observed an
endogenous cholesterol (CHL) molecule that might contribute to the
SAF312 binding and hTRPV1 inhibition. Our results provide significant
insights into the molecular basis of the inhibitory effects of SAF312 on
TRPVI, which could facilitate the development of TRPVI1 antagonists
for anti-pain therapies.

Results and discussion

SAF312 is a potent antagonist of hTRPV1

We evaluated the function of hTRPV1 using the FLIPR assay" as well as
whole-cell patch-clamp recordings. Capsaicin was used to evoke
hTRPV], yielding a half maximal effective concentration (ECso) of
0.39 uM (Supplementary Fig. 1a, b), consistent with the findings of a
previous study”. We next assayed the concentration-dependent
response of SAF312 (Fig. 1a, b) in inhibiting hTRPV1 elicited by
3.33 uM capsaicin, a concentration that activates hTRPV1 at 80-90%

(Supplementary Fig. 1b). The resulting half maximal inhibitory con-
centration (ICso) value for SAF312 was 0.35 uM (Fig. 1c), in agreement
with a previous report’®. In addition, we examined the inhibitory
function of SAF312 on pH 5-stimulated TRPV1 activation through
whole-cell patch-clamp experiments. When exposed to a pH 5 solution
three times, hTRPV1-expressing HEK293T cells exhibited robust and
comparable currents (Fig. 1d, e). In line with the inhibition of capsaicin-
activated TRPVI by SAF312, a 30 s preincubation with 3 pM SAF312
greatly reduced the currents of TRPV1 elicited by pH 5 (Fig. 1f, g). With
the preincubation of increased concentrations of SAF312, the currents
evoked by pH 5 were gradually decreased, yielding an ICso value of
0.69 uM for SAF312 (Fig. 1f, h).

Structure of hTRPV1 complexed with SAF312 and CHL

To reveal the precise mechanism of how SAF312 inhibits hTRPV1, we
conducted cryo-EM single particle analysis of the hTRPV1 samples
supplemented with SAF312 (Supplementary Fig. 1c). Subsequently, a
high-resolution EM map of hTRPV1 was achieved at 2.75 A with fourfold
(C4) symmetry imposed (Supplementary Fig. 2). This high-quality EM
map rich in side-chain densities enabled accurate model building of
TRPV1 and assignments of SAF312 and lipids (Fig. 2a-c and Supple-
mentary Fig. 2b, e). The overall structure of the hTRPV1-SAF312
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Fig.1| Functional characterization of SAF312. a Chemical structure of the hTRPV1
antagonist SAF312. b The representative FLIPR capsaicin responses of hTRPV1 to
preincubation with SAF312 at various concentrations (ranging from 66.67 pM to
0 nM) are shown, with an arrow indicating when capsaicin was added. ¢ Curve fit-
ting of dose-dependent SAF312 inhibition of hTRPVI"" calcium fluorescence signal
evoked by 3.33 uM capsaicin (ICso = 0.35 uM, n =3 at each concentration point),
data are shown as mean + SD. d, e Representative acid (pH 5)-evoked hTRPVI-
related current traces recorded at a holding potential of -60 mV with ramp pulses
from =100 mV to +100 mV. hTRPVI-expressing HEK293T cell exposed to pH

Voltage (mV)

5 solution three times (d), I-V curves were generated from the peak currents (peakl,
peak2, and peak3) at each stimulation time (e). f, g hTRPVI1-expressing HEKT293
cells exposed to pH 5 solution alone, pH 5 solution with 0.1 M SAF312 following
~30's preincubation with 0.1 uM SAF312, and pH 5 solution with 3 uM SAF312 fol-
lowing around 30 s preincubation with 3 uM SAF312 (f), I-V curves were generated
from the peak currents (peakl, peak2, and peak3) at each stimulation time (g).

h SAF312 dose-dependent curves in responding to pH 5 solution for HEK293T cells
expressing hTRPV1 "T (n =4 at each concentration point), data are shown as
mean +SD.
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Fig. 2 | Cryo-EM structures of hTRPVIsag31, and hTRPVIsagsp2. @ The cryo-EM
map of hTRPVIsar3y; illustrates the binding of SAF312 and CHL to hTRPVL. The
SAF312 map is represented in magenta, and the CHL map is depicted in cyan. b The
overall structure model of hTRPVISAF312 is viewed parallel to the membrane.

SAF312

SAF312 and CHL bind to the VBP pocket. ¢ SAF312 and CHL bind to the VBP pocket.
d The cryo-EM map of hTRPVIsar3p2- illustrates the binding of SAF312 and CHL to
hTRPVI. The SAF312 map is represented in magenta, and the CHL map is depicted in
orange.

(hTRPVIsar32) complex assumes a closed conformation, which is
essentially identical to that of the closed apo-form TRPV1 (PDB code:
7L2P), with a main-chain root mean squared deviation (RMSD) of 0.8 A
(Supplementary Fig. 3). We observed a piece of unambiguous EM
density in the vanilloid binding pocket (VBP) in each of the voltage-
sensing-like domains (VSLDs) (Fig. 2a), which fits a SAF312 molecule
snugly (Fig. 2b, c). Unexpectedly, a piece of flat EM density close to
SAF312 was observed, which may represent a bound CHL molecule
(Fig. 2a-c), in line with the observation of an endogenous CHL mole-
cule binding to a similar position of TRPV2".

Considering that we added cholesteryl hemisuccinate tris salt
(CHS) during protein purification, an analogy of CHL, we could not rule
out the possibility of a CHS rather than a CHL binding to TRPV1. To
ensure whether the endogenous CHL binds to this position, we pur-
ified the protein samples without adding CHS and determined the
cryo-EM structure (hTRPVIsarsp2) (Supplementary Figs. 1d, 4). The
results showed that a similar flat EM density still existed, confirming
endogenous CHL’s binding to the TRPV1-SAF312 complex (Fig. 2d and
Supplementary Fig. 4).

SAF312 binding site in TRPV1

Our high-resolution structure defines the SAF312 binding pocket in
hTRPV1 (Fig. 3a). SAF312 resides in the VBP formed by the S3, S4, S4-S5
linker helices and TRP-helix, as well as the CHL molecule (Fig. 2b, c).
SAF312 is vertically placed in the pocket with its benzonitrile group
positioned on top of the TRP-helix and its quinazolinone group
pointing upwards (Fig. 3a). Specifically, SAF312 is surrounded by
hydrophobic interactions from Y511, S512, L515, L553, A566, and CHL,
additionally, N551, and R557 form hydrogen bonds and electrostatic
interactions with SAF312. To assess the binding mode of SAF312 in
hTRPV1, we first investigated the inhibitory effects of SAF312 on
hTRPV1 with site-directed mutations in the pocket based on alanine
scanning or the equivalent position residue of other TRPV family
members (Fig. 3b) by FLIPR. Most of these mutations resulted in lost

activity in response to capsaicin (Supplementary Fig. 5a), consistent
with the previous reports®. The inhibitory effects of SAF312 on the
single-site hTRPV1 mutants of A566S, E570Q, and R557K, which can be
activated by capsaicin, were evaluated (Supplementary Fig. 5b-d).
Among these, A566S and E570Q exhibited 7.1- and 4.5-fold lower
potency of SAF312 than that of the wild-type hTRPV1 (hTRPVI'T)
(Fig. 3¢, d). Additionally, R557K strongly attenuated the inhibitory
effect of SAF312 (Fig. 3¢, d and Supplementary Fig. 5d), supporting the
observed SAF312 binding pocket and the key interactions. We then
tested the mutations via patch-clamp recording of hTRPV1 mutant-
expressing HEKT293 cells exposed to pH 5 only or gradient SAF312
preincubation. Y511F shifted the inhibition curve toward the right, and
its ICsq value increased by 5.8-fold compared to hTRPVI"" (Fig. 3e-g).
Additionally, N551A almost eliminated the inhibitory effect of SAF312.
Conversely, T550 and T556 do not form a close interaction with
SAF312, the T550L and T556A mutations showed similar inhibition by
SAF312 to that of WT (Fig. 3h, i, g). We also tested the effects of 1uM
SAF312 on other mutants, including L553A, Y554F, A566S, and V5671.
Most of these mutants showed decreased inhibition (Supplementary
Fig. 6a-e), although some of the mutations also showed small currents
(Supplementary Fig. 6f). We further calculated the per-residue binding
energy contributing to the binding of the SAF312 within hTRPV1 by
using the molecular mechanics-generalized born surface area (MM/
GBSA) method. The results showed that the binding energy con-
tributions are consistent with the key residues identified by the com-
plex structure (Fig. 3j).

SAF312 was reported to be a TRPVI-specific antagonist'®*. To
determine the potential molecular determinants of SAF312 specificity,
we compared the sequences of the six TRPV channels around the
pocket. The sequence alignments revealed that the majority of the
residues involved in the interaction are relatively conserved, except
that S512 of TRPV1 is significantly different from Phe at the equivalent
position of all the other five TRPV channels (Fig. 3b). To assess the role
of S512 in SAF312 specificity, we generated the substituent S512F,
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Fig. 3 | SAF312 binding site in hTRPVL. a A closeup side view is shown for the
detailed interactions between hTRPV1 and SAF312. The side chains of crucial resi-
dues involved in the interaction with SAF312 are shown in the sticks. b The
sequence alignment of human TRPV channels is presented, with residues color-
coded based on sequence similarity. Highly conserved residues are shown in blue,
and less conserved residues are depicted in red. Residues that contribute to SAF312
binding and the corresponding domain are labeled. ¢, d Curve fitting (c) and ICso
(d) of SAF312 dose-dependent inhibition on different hTRPV1 mutants evoked by
3.33 UM capsaicin (n =3 for E570Q; n =4 for A566S and R557K respectively), data
are shown as mean + SD for c. e, f hTRPVI-Y511F expressing HEKT293 cells exposed
to pH 5 solution alone, pH 5 solution with 0.1 uM SAF312 following approximately
30 s preincubation with 0.1 uM SAF312, and pH 5 solution with 3 uM SAF312 fol-
lowing around 30 s preincubation with 3 uM SAF312. I-V curves were generated
from the peak currents (peakl, peak2, and peak3) at each stimulation time.

I I R A W R AN W)
SFEESLELSLE S

Residues and CHL

g SAF312 dose-dependent curves in responding to pH 5 solution for HEK293T cells
expressing hTRPVI"T (black), Y511F (blue), TS50L (orange), TS56A (green), or NSS1A
(purple) (n=4 at each concentration point). The currents at +80 mV induced by
acid (pH 5) with different concentrations of SAF312 were normalized to the current
induced by pH 5 alone (peakl). The series points were fitted with the Hill equation
except for data from N551A exhibiting a connecting curve. The best-fitted ICso
values for WT, Y511F, T550L, and T556A were 0.69 uM, 4.02 uM, 0.60 pM, and
0.86 pM, respectively. Data were shown as mean = SEM. h, i hTRPV1-T550L
expressing HEKT293 cells exposed to pH 5 solution alone, pH 5 solution with 0.1 uM
SAF312 following -30 s preincubation with 0.1 uM SAF312, and pH 5 solution with
3 uM SAF312 following around 30 s preincubation with 3 pM SAF312. I-V curves
were generated from the peak currents (peakl, peak2, and peak3) at each stimu-
lation time. j Per residues contribution for SAF312 calculated by MM/GBSA (n=3),
data were shown as mean + SD.

which is unresponsive to capsaicin or pH (Supplementary Fig. 5a),
consistent with the findings of a previous report®. We next compared
the SAF312 pocket in TRPV1 with the same regions in TRPV2" (PDB
code: 7XEM), TRPV3** (PDB code: 7XJ0), TRPV4** (PDB code: 8JU6),
TRPV5* (PDB code: 7T6M), and TRPV6* (PDB code: 7S8B). The
superpositions revealed that all the Phe residues in the other TRPV
channels clash with SAF312 (Supplementary Fig. 7). Furthermore, there
is no space for this Phe to assume an alternative rotamer to avoid the
clash. These observations strongly suggest that S512 could be the
molecular determinant of the high selectivity of SAF312 for TRPV1.

CHL contributing to the SAF312 inhibition

TRPV1 has been reported to be inhibited by CHL?*%, but no structural
information has been reported. Recently, a possible mechanism of
TRPV2 regulation by CHL has been proposed; in addition, they found
TRPV1 was not inhibited by CHL even at concentrations up to 250 pM

for the currents evoked by 2-APBY. In our 2.75-A hTRPVIgaps12 Struc-
ture, strong EM density revealed that CHL bound to TRPV1 adjacent to
SAF312 (Fig. 4a, b), forming hydrophobic interactions with SAF312,
Y511, L515, and 1573 (Fig. 4b). A superposition of hTRPVIsars1, with the
CHL-bound TRPV2 (PDB code: 7XEM) showed that the SAF312 partially
occupies the CHL site in TRPV2, thereby shifting the CHL outwards in
TRPV1 (Fig. 4¢). L515A contributed significantly to the SAF312 inhibi-
tory revealed by the whole-cell patch-clamp analysis. The patch-clamp
results showed that compared to TRPVI"", the inhibitory effect of 1uM
SAF312 on the L515A mutant was substantially decreased (Fig. 4d-f).
L515 is situated between SAF312 and CHL within distances of 3.5-4.3 A
(Fig. 4b). The per residue contribution analysis from MD simulations
indicates that L515 contributes more to CHL binding than to SAF312
(Figs. 3j, 4g). Thus, L515 might contribute to the SAF312 inhibitory by
stabilizing CHL. We also tested the effects of SAF312 on 1573A in
response to pH 5, which showed decreased inhibition (Supplementary
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Fig. 4 | CHL binding contributes to SAF312 inhibition. a, b CHL binds to the VBP
pocket, and the corresponding cryo-EM densities are shown as blue and orange
meshes. b The stick models of CHL and the side chains of its binding residues are
displayed. The side chains of crucial residues involved in the interaction with CHL
are shown in sticks and their distances to SAF312 and CHL are labeled.

c Superposition of the CHL from hTRPVIsar31> (Wheat) and TRPV2¢y, (light blue,
PDB 7XEM). The ligands partially overlap. d, e IV curves of hTRPVI"" (d) and L515A
(e) were generated from the 3 uM capsaicin-induced peak currents without (peakl,
blue) or with 1 uM SAF312 (purple). f 3 uM capsaicin-induced current with 1 pM
SAF312 at +80 mV for hTRPV1 *" and L515A was normalized to the first current of
3 UM capsaicin (peakl). Data were shown as mean + SEM from five cells. g The
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residue contribution for CHL was calculated by MM/GBSA (n = 3), data are shown as
mean = SD. h, i Representative I-V curves were obtained from pH 5-induced peak
currents without (peakl, blue) or with 1 uM SAF312 under the MBCD treatment with
different concentrations (red) 0.5 mM (h) and 5 mM (i). j Dose-dependent recovery
of MBCD on SAF312 inhibition to hTRPVI current. The membrane CHL was depleted
by different concentrations of MBCD for 15 min at 37 °C in the absence of serum
before each whole-cell patch-clamp recording. The inhibition percentage of MBCD
was calculated with I 5 541 M saF312/1 pH 5 (peaks) %. Data were shown as mean + SEM
(n=6,5,7,6,and 5 for control, 0.5, 1, 3 and 5 mM MBCD). k The RMSD of CHL with
and without SAF312 is plotted for three independent 400 ns MD simulations.

Fig. 8a-c), although this mutation also showed small currents (Sup-
plementary Fig. 8d). These results are also consistent with the per-
residue binding energy contributing to the binding of the CHL calcu-
lated by MM/GBSA (Fig. 4g). To assess better CHL’s influence on the
binding of SAF312 to hTRPV], we reduced the CHL content in the cell
membrane by employing MBCD, a strong and commonly utilized
CHL-depleting agent®. The results showed that with increased con-
centrations of MBCD (from 0.5 to 5mM), the TPRVI inhibition by
SAF312 decreased gradually (Fig. 4h-j and Supplementary Fig. 8e-g),
indicating that CHL is involved in the binding and inhibitory effect
of SAF312.

To gain insights into how SAF312 and CHL interact with hTRPV1,
we conducted all-atom MD simulations using the hTRPVIsag31» Struc-
ture with or without CHL or SAF312, respectively. During the 400 ns
MD simulation of the three independent repeats, both the SAF312 and
CHL molecules reached a steady state within the first 10 ns (Supple-
mentary Fig. 9a, b). During the parallel MD studies with/without
SAF312, CHL exhibited stability binds to the pocket with RMSD within
2 A when SAF312 was present. However, after SAF312 was removed,
CHL showed higher flexibility (Fig. 4k), indicating it can no longer
steadily stay in the binding pocket. During the parallel MD studies

with/without CHL, the RMSD values of SAF312 in TRPV1 without CHL
(1-1.5 A) are slightly higher than those of SAF312 in TRPV1 with CHL
(0.5-1A) (Supplementary Fig. 9¢, d), suggesting an increased mobility
of SAF312 in the absence of CHL. This result is consistent with our
structural observation showing that SAF312 interacts majorly with the
protein. Additionally, we observed that Y511 is very dynamic without
CHL (Supplementary Fig. 9e, f), a key residue’s reorientation toward
the vanilloid pocket correlates with ejection of the resident phospha-
tidylinositol (PI) lipid upon ligand binding'****°, suggesting that CHL
contributes to SAF312 binding. These MD results further reinforce
the tight binding of SAF312 to hTRPV1 (Supplementary Fig. 9c),
which stabilizes hTRPVI1 in the closed state and indicates that CHL can
only bind to the VBP when proper ligand exist and function as a
coregulator.

Inhibition mechanism of SAF312

In the absence of exogenous ligands, the vanilloid binding pocket of
TRPV1 was found to be occupied by a PI lipid (PDB code: 7L2P). It is
proposed that this PI lipid stabilizes the channel in its closed state in
the apo-state. However, upon binding a vanilloid agonist, the PI lipid is
displaced from the pocket, leading to channel opening and
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Fig. 5 | Inhibition mechanism of SAF312 for hTRPV1. a From top to bottom, the
VBP from hTRPVIsar31» (Wheat), the ion-conduction pore of TRPV1 calculated with
HOLE is shown as the white sphere when SAF312 ligand bond, and a closeup view
showing distances between R557 and ES70 when SAF312 bond. b From top to
bottom, the VBP from TRPV1p PDB:7L2P (gray), the ion-conduction pore of TRPV1
calculated with HOLE is shown as the white sphere when Pl bond, and a closeup
view showing distances between R557 and E570 when PI bond. ¢ From top to

Closed

bottom, the VBP from TRPVIrrxpktx PDB:SIRX(pink), the ion-conduction pore of
TRPV1 calculated with HOLE is shown as the white sphere when RTX/DKTX bond,
and closeup view showing distances between R557 and E570 when RTX/DKTX bond.
d From top to bottom, the VBP from TRPV1sp 367791 PDB:8GFA (marine), the ion-

conduction pore of TRPVI calculated with HOLE is shown as the white sphere when
SB-3667791 bond, and a closeup view showing distances between R557 and E570

when SB-3667791 bond.

activation?. Previous studies have demonstrated that the agonist
RTX binds to the vacant space left by the inositol head group. This
binding event promoted the formation of a salt bridge between R557
of the S4 helix and E570 of the S4-S5 linker (PDB code:5IRX), resulting
in the pulling of the S4-S5 linker away from the central axis. This
conformational change facilitates the opening of the lower gate®. The
validity of this mechanism is further supported by the analysis of a
capsazepine-bound structure (PDB code: 5I1S0), where the competitive
vanilloid antagonist capsazepine occupies the same hydrophobic
pocket as RTX. However, capsazepine does not facilitate the key
interaction between R557 and E570".

To reveal how SAF312 inhibits hTRPV1, we compared our SAF312-
bound TRPVI structure with the closed apo-form TRPV1 (PDB code:
7L2P) and the agonist-bound open TRPV1 (PDB code: 5IRX). The
structural comparison revealed that hTRPVIsars;, Was captured in the
closed state, with a selectivity filter and gate diameter of 4.7 and 5.2 A,
respectively (Fig. 5a), similar to the previously reported apo-form
closed structure with diameters of 4.4 and 5.0 A*. A superposition of
hTRPVI1sar31, With the apo TRPV1 (PDB code: 7L2P) revealed that only
subtle local conformational changes were observed in the S2-S4 of
VSLD, the S4 S5 linker, and the TRP_helix between the two closed
structures (Fig. 5b and Supplementary Fig 3). In addition, SAF312
partially overlaps with the ester group of PIP2; meanwhile, the CHL
overlaps with the acyl chain of PIP2 (Supplementary Fig. 3). These
findings suggest that lipids play dual roles in regulating channel gating
and small-molecule binding processes. Overlay of hTRPVIsars;, with
the RTX-bound open TRPV1 (PDB code: 5IRX) revealed marked

conformational changes in the S2-S4 of VSLD, the S4 S5 linker and the
TRP_helix (Fig. 5¢), resulting in shrinkage of the SAF312 structure at the
inner gate (Supplementary Fig. 10). In contrast to RTX, SAF312 binds
deeper in the pocket. The benzonitrile group is positioned right
between R557 and E570 (Fig. 5a). As a result, these two charged resi-
dues may form a salt bridge which has been proposed to be important
for activating TRPV1™. SAF312 might have a greater affinity than PI,
which could outcompete PI from binding to the VBP. The bound CHL
may reinforce the closed state as it is placed between the S4 and the
S4.S5 linker (Figs. 2b, c, 4b). By preventing the movement of the S4-S5
linker, the binding of SAF312 blocks the initial phase of the con-
formational transformation from a closed to an open state, thereby
keeping the channel closed. Similarly, Neuberger et al. reported that
SB-366791 binds to the vanilloid site and acts as an allosteric hTRPV1
inhibitor recently’ (Fig. 5d). Surprisingly, the superposition of the
hTRPV].SAF312 with the hTRPVlSB_366791 showed striking differences in
the binding modes of these two antagonists, as well as in the
antagonist-bound induced conformational changes (Supplementary
Fig. 11). These observations further underscore that different antago-
nists may employ different mechanisms when regulating the target
proteins.

Lipid regulation is a common feature of many TRP channel family
members. Normally, the channel binding pocket is either occupied by
endogenous lipid or displaced by agonist or antagonist®. Using the
cryo-EM approach, this study captured the SAF312-bound hTRPV1
structure in the closed state and revealed that SAF312 binds to the VBP
pocket. Combining the functional assays and MD simulations, we
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defined the key residues contributing to SAF312 binding and the
molecular determinants of SAF312 specificity. For the TRP channels,
most antagonists work independently and do not require interaction
with endogenous lipids*. This SAF312_CHL interaction pattern in the
ligand-binding site have to be paid attention to when doing optimi-
zation of SAF312*. The structural basis of SAF312-mediated inhibition
of TRPV1 also offers valuable insights into further designing ligands to
target TRPVI, facilitating the development of more effective drug
candidates targeting TRPV1L.

Methods

Plasmid constructs

The full-length cDNA of hTRPV1 (NM_018727.5) was amplified from a
HEK293 cDNA library. The gene was subsequently cloned and inserted
into two different pEG BacMam vectors. One vector was fused with a
GFP-twin-Strep tag at the C-terminus for expression, while the other
was fused with a mCherry-his tag at the C-terminus for the FLIPR assay.
All the hTRPV1 mutants were generated using site-directed mutagen-
esis, and the primer information is provided in Supplementary Data. All
the constructs used in this study were confirmed by DNA sequencing.

Calcium influx assay

HEK293T (ATCC, CRL-3216) cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (Thermo
Scientific) and 1% penicillin/streptomycin (Thermo Scientific) and see-
ded onto 96-well plates. According to the manufacturer’s instructions,
hTRPV1 and mutant plasmids were transfected using PEI at a 1:3 mass
ratio. After 12 h of culture at 37 °C with 5% CO,, the cells were loaded
with Fluo-8 AM dye (AAT Bioquest, cat. # 36316) for 40 min to 1h. The
cells were then treated with SAF312 with a 5 X gradient for 5-10 min.
Next, agonist capsaicin was added at a final concentration of 3.33 uM to
stimulate intracellular calcium influx, and Fluo-8 signals were measured
30's before and after for 10 min using the FLIPR TETRA system (Perki-
nElmer). The calcium influx fluorescence signal was analyzed by calcu-
lating the area under the curve after adding capsaicin, from the lowest
data points to 200 seconds with various concentrations of SAF312 (F),
and normalized to the signal without any antagonist (FO).

Whole-cell patch-clamp

Human wild-type TRPV1 and mutant plasmids were transfected into
HEK293T cells using Lipofectamine reagent (Invitrogen, 18324020)
and PLUS reagent (Invitrogen, 11514015). All patch-clamp recordings
were performed 26-32 h post-transfection. The pipette with a resis-
tance of 3-5MQ was used. Currents were recorded at a —60 mV
holding potential from -100 to +100 mV voltage ramp every 3s,
sampled at 10 kHz (pCLAMP), and filtered at 5kHz (Clampfit). The
standard extracellular bath solution contained 140 mM NaCl, 5mM
KCI, 2 mM CaCl,, 2 mM MgCl,, 10 mM glucose, and 10 mM HEPES, pH
7.4 adjusted with NaOH. The pH 5 bath solution contained 140 mM
NaCl, 10 mM glucose, 10 mM MES, 5 mM KCI, 2mM MgCl,, and 2 mM
CaCl,, pH 5 was adjusted with NaOH. The pipette solution contains
140 mM KCI, 5mM EGTA, and 10 mM HEPES, pH 7.4 adjusted with
KOH. Capsaicin was diluted into the standard bath solution. Fresh
SAF312 was prepared in standard or pH 5 bath solution with a 1000- to
10000-fold dilution. For membrane CHL depletion, Methyl-3-
cyclodextrin (MBCD) (MedChemExpress, HY-101461) was pre-
incubated with the transfected HEK293 T cells for 15 min at 37°C in
the absence of serum before each recording. For analysis, whole-cell
currents obtained at +80 mV were used to calculate current densities
and generate dose-dependent curves. All curves and statistics were
generated with Prism 10.

Protein expression and purification
The recombinant baculovirus was generated in insect Sf9 cells fol-
lowing the manufacturer’s protocol. P2 viruses were used to infect

HEK293F GnTI- (FreeStyle 293F cells, Gibco, USA) cells at 2 x 10%/ml
cells. To boost protein expression, 10 mM sodium butyrate was added
to the culture after 8-10 h at 37 °C. After 48 h, cells were harvested by
centrifugation at 1800xg and were subsequently frozen until further
purification.

The entire purification process was carried out at 4 °C. Cells were
resuspended in lysis buffer A (20 mM Tris, 150 mM NaCl, pH 8.0)
supplemented with protease inhibitors including 250 uM phe-
nylmethylsulfonyl fluoride (PMSF), 0.8 uM Aprotinin, 4.7 M Leu-
peptin, and 2 uM Pepstatin A. Cells were disrupted by the Dounce
homogenizer. Then membrane debris was collected through ultra-
centrifugation for 1 h (Beckman, Ti32 rotor, 100,000 x g). The mem-
brane fraction was homogenized and resuspended in buffer A
supplemented with 1% (w/v) dodecyl-B-p-maltopyranoside (DDM)
(Jiejing Tech Inc., China) plus 0.2% CHS (Anatrace, USA) and was slowly
agitated for 2h. The supernatant was collected through another
40 min ultracentrifugation and passed through a 0.22-um filter before
loading onto the gravitate column packed with Streptactin Beads
(Smart-Lifesciences, China). The resin was then washed with ten col-
umn volumes of buffer A supplemented with 0.06% (w/v) GDN (Ana-
trace, USA). Protein was eluted with buffer A containing 0.06% (w/v)
GDN and 5mM desthiobiotin (Sigma, USA). The eluted sample was
concentrated and loaded onto a Superose 6 column (GE Healthcare,
USA) equilibrated with buffer A plus 0.007% (w/v) GDN. Peak fractions
corresponding to the tetrameric hTRPV1 were pooled and con-
centrated to ~-10 mg/ml for cryo-EM sample preparation. The pur-
ification processes were supplemented with 10 pM SAF312 and an
additional 100 uM SAF312 was added to the final concentrated protein
sample. For the hTRPVIsars12.5, the expression and purification meth-
ods are similar, except for the membrane extraction step, only DDM
was used.

Cryo-EM grid preparation and data collection

A droplet of 3ul of hTRPVI samples was applied onto a glow-
discharged gold grid (Quantifoil R1.2/1.3, Germany). The grid was then
blotted for 2.0-4.0 s at 4 °C and 100% humidity using a Vitrobot Mark
IV (Thermo Fisher Scientific, USA), and flash-frozen with liquid ethane
cooled by liquid nitrogen. Cryo-EM data were collected on an FEI Titan
Krios (Thermo Fisher Scientific, USA) electron microscope operating
at an acceleration voltage of 300 kV using a K2 or K3 Summit direct
electron detector positioned after a GIF quantum energy filter (Gatan,
USA). Raw movies were automatically acquired in super-resolution
mode with a physical pixel size of 1.04 A for the K2 detector utilizing
SerialEM** and 0.85 A for the K3 detector using EPU* software. Each
movie stack was recorded for 6.4 s fractionated into 32 frames with a
total accumulated dose of -60 e/A2 A total of 2521 movie stacks were
collected for hTRPVIsars1> and 1322 movie stacks for hTRPVIgag3i2.2.

Image processing

All the movie stacks were motion-corrected, binned twofold, and dose-
weighted using MotionCorr2*. Defocus values of the resulting sum-
med micrographs were estimated with Getf*”. Template particle pick-
ing, 2D and 3D classification, particle polishing, and CTF refinement
were carried out in Relion3?®. The final best class for hTRPVIgag31, and
hTRPVIsap312-2 containing 239,934 and 183,350 particles was imported
in cryoSPARC® and was refined to 2.75 and 2.55 A. Detailed data pro-
cessing diagrams were presented in Supplementary Figs. 2, 4.

Model building

The structure of TRPV1 (PDB code: 7L2P) was fitted in the cryo-EM
density map of hTRPVIgarsp, using Chimera*®. For the structure of
hTRPVlSAF312.2, the hTRPVlSAF312 was used as the initial model. The
fitted models were manually inspected and corrected in COOT* and
subsequently refined in real space using Phenix*’. Statistics for cryo-
EM data collection and model refinement are summarized in
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Supplementary Table 1. All figures were prepared with PyMOL
(Schrodinger, LLC)* and ChimeraX*.

MD simulation

The bilayer membrane system with protein complexs were prepared
using the CHARMM-GUI®. The hTRPVISAF312-CHL complex and the
hTRPV1-CHL complex (SAF312 manually deleted) was merged into the
POPC bilayer membrane containing 10% CHL, respectively.
The hTRPVISAF312 complex (CHL manually deleted) was merged into
the POPC bilayer membrane. All systems were solvated in water with
150 mM NaCl. We used the Amber ff19SB force field for the protein, the
TIP3P force field for the waters, the Lipid21 parameter for POPC and
CHL in the bilayer membrane, and the gaff2 parameter for ligands and
CHL in the complex. The simulation was done by Amber20 and
AmberTools21*. Using the particle mesh Ewald method with periodic
boundary conditions to model long-range electrostatic effects. A 9 A
cutoff was applied to Lennard-Jones and electrostatic interactions.
SHAKE algorithm was used to constrain the bonds containing hydro-
gen. For each system, three independent simulations were performed
in the following steps: (1) Minimization was performed without the
SHAKE algorithm with a maximum cycle of 10,000 and with the stee-
pest decent algorithm for the first 5000 cycles. Position restraints of
5kcal mol™ A were applied on the protein and the ligand. (2) Mini-
mization was performed without the SHAKE algorithm with a max-
imum cycle of 10,000 and with the steepest decent algorithm for the
first 5000 cycles. (3) The temperature was increased to 310K in 1ns
with a periodic boundary for constant volume by Langevin dynamics
with a collision frequency of 2 ps™. (4) 1ns density equilibrium with a
periodic boundary for constant pressure was performed, and
Berendsen’s coupling was used to maintain the system’s pressure at
1 bar with semi-isotropic pressure scaling. (5) A 400 ns production with
a periodic boundary for constant pressure and with a constant tem-
perature of 310 K was performed with. Binding affinities and the per-
residue contributions were calculated by the MM/GBSA method. The
MMPBSA.py in the AmberTools21 suite was used. For each trajectory,
100 frames from the 400 ns production run were used for MM/GBSA
calculation. The final binding affinity was obtained by taking the
average of the three independent trajectories. VMD1.9.3* was used to
align the protein’s backbone and the cpptraj module in AmberTools21
was used to calculate the b-factor of each residue in the trajectory.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
authors upon request. The cryo-EM maps for hTRPVlsars;, and
hTRPVIsar312., have been deposited in the Electron Microscopy Data
Bank (EMDB) under accession codes EMD-36577 and EMD-38161. The
atomic coordinates for hTRPVIsar3; and hTRPVIgarsn» have been
deposited in the protein data bank (PDB) under accession codes 8JQR
and 8X94. The PDB accession codes for the published structures used
in this study are 5IRX, 5IS0, 7L2P, 7S8B, 7T6M, 7XEM, 7XJ0O, 8GFA, and
8JU6. Molecular Dynamics simulation parameters, initial and final tra-
jectories as well as system set up are supplied as Supplementary Data 1
in a zip folder. Source data are provided with this paper.
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