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Abstract

Allosteric regulation of protein activity by chemical stimuli has been extensively investigated, whereas
the effects of physical stimuli remain comparatively poorly understood. In this computational study, a
highly sensitive thermoring energetic model was employed to analyze the three-dimensional structures
of homotetrameric, thermosensitive transient receptor potential vanilloid 2 (TRPV2) channels following a
species-specific residue swap near the central lower gate in rat and human TRPV2. In the rat TRPV2
triple mutant, the swap-induced symmetry breaking partially disrupted the interfacial swapping m bridges
between the S4-S5 linker and S5’ near the central lower gate. It also altered the location of the superficial
weakest tertiary noncovalent bridge and shifted the corresponding melting threshold for heat activation.
In contrast, the equivalent residue swap in human TRPV2 preserved C4-fold symmetry, the identity of the
superficial weakest bridge and its corresponding melting threshold for heat activation, as well as the
interfacial swapping 1 bridges. Notably, the residue swap in human TRPV2 simultaneously weakened the
weakest and swapping bridges, thereby enhancing heat-evoked activity while lowering the heat-
activation threshold. Taken together, these findings suggest that when the superficial weakest bridges
function as putative heat sensors, C4-fold symmetry is essential for their allosteric gating coupling to the
interfacial swapping m bridges. (202 words)

introduction

Allosteric regulation of protein activity through genetic or chemical perturbations has been extensively
investigated, both experimentally and theoretically (1-13). In contrast, the mechanisms by which
physical perturbations, such as heat or cold, regulate protein function have remained considerably less
understood, particularly before the identification of the homotetrameric, thermosensitive transient
receptor potential vanilloid 1 (TRPV1) channel was identified in 1997 (14).

The thermosensitive TRPV1-4 channels share a highly conserved structural motif, Y, R/K, ;14, that forms

interfacial swapping bridges between the S4-S5 linker and S5’ near the central lower gate, thereby
locking the channels in their closed state (15-22). These channels also exhibit distinct heat activation
thresholds: 25-35 C for TRPV4, 32-49°C for TRPV3, 42°C for TRPV1 and 52°C for TRPV2 (14, 23-31).
Recent thermoring energetic analyses of their cryo electron microscopy (cryo-EM) structures have
identified a specific weakest tertiary noncovalent bridge in each of TRPV1, TRPV3 or TRPV4, whose
melting threshold closely matches the corresponding heat-activation threshold. These findings suggest
that the weakest bridge in each channel may serve as a putative heat sensor (19-22, 32).

Notably, in the closed state, these weakest bridges are located on the protein surface, spatially distant
from the interfacial swapping Y,-R'/K’ 414 Tt bridges. Upon channel opening, the superficial weakest

bridges are disrupted concomitantly with the breaking of swapping Y,-R'/K’ .1, Tt bridges (16, 21-22).

Based on these structural and energetic relationships, the superficial weakest bridges have been
proposed to allosterically couple with the interfacial swapping 1t bridges near the central lower gates,
thereby mediating heat activation of TRPV1, TRPV3 and TRPV4 channels (21-22).

Page 2/23



On the other hand, rat TRPV2 (rTRPV2) has at least three superficial weakest tertiary bridges with
melting thresholds that match its relatively high heat-activation threshold of approximately 48—-55°C
(28-34). Because capturing the open state at such elevated temperatures remains challenging, it is still
unknown which of these weakest bridges is allosterically coupled to the interfacial swapping m bridges.
Given the reversible nature of signaling transduction between an allosteric regulatory site and a distant
effect site (35), it is reasonable to expect that perturbations of the interfacial swapping m-bridges may
reciprocally affect the superficial weakest bridges. Consistent with this possibility, disrupting the
swapping Y575-K589’ bridge near the central lower gate by a phosphatidylcholine (PC) lipid is
accompanied by the broken weakest E467-K545 bridge in the inactivated state of oxidized human TRPV3
(hTRPV3) (PDB ID: 8GKA) (36). Similarly, both the weakest P494/Y498-Y563 bridges and the swapping
Y598-R612’ bridges are disconnected in an inactivated state of amphibian TRPV4 (16, 21, 37). Therefore,
it is hypothesized that a genetic perturbation near the central lower gate of TRPV2 may provide a means
of investigating the allosteric coupling between the superficial weakest tertiary bridges and the
interfacial swapping m-bridges.

To test this hypothesis, three-dimensional cryo-EM structures of rTRPV2 and human TRPV2 (hTRPV2)
containing species-specific residue swaps at the TRP/S6 interface were analyzed using a highly
sensitive thermoring energetic model (38). The results revealed that the interfacial swap in the
rTRPV2gp triple mutant induced symmetric break, accompanied by relocation of the superficial weakest
bridge with a matched melting threshold and partial disruption of the interfacial swapping bridge
between the S4-S5 linker and S5'in the C2-symmetric subunits. In contrast, the corresponding interfacial
swap in the hTRPV2,p triple mutant preserved C4-fold symmetry, the location of the superficial
weakest bridge with its matched melting threshold, and the integrity of the interfacial swapping bridges.
Notably, genetic perturbation near the central lower gate simultaneously weakened both the superficial
weakest and interfacial swapping bridges, accompanied by enhanced channel activity and a reduced
heat-activation threshold. Taken together, these findings support the hypothesis that the superficial
weakest bridges and interfacial swapping bridges are allosterically coupled during heat activation of
hTRPV2 and that the C4-fold symmetry is essential for maintaining this coupling. Finally, the interplay
between allosteric regulation by physical and chemical stimuli is discussed.

Results

A genetic perturbation near the central lower gate relocates the superficial weakest noncovalent bridge
in asymmetric rTRPV2 g1p

When the segement ®>THVADN®®® in rTRPV2 was replaced with the corrrsponding ©°'SVATD®>%0f
hTRPV2, the resulting rTRPV2grp mutant exhibited structural asymmetry (38). In the absence of

phosphatidylethanolamine (PE) at the active vanilloid-binding site in the diagonal subunit B/D,
thermoring analysis along the same PE-dependent minimal gating pathway from V254 to P726 revealed
an increase in the total number of tertiary noncovalent bridges from 107 to 143, accompanied by a
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decrease in the total number of grid sizes from 118 to 67 (Fig. 1A; Table S1). Consequently, the dynamic
systematic thermal instability (T;) decreased from 1.10 to 0.48 (Table 1) (32).

Table 1

Comparison of genetic perturbation-induced energetic and structural changes in the TRPV2 thermoring
along the PE-dependent minimal gating pathway, spanning from V254-P726 in rTRPV2 or V253-P725 in

hTRPV2. The comparative parameters are highlighted in bold.

Construct rTRPV2-g1p rTRPV2-g1p hTRPV2 hTRPV2-sn
PDB ID 111D 111D 11HZ 111A
Subunit A/C B/D A/B/C/D A/B/C/D
Lipid in the VSLD PE PE CHL CHL
Lipid at the active vanilloid site PE Free PE PE
Lipid environment MSP2N2 MSP2N2 MSP2N2 MSP2N2
Sampling temperature, °C 4 4 4 4
Gating state Inactivated Inactivated Inactivated Inactivated
# of the biggest Grids Grid, Grids Gridg Grid;
grid size (s) 4 5 8 7
The weakest bridge Y471-PE- F407-1441 Q412-H436 Q412-H436
Q530

# of basic H-bonds (n) in stability 2.0 1.3 2.3 1.8
equivalent to the weakest
noncovalent bridge
Intensity of swapping bridge at Broken Y525-  Y525-R539’ H519-R537-  H519-R537"-
the S4-S5 linker/S5’ bridge R539’ (1.4) Y523 Y523
(kcal/mol)

(2-4) (1.5)
(To;tal non-covalent interactions 141 143 121 129

N

Total grid sizes (S), a.a 72 67 86 83
Systemic thermal instability (T;) 0.51 0.48 0.71 0.64
Calculated Ty, “CatE=1 66 57 61 58
kcal/mol
Measured Ty, °C 58 61 58
Refs for Ty, 38 38 38

Figures and legends

Page 4/23




Among these tertiary bridges, the weakest F407-1441 bridge was located in the voltage-sensor like
domain (VSLD) and controlled by the biggest Grids via a thermoring extending from F407 through F405,
V409, Y412, H413, Q414, H438 and 1441 before returning to F407 (Fig. 1B-C). Because this bridge had an
energy equivalent to 1.3 basic H-bonds (1.3 kcal/mol), its calculated melting-temperature threshold
(Tmn) of 57°C closely matched the experimentally determined heat-activation threshold of 58°C

(Table 1) (38). Notably, this weakest bridge differed from the weakest superficial bridges, K300-N354,
S486-Y497 and L555-Y590, identified in close state 3 of native rTRPV2 (32). These findings indicate that
the genetic perturbation near the central lower gate relocates the superficial weakest bridge associated
with heat activation.

Notably, compared with the third closed state of native rTRPV2, the genetic perturbation near the central
lower gate disrupted the interfacial swapping H521-R539’, Y525-N639’ and F612-L594 nt bridges in the
absence of PE at the vanilloid-binding site. In contrast, the swapping Y412-R560°, W509-F549’, Y525-
R539' and F618'-W496/P499 t interactions were preserved (Fig. 1D) (32).

In contrast, in the presence of PE at the vanilloid-binding site in the diagonal subunit A/C, thermoring
analysis along the same PE-dependent minmal gating pathway revealed a slight decrease in the total
number of tertiary noncovalent interactions from 143 to 141, accompanied by an increase in the total
number of grid sizes from 67 to 72 (Fig. 2A, Table S2). Consequently, the dynamic systematic thermal
instability (T;) increased slightly from 0.48 to 0.51 (Table 1). Under this condition, the Y471-PE-Q530
bridge became the weakest and was governed by the biggest Grid, through a thermoring extending from
Y471 through F472,Y514,Y515,R517, W660, H521, S526, Q530 and PE before returning to Y471

(Fig. 2B-C). Because the energy of this bridge was equivalent to that of 2 basic H-bonds (2 kcal/mol), its
calculated melting-temperature threshold (T,4,) was 66°C, deviating from the experimentally determined
heat-activation threshold of 58°C (Table 1) (32).

More importantly, the presence of PE at the vanilloid-binding site disrupted not only the P499-F618’ t
bridge but also the Y525-R539’ it bridge at the interface between the S4-S5 linker and S5’ (Fig. 2D). Given
that chemical perturbation of the swapping H521-R539’-Y525-N639’ bridges near the central lower gate
by 2-aminoethoxydiphenyl borate (2-APB) inactivates the rTRPV2 channel (39), these findings suggest
that PE binding may further destabilize the interfacial swapping interactions, potentially resulting in
partial inactivation of the asymmetric rTRPV2gp, mutant channel.

A genetic perturbation near the central lower gate preserves the superficial weakest noncovalent
bridge in symmetric hTRPV2 py

For the symmetric, native homotetrameric hTRPV2 channel, cholesterol (CHL) is located in each VSLD,
whereas PE occupies the vanilloid-binding site (38). Along the same PE-dependent minimal gating
pathway from V253 to P725, a total of 121 tertiary noncovalent bridges formed a systematic fluidic, grid-
like mesh network comprising 86 grid sizes (Fig. 3A; Table S3). Accordingly, the dynamic systematic
thermal instability (T;) of 0.71 was higher than that of rTRPV24yp (Table 1).
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Furthermore, the superficial weakest Q412-H436 bridge was located in the VSLD and governed by the
biggest Gridg via a thermoring extending from Q477 through Q485, H436, Q412, H411, A407, T406, W507
and N509 before returning to Q477 (Fig. 3B-C). This bridge contained two H-bonds between Q412 and
H436 and had an energetic equivalent of 2.3 basic H-bonds (2.3 kcal/mol). Accordingly, its calculated
melting-temperature threshold (T ,,) of 61°C exactly matched the experimentally determined heat-
activation threshold of 61°C (Table 1) (38).

Because the K299-N352 bridge (corresponding to K300-N354 in rTRPV2) was absent, the native hTRPV2
channel was in an inactivated state (40). Compared with rTRPV2gp, the hTRPV2 channel lacked the
swapping Y410-Q558’ bridge (corresponding to Y412-R560’ in rTRPV247p) but exhibited an additional
H519-R537’ t bridge (corresponding to H521-R539’ in rTRPV247p) near the PE lipid at the vanilloid-
binding site (Fig. 3D). Accordingly, if the superficial weakest Q412-H436 bridge is allosterically coupled
to the interfacial swapping H519-R537°-Y523 bridges near the central lower gate, a genetic perturbation
in this swapping region would be expected to preserve the location of the superficial weakest bridge,
although its melting-temperature threshold (T ,,) could change.

To test this expectation, the three-dimensional cryo-EM structure of hTRPV2,p\ Was further analyzed.

Following the repalcement of ®°'SVATD®° with the corresponding ®>"HVADN®°® segment from rTRPV2
along the same PE-dependent minimal gating pathway from V253 to P725, the total numbers of tertiary
noncovalent bridges and grid sizes changed from 121 and 86 to 129 and 83, respectively (Fig. 4A; Table
S4). Consequently, the calculated dynamic systematic thermal instability (T;) decreased from 0.71 to

0.64 (Table 1).

Most notably, the superfical Q412-H436 bridge in the VSLD remained the weakest but was then governed
by the biggest Grid; via a thermoring extending from 1439 through H436, Q412, T406, W507, M402 and
Y401 before returning to 1439 (Fig. 4B-C). Although the superficial Q412-H436 bridge contained only one
H-bond, its energetic equivalent was 1.8 basic H-bonds (1.8 kcal/mol). Accordingly, its calculated
melting-temperature threshold (T ,,) of 58°C exactly matched the experimentally determined heat-
activation threshold of 58°C (Table 1).

Furthermore, the CHL lipid remained anchored by Y476, Y512 and W676 (Fig. 4A), while the interfacial
swapping bridges near the PE lipid were preserved, although the interfacial swapping H519-R537°-Y523
bridges were also weakened (Fig. 4D; Table 1). Notably, the simultaneous weakening of the weakest
Q412-H436 bridge and the interfacial swapping bridges in in hTRPV2,,\ Wwas accompanied by a lower
heat-activation threshold and enhanced heat-evoked activity (Table 1) (38). Collectively, these findings
support the proposed allosteric coupling between the superficial weakest Q412—-H436 bridge and the
interfacial swapping H519-R537'-Y523 bridges near the central lower gate during heat activation of the
hTRPV2 channel.

Discussion

Page 6/23



Allosteric gating coupling has been extensively investigated in ligand-gated ion channels. In contrast,
considerably less is known about the mechanisms of allosteric gating coupling in thermally gated ion
channels. In this computational study, thermoring-mediated allosteric gating coupling was investigated
in the thermosensitive TRPV2 channel. Notably, when compared with the ligand-activated CFTR channel,
heat-evoked activation of TRPV2 also exhibited similar allosteric features, provided that the C4
symmetry was preserved.

Physical and chemical stimuli share similar allosteric regulatory
mechanisms

Our previous studies demonstrated that genetic perturbations near the pseudosymmetry axis of two
flexible transmembrane domains (TMDs) can allosterically regulate cystic fibrosis transmembrane
conductance regulator (CFTR) channel activity in response to ATP and protein kinase A (PKA) (41-42).
In the absence of such perturbations, the CFTR channel is stabilized in a closed state by the insertion of
the regulatory (R) domain between TMD1 and TMD2, as well as between nucleotide binding domains 1
and 2 (NBD1 and NBD2) (43). PKA-mediated phosphorylation of the R domain releases this inhibitory
constraint, thereby allowing the ATP-dependent dimerization of NBD1 and NBD2. This dimerization, in
turn, allosterically strengthens the interaction between TMD1 and TMD2 and promotes the specific
engagement of the dynamically phosphorylated S813 site with the TMD1/TMD2/NBD1 interfaces,
collectively facilitating channel opening (44-46).

Alternatively, genetic perturbations, such as the K978C or P355A/S/F mutation at the base of
transmembrane helix 9 or 6 (TM9 or TM6), respectively, located near the pseudosymmetry axis in the
outer collar or pore region, can also strengthen the TMD1-TMD2 interaction (41-42, 45. This enhanced
interaction facilitates R domain release and subsequent NBD1-NBD2 dimerization, ultimately promoting
channel opening (47). Consequently, the K978C or P355A/S/F mutant exhibits greater sensitivity to ATP
and PKA than the wild-type CFTR channel (41-42).

Similarly, the hTRPV2 channel is stabilized in a closed state at the physiological body temperature of
37°C by strong interfacial swapping H519-R537°-Y523 1t bridges (Fig. 3D) (28, 29, 38, 48—52). When the
temperature rises above the heat activation threshold of 61°C, thermal destabilization of the superficial
weakest Q412-H438 bridge may disrupt the interfacial swapping bridges at the S4-S5 linker/S5’
interface, thereby promoting channel opening. However, when the residue swap at the TRP/S6 interface
between hTRPV2 and rTRPV2 weakened the nearby interfacial swapping bridges, the superficial weakest
Q412-H438 bridge was also allosterically destabilized. As a result, the hTRPV2,,\ mutant can be
activated at temperatures below 61°C, accompanied by enhanced heat-evoked channel activity (Fig. 5)
(38).

Symmetry is essential for thermoring-driven allosteric gating
coupling
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CFTR is a monomeric protein with a pseudosymmetric topology between TMD1 and TMD2, as well as
between NBD1 and NBD2 (43-44). Consequently, genetic mutations near the pseudosymmetry axis can
allosterically regulate channel activity while preserving the ATP and PKA sites (46-47). In contrast,
TRPV2 is a homotetrameric channel with C4-fold symmetry. This present study demonstrates that, when
C4-fold symmetry is preserved in the hTRPV2,p\ mutant, the superficial weakest Q412-H436 bridge
remains in the same location and is associated with the interfacial swapping H519-R537°-Y523 bridges
(Figs. 3—5). In contrast, the weakest bridge in the rTRPV2gyp, triple mutant is relocated following
disruption of C4-fold symmetry (Figs. 1 & 2; Table 1). Taken together, these findings suggest that C4-fold
symmetry is essential for maintaining the normal structural organization required for thermoring-driven
allosteric gating coupling in TRPV2. Further studies involving similar genetic perturbations near the
central lower gate are necessary to further examine the proposed allosteric coupling between the
superficial weakest bridge and the interfacial swapping bridge at the S4-S5 linker/S5' interface in other
thermosensitive TRP channels, including TRPV1, TRPV3, and TRPVA4.

Interplay between allosteric regulation by physical and chemical
stimuli

Gain-of-function (GOF) mutations have been extensively reported in ion channels, with some exhibiting
constitutive activity in the absence of agonist, even at room temperature. Examples include the F640L
mutation in rTRPV1 (53), as well as the R416Q/W, W521S, L655P, W692S/G, L694P, G568D/V/C, L673F
and G573A/V/S/C Olmsted syndrome mutations in hTRPV3 (54-59). Given that the weakened interfacial
swapping H519-R537°-Y523 bridges in hTRPV2,,p\ may also facilitate 2-APB binding, it is plausible that

the mutant exhibits greater sensitivity to 2-APB than wild-type hTRPV2 (38).

In this context, constitutively active mutations as mentioned above in TRPV1 or TRPV3 may also alter
temperature sensitivity. Further studies are needed to determine whether these mutations allosterically
weakens both the interfacial swapping 1 bridges near the central lower gate and the superficial weakest
tertiary bridges, thereby lowering the activation threshold and enhancing channel activity.

Conclusions

Allosteric mechanisms of protein activation by ligands have been extensively investigated. Although
ligand binding shifts the equilibrium between inactive and active states, ligand-induced activation is not
the only means of regulating protein function, as physical stimuli, such as temperature, can also drive
protein activation above specific thermal thresholds. The thermosensitive hTRPV2 channel provides an
illustrative example. Compared to rodent orthologs, wild-type hTRPV2 exhibits little or no activation
below 61°C or in response to low concentrations of 2-APB at room temperature. However, a species-
specific residue swap at the TRP/S6 interface between hTRPV2 and rTRPV2 renders the hTRPV2,,p
mutant more sensitive to 2-APB and capable of heat activation at temperatures below 61°C but above
58°C.
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The present computational study further reveals that allosteric gating coupling between the superficial
weakest Q412-H436 bridges and the interfacial swapping H519-R537°-Y523 bridges near the central
lower gate in the symmetric homotetrameric channel plays an important role in regulating hTRPV2
activity in response to both chemical (2-APB) and physical (heat) stimuli. Taken together, these findings
provide a thermodynamic framework for understanding how structural symmetry and thermoring-
mediated allosteric coupling contribute to the regulation of protein activity by chemical and physical
stimuli.

Methods
Cryo-EM structures used

Three full-length, three-dimensional cryo-EM structures of apo TRPV2 channels in the inactivated state
were analyzed to investigate the allosteric gating coupling between the superficial weakest tertiary
noncovalent bridge and the interfacial swapping bridges near the central lower gate. These structures
included rTRPV2grp, wild type hTRPV2 and hTRPV2,,py (PDB IDs: 111D, 11HZ and 111A, with resolutions
of 2.95 A; 3.36 A and 2.8 A, respectively). The channels were purified in decyl maltose neopentyl glycol
(DMNG) detergent and subsequently reconstituted in membrane scaffold protein 2N2 (MSP2N2)
nanodiscs at pH 8 and 4°C (38).

Detecting and filtering tertiary noncovalent interactions

Along the same polypeptide chain, spanning residues from V254 to P726 in rTRPV2g7p or from V253 to
P725in hTRPV2 and hTRPV2,,py (32, 38), pairs of tertiary noncovalent bridges were identified and
sampled using UCSF Chimera according to the same stringent and consistent criteria established in
previous studies (19-22, 32, 40, 46, 60—-68). After excluding transient fluctuation-induced perturbations,
the filtering parameters used to identify these tertiary bridges were applied consistently and detailed in
the online Supporting Information (Tables S1-S4).

Mapping tertiary thermoring energetic structures using the
grid thermodynamic model

In this study, the same simple yet highly sensitive energy network model as described in the previous
studies was applied to investigate the thermoring-driven allosteric gating coupling in TRPV2. Briefly,
when tertiary noncovalent interactions formed a systematic, fluidic, grid-like mesh network, the network
can be mathematically constrained into thermoring structure within individual subunits using Graph
theory and the Floyd—Warshall algorithm (69). Each thermoring resembled a DNA hairpin thermosensor
and was characterized by a closed topological loop (70). Specifically, the loop began at one end of a
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particular tertiary noncovalent bridge, followed the shortest path through adjacent polypeptide segments
and/or other tertiary noncovalent bridges, and terminated at the opposite end of the same bridge.

The length of this shortest path, defined as the loop or grid size, was generally determined by the
minimum number of free amino acid residues whose side chains do not involve tertiary noncovalent
interactions. Because grid size influences the unfolding or melting temperature of each closed loop, or
thermoring, this framework generates an energetic landscape that enables the local stability of individual
thermorings to be evaluated and ranked according to their grid sizes, from biggest to smallest. Through
this analysis, the weakest tertiary noncovalent bridge can be identified as a potential allosteric
thermosensor that initiates global protein conformational changes when the temperature exceeds its
corresponding melting-temperature threshold (T, ,) (19-22, 32, 40, 46, 60-68).

Calculating the dynamic systematic thermal instability

The dynamic systematic thermal instability (T;) was determined based on the following expression, as
previously validated and tested in earlier studies (19-22, 32, 40, 46, 60-68):

T.= S/N (1)

where, N and S represent the total numbers of tertiary noncovalent interactions and grid sizes along the
same polypeptide chain, respectively.

Calculating the melting temperature threshold for heat
unfolding

The melting temperature threshold (T, ,) for thermal unfolding of the least-stable noncovalent
interaction within a specific grid at a physiological salt concentration of 150 mM NaCl was estimated
using the following equation as previously described (19-22, 32, 40, 46, 60—-68):

Thth °C) =34+ (n-2)x10+ (20 - s) x 2 (2)

where, n represents the total number of basic H-bonds (approximately 1 kcal/mol each in a hydrophilic
environment) that are energetically equivalent to the weakest noncovalent bridge governed by the
corresponding grid, and s represents the size of the grid controlling the weakest tertiary bridge.
According to this relationship, the static thermal stability of a grid increases either as the grid size
decreases or as the number of energetically equivalent basic H-bonds increases.

Abbreviations

2-APB, 2-aminoethoxydiphenyl borate
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CFTR, cystic fibrosis transmembrane conductance regulator
CHL, cholesterol

cryo-EM, cryo electron microscopy
DMNG, decyl maltose neopentyl glycol
GOF, Gain-of-function

MSP2N2, membrane scaffold protein 2N2
nucleotide binding domain (NBD)

PE, phosphatidylethanolamine

PC, phosphatidylcholine

PKA, protein kinase A

R, regulatory

T, systematic thermal instability

T th Melting temperature threshold
TRP, transient receptor potential

TRPV, TRP vanilloid

TRPVi (i=1, 2, 3, 4)

TMD, transmembrane domain

TM, transmembrane helix

hTRPV2, human TRPV2

hTRPV3, human TRPV3

rTRPV2, rat TRPV2

VSLD, voltage-sensor-like domain
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Figure 1

Thermoring structures of 1-PE bound closed rTRPV2gyp subunit at low temperature.

(A) Grid-like mesh network of noncovalent interactions along the PE-dependent minimal gating pathway
within a single subunit B/D of 1-PE-bound closed rTRPV24p, reconstituted in a DMNG/MSP2N2

nanodisc at pH 8 and 4 °C (PDB: 11ID). The same color scheme for residues and arrows is used
throughout for ease of identification. Salt bridges, p interactions, and H-bonds between paired amino
acid side chains along the PE-dependent minimal gating pathway from V254 to P726 are represented by
purple, green, and orange lines, respectively. The specific constrained grid sizes necessary to regulate
the least-stable noncovalent interactions within each grid are indicated with black numbers. The
identified least-stable F407-1441 bridge within the biggest Grids is highlighted in orange. The total grid
sizes and the total number of grid size-controlled noncovalent interactions along the PE-dependent
minimal gating pathway are indicated in cyan and black circles, respectively. (B) Structure of the biggest
Grids with a 5-residue size to regulate the weakest F407-1441 bridge in the VSLD. (C) Amino acid
sequence of the biggest Grids to control the weakest F407-1441 bridge highlighted in the blue box. (D)
Swapped interactions at the VSLD/PD'/S4-S5 linker interfaces near the PE binding site and upper and
lower gates in the 1-PE bound closed state.
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Figure 2

Thermoring structures of 2-PE bound inactivated rTRPV2gyp subunit at low temperature.

(A) Grid-like mesh network of noncovalent interactions along the PE-dependent minimal gating pathway
within a single subunit A/C of 2-PE-bound inactivated rTRPV2g4yp reconstituted in a DMNG/MSP2N2
nanodisc at pH 8 and 4 °C (PDB: 11ID). The same color scheme for residues and arrows is used
throughout for ease of identification. Salt bridges, p interactions, and H-bonds between paired amino
acid side chains along the PE-dependent minimal gating pathway from V254 to P726 are represented by
purple, green, and orange lines, respectively. The specific constrained grid sizes necessary to regulate
the least-stable noncovalent interactions within each grid are indicated with black numbers. The
identified least-stable Y471-PE-Q530 bridge within the biggest Grid, is highlighted in orange. The total
grid sizes and the total number of grid size-controlled noncovalent interactions along the PE-dependent
minimal gating pathway are indicated in cyan and black circles, respectively. (B) Structure of the biggest
Grid, with a 4-residue size to regulate the weakest Y471-PE-Q530 bridge at the internal S4/S4-S5 linker
interface. (C) Amino acid sequence of the biggest Grid, to control the weakest Y471-PE-Q530 bridge
highlighted in the blue box. (D) Swapped interactions at the VSLD/PD’/S4-S5 linker interfaces near the
PE binding site and upper and lower gates in the 2-PE bound closed state.
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Thermoring structures of 1-PE bound inactivated hTRPV2 at low temperature.

(A) Grid-like mesh network of noncovalent interactions along the PE-dependent minimal gating pathway
within a single subunit of 1-PE-bound inactivated hTRPV2 reconstituted in a DMNG/MSP2N2 nanodisc at
pH 8 and 4 °C (PDB: 11HZ). The same color scheme for residues and arrows is used throughout for
ease of identification. Salt bridges, p interactions, and H-bonds between paired amino acid side chains
along the PE-dependent minimal gating pathway from V253 to P725 are represented by purple, green,
and orange lines, respectively. The specific constrained grid sizes necessary to regulate the least-stable
noncovalent interactions within each grid are indicated with black numbers. The identified least-stable
Q412-H436 bridge within the biggest Gridg is highlighted in orange. The total grid sizes and the total
number of grid size-controlled noncovalent interactions along the PE-dependent minimal gating pathway
are indicated in cyan and black circles, respectively. The inset is the CHL binding site. (B) Structure of the
biggest Gridg with an 8-residue size to regulate the weakest Q412-H436 bridge in the VSLD. (C) Amino

acid sequence of the biggest Gridg to control the weakest Q412-H436 bridge highlighted in the blue box.

(D) Swapped interactions at the VSLD/PD’/S4-S5 linker interfaces near the PE binding site and upper and
lower gates in the 1-PE bound inactivated state.
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Figure 4

Thermoring structures of 1-PE bound inactivated hTRPV2,,, at low temperature.

(A) Grid-like mesh network of noncovalent interactions along the PE-dependent minimal gating pathway
within a single subunit of 1-PE-bound inactivated hTRPV2,,p\ reconstituted in a DMNG/MSP2N2

nanodisc at pH 8 and 4 °C (PDB: 11IA). The same color scheme for residues and arrows is used
throughout for ease of identification. Salt bridges, p interactions, and H-bonds between paired amino
acid side chains along the PE-dependent minimal gating pathway from V253 to P725 are represented by
purple, green, and orange lines, respectively. The specific constrained grid sizes necessary to regulate
the least-stable noncovalent interactions within each grid are indicated with black numbers. The
identified least-stable Q412-H436 bridge within the biggest Grid; is highlighted in orange. The total grid
sizes and the total number of grid size-controlled noncovalent interactions along the PE-dependent
minimal gating pathway are indicated in cyan and black circles, respectively. The inset is the CHL binding
site. (B) Structure of the biggest Grid, with a 7-residue size to regulate the weakest Q412-H436 bridge in
the VSLD. (C) Amino acid sequence of the biggest Grid; to control the weakest Q412-H436 bridge
highlighted in the blue box. (D) Swapped interactions at the VSLD/PD’/S4-S5 linker interfaces near the
PE binding site and upper and lower gates in the 1-PE bound inactivated state. Thermoring structures of
1-PE bound inactivated hTRPV2,,, at low temperature.

(A) Grid-like mesh network of noncovalent interactions along the PE-dependent minimal gating pathway
within a single subunit of 1-PE-bound inactivated hTRPV2,,p\ reconstituted in a DMNG/MSP2N2

nanodisc at pH 8 and 4 °C (PDB: 111A). The same color scheme for residues and arrows is used
throughout for ease of identification. Salt bridges, p interactions, and H-bonds between paired amino

acid side chains along the PE-dependent minimal gating pathway from V253 to P725 are represented by
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purple, green, and orange lines, respectively. The specific constrained grid sizes necessary to regulate
the least-stable noncovalent interactions within each grid are indicated with black numbers. The
identified least-stable Q412-H436 bridge within the biggest Grid; is highlighted in orange. The total grid
sizes and the total number of grid size-controlled noncovalent interactions along the PE-dependent
minimal gating pathway are indicated in cyan and black circles, respectively. The inset is the CHL binding
site. (B) Structure of the biggest Grid, with a 7-residue size to regulate the weakest Q412-H436 bridge in
the VSLD. (C) Amino acid sequence of the biggest Grid; to control the weakest Q412-H436 bridge

highlighted in the blue box. (D) Swapped interactions at the VSLD/PD’/S4-S5 linker interfaces near the
PE binding site and upper and lower gates in the 1-PE bound inactivated state.
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Figure 5

Working model of thermoring-driven allosteric gating coupling of hTRPV2. The homo-tetrameric cryo-
EM structures of hTRPV2 and hTRPV2,, in PE-bound, inactivated states at pH 8 and 4 °C (PDB ID, 11HZ

and 111A, respectively) were utilized to develop the model. Despite genetic perturbation near the central
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lower gate (cyan), the biggest thermoring exhibits only minor structural and size changes. However, the
allosteric gating coupling between the superficial, weakest Q412-H436 bridges (red) in the VSLD and the
interfacial, domain-swapped H521-R539’ bridges (green) near the central lower gate is maintained,
together with the C4 symmetry.
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