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Abstract

Transient receptor potential (TRP) ion channels are a super-family of ion channels that mediate 

transmembrane cation flux with polymodal activation, ranging from chemical to physical stimuli. 

Furthermore, due to their ubiquitous expression and role in human diseases, they serve as potential 

pharmacological targets. Advances in cryo-EM TRP channel structural biology has revealed 

general, as well as diverse, architectural elements and regulatory sites among TRP channel 

subfamilies. Here, we review the endogenous and pharmacological ligand-binding sites of TRP 

channels and their regulatory mechanisms.
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Introduction

Mammalian TRP ion channels are a superfamily of non-selective cation permeable, voltage-

insensitive ion channels that have diverse physiological and pathophysiological functions 

and are ubiquitously expressed in different cell types and tissues [1,2]. The first trp gene was 

cloned from Drosophila melanogaster retina, where it encodes a phototransduction ion 

channel that depolarizes the retina in response to light [3]. Since then, 27 members of the 

mammalian TRP channel superfamily have been identified and divided into six subfamilies 

based on their sequence homology: TRPV (vanilloid), TRPM (melastatin), TRPC 

(canonical), TRPA (ankyrin), TRPML (mucolipin), and TRPP (polycystin) [4].

Although a single defining feature of TRP channel function has not yet emerged, they are 

generally described as polymodal sensors that are responsive to pharmacological ligands, 

temperature, pH, and mechanical force [1]. Furthermore, TRP channels act as 

communication centers at the plasma membrane that integrate and amplify diverse signaling 

pathways [5]. Because of their ubiquitous expression and diversity in regulation and 

selectivity mechanisms, changes in TRP channel function are associated with a variety of 

diseases and disease types, such as cardiovascular, respiratory, neurological, and metabolic 

[6]. Aberrant expression of several TRP channels is also related to cancer development and 

progression [7]. Their close association with diseases and responsiveness to a variety of 
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modulators together make TRP channels an attractive target for pharmacological 

intervention to treat diseases [8].

Recent advances in TRP channel structural biology using cryo-electron microscopy (cryo-

EM) have given near-atomic level insights into the molecular basis for their function and 

pharmacology. To date, at least one structure has been resolved for at least one member of 

each TRP channel subfamily (Figure 1) [4]. The general architecture of the TRP channel 

transmembrane domain (TMD) resembles that of voltage-mediated potassium channels (Kv): 

homo- or hetero-tetramers with four subunits surrounding a central ion permeation path. 

Each subunit has six transmembrane (TM) helices (named S1–S6), with S1–S4 forming the 

voltage-sensing like domain (VSLD), S5–S6 helices and pore helix (PH) making up the pore 

domain (PD), and the N- and C-terminus located intracellularly. Adjacent subunits adopt a 

“domain-swapped” conformation, where the VSLD from one subunit closely interacts with 

the PD from the adjacent subunit. Like the Kv channel, the ion permeation pathway of TRP 

channels has two constriction points: the upper ion selectivity filter (SF) lined by the PH and 

pore loop and the lower gate formed by the C-terminus of S6. In contrast to the conserved 

arrangement of the TMD, each TRP channel subfamily possesses unique soluble domains 

that give rise to the diversity in their overall function and architecture across different 

subfamilies (Figure 1) [9].

Since the boom of cryo-EM, TRP channel structures in complex with small molecules, 

including agonists, antagonists, and endogenous modulators, have offered insights into TRP 

channel pharmacological properties. So far, several conserved, as well as channel specific-

binding pockets, have been recognized across TRP channel subfamilies. They are found 

within the TMD or cytoplasmic regions and are frequently located at interfaces between 

subunits. These small molecules either allosterically regulate the channel gating through 

coupling mechanisms or directly affecting the conformation of the channel pore [10]. In this 

review, we first offer a brief overview of TRP channel subfamilies, then describe the major 

regulatory sites and relevant pharmacological tools that are important for understanding the 

channel properties, and finally, we discuss and summarize the regulatory mechanisms 

associated with those modulators. Overall, examining the binding sites of natural and 

synthetic ligands and the regulatory mechanisms of TRP channels in normal and disease-

states will be useful for understanding pharmacological intervention.

Transient receptor potential (TRP) channel subfamilies

TRPV (vanilloid) subfamily

The TRPV subfamily has six members that are commonly divided into two groups 

according to their sequence homology: TRPV1-4 and TRPV5/6. TRPV1-4 are considered 

thermo-TRPV channels because of their functional role in thermosensation; inflammation, 

heat, and pain [11]. In contrast, TRPV5/6 are calcium (Ca2+)-selective channels that are 

involved in fine-tuning cytosolic [Ca2+] under physiological conditions [12].

Since the first near-atomic resolution TRPV1 structure was resolved in 2013, apo-structures 

of every member of the TRPV subfamily have been determined, with many in the presence 

of ligands [13]. A distinguishing feature of the TRPV subfamily is that the N-terminal 
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ankyrin repeat domain (ARD), composed of six repeats, assembles with the ARDs from 

other subunits into a characteristic skirt domain that encloses a cytoplasmic cavity. 

Following the ARDs is a helix-loop-helix (HLH) domain, a linker domain, and a pre-S1 

helix that connects to the TMD. After the C-terminus of the S6 helix, the conserved TRP 

helix runs parallel to the membrane and is sandwiched between the S4–S5 linker and HLH 

domain. The C-terminal domain (CTD) contains a β-strand that forms an antiparallel β-sheet 

with two β-strands from the N-terminal linker domain. Together, the pre-S1 helix, HLH 

domain, linker domain, and the CTD constitute a coupling domain, joining the ARDs to the 

TMD within the same subunit [14] (Figure 1a).

TRPM (melastatin) subfamily

The TRPM subfamily has eight members (TRPM1-8) and is the largest and most diverse 

subfamily of the TRP channel superfamily [15]. It is further subdivided into four groups 

based on their sequence similarities: TRPM1/3, TRPM4/5, and TRPM/6,7, and TRPM2/8. 

While most TRPM members are non-selective Ca2+-permeable cation channels, TRPM4/5 

are only permeable to monovalent cations, like sodium (Na+) or potassium (K+). Conversely, 

TRPM6/7 are permeable to magnesium (Mg2+) and thus is important in maintaining 

intracellular Mg2+ homeostasis. Unlike other TRP channels, TRPM4/5/8 have been shown to 

have voltage-dependent gating mechanisms [16]. TRPM channels are known for their 

involvement in sensing temperature and oxidative stress, controlling cellular death, and taste 

transduction [16, 17, 18, 19]. Malfunction of TRPM channels is associated with 

neurodegenerative diseases, cardiovascular dysfunction, metabolic disorders, and 

inflammatory diseases [20, 21, 22, 23].

A distinguishing feature of TRPM channels is a three-layered assembly: TMD, melastatin 

homology regions (MHR) 3/4 and MHR 1/2. MHR1/2 have a β-strand core that is 

surrounded by short α-helices. MHR3/4 are stacks of α-helices that are connected to the 

TMD via the pre-S1 domain, which has a cytosolic α-helix (pre-S1 shoulder) and an HLH 

(pre-S1 elbow). After the TRP helix, there is a small membrane embedded TRP re-entrant 

helix that is connected to the CTD. The CTD of TRPM channels has a unique umbrella 

shape, with a horizontally positioned rib helix (coiled-coil domain) running parallel to the 

TRP helix, and a vertical pole helix (coiled-coil domain) that is located underneath the 

central ion conducting pore. The rib-and pole-helix penetrate the tunnels surrounded by 

MHR regions and forms a complicated network that transduces and propagates the 

intracellular signals to the PD. TRPM2/6/7 all have a unique enzymatically active protein 

domain within their structures. TRPM2 has a C-terminal ADP-ribose (ADPR) 

pyrophosphatase homology domain (NUDT9-H) located underneath the N-terminal MHR 

regions. TRPM6/7 have protein kinase activity, with a C-terminal α-type serine/threonine 

kinase domain. One striking feature of the intracellular domains of TRPM channels is that 

they form an extensive intra- and inter- subunit interface [16]. These interfaces not only 

support the tetrameric assembly and trafficking of the channel but also serve as receptor sites 

for a broad spectrum of modulators [24] (Figure 1b).
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TRPC (canonical) subfamily

TRPC channels are considered the founding member of the TRP superfamily because they 

are the closest homologues to the Drosophila melanogaster TRP channel. The TRPC 

subfamily is comprised of seven members that are divided into four subgroups based on their 

primary sequence and activation mechanisms: TRPC3/6/7, TRPC1, TRPC/4/5, and TRPC2, 

which is a pseudogene in humans. TRPC3/6/7 can be directly activated by diacylglycerol 

(DAG), which is generated from the cleavage of phosphatidylinositol 3,5-bisphosphate 

(PI(3,5)P)2 by phospholipase C (PLC) via G-protein coupled receptor (GPCR) or receptor 

tyrosine kinase [25]. Although TRPC1 and TRPC4/5 are generally considered to be DAG-

insensitive, a recent study showed that TRPC4 and TRPC5 can become DAG-sensitive upon 

removal of the attached Na+/H+ exchanger regulation factor [26, 27]. Additionally, TRPC 

channels are regulated by several molecules in the PLC pathway, including inositol 

triphosphate (IP3), PI(3,5)P2, Ca2+-calmodulin (CaM), and intracellular Ca2+ [28].TRPC 

channel function is enigmatic, but it’s hypothesized to be involved in store- and receptor-

operated Ca2+ entry. Furthermore, they have been shown to be implicated in kidney, 

cardiovascular, and neurological diseases. [29].

The intracellular domains of TRPC channels shares similar topology to TRPM channels. 

The N-terminal domain (NTD) of TRPC channels contains four ARs, a HLH domain, and 

the re-entrant pre-S1 elbow. The CTD consists of the horizontally positioned rib helix 

(coiled-coil domain), which runs parallel with the TRP domain, followed by the vertically 

positioned pole helix (coiled-coil domain) [28]. TRPC channels deviates from the classic 

TMD arrangement in two ways. First, the S3 helix of TRPC3/6 channels is about three turns 

longer than that of TRPC4/5 channels. The extralong extracellular protrusion of TRPC3/6 

may be important for interacting with extracellular ligands and modulators [29]. Second, two 

conserved cysteine residues that exist only in TRPC1 and TRPC4/5 form a disulfide bond at 

the loop connecting the S5 helix and PH. This disulfide bond is involved in stabilizing the 

pore conformation and sensing the redox environment [30, 31]. Furthermore, a C-terminal 

CaM and IP3 receptor binding (CIRB) motif is conserved in all TRPC channels, which is 

essential for regulation [32] (Figure 1c).

TRPA (ankyrin) subfamily

The TRPA subfamily has a lone member, TRPA1, also known as the wasabi receptor. 

TRPA1 is mainly expressed in nociceptive neurons and non-neuronal cells, such as epithelial 

cells. It can be activated by a broad spectrum of noxious stimuli: intense cold, pungent 

compounds, and environmental irritants. TRPA1 has become an attractive pharmacological 

target because of its involvement in inflammation and pain for related conditions such as 

familial episodic pain syndrome, asthma, and cough [33].

Indicative of its name, TRPA1 possesses a long N-terminal tail with an ARD composed of 

17 ARs. The arrangement of the NTD is similar to that of TRPV channels, with the large N-

terminal ARDs connected to the TMD via a linker domain and pre-S1 domain. The linker 

domain has a stack of short α-helices and two β-strands, which forms a β-sheet with the β-

strand in the CTD. TRPA1 has a classic TMD arrangement except that it has two PH (PH1 

and PH2). The CTD has a β-strand connected to the TRP-like helix, a short helix, and a 
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vertically positioned coiled-coil domain. The linker domain, pre-S1 domain, and TRP-like 

helix together form a coupling domain that harbors a binding pocket for electrophilic 

agonists [34, 35] (Figure 1d). Although sequence analysis shows that human (h)TRPA1 has 

17 ARs, the currently available cryo-EM structures of TRPA1 only have five proximal ARs 

(ARD stem) resolved, with the distal ARs forming a crescent shape surrounding the coiled-

coil domain under negative stain images[34]. Thus, its hypothesized that the NTD is highly 

flexible in nature.

TRPML (mucolipin)subfamily

The TRPML subfamily, formally known as MCOLN, has three family members, 

TRPML1-3. Overall, TRP channels are predominantly localized to the plasma membrane, 

but TRPML channels localize to late endosomes and lysosomes and are extensively involved 

in the endocytotic pathway [36, 37]. Mutations disrupting TRPML1 function cause the 

lysosomal storage disease mucolipidosis type IV [38, 39, 40].

Structurally, TRPML channels share similar TMD topology to other TRP channels but are 

distinct as none of them have a large intracellular NTD or CTD and lack commonly seen 

structural motifs, like ARs and the TRP domain. However, a distinguishing structural 

hallmark of the TRPML subfamily is a large extracytosolic/luminal domain (ELD) between 

S1 and S2 that protrudes out of the membrane for sensing environmental Ca2+ and proton 

concentration [41, 42]. The PD of TRPML1 channels contains two PH (PH1 and PH2), as in 

TRPA1. The intracellular side of the S1–S3 helices are extended from the membrane to form 

the mucolipin domains and serve as a recognition site for PI(3,5)P2 and PI(4,5)P2 [43] 

(Figure 1e).

TRPP (polycystin) subfamily

TRPP channels were first identified due to mutations in TRPP1 (Pkd2 gene) causing 

autosomal dominant polycystic kidney disease, a prevalent and potentially lethal monogenic 

disorder that causes renal, liver, and pancreatic cysts with subsequent loss of renal function 

[44, 45]. According to sequence homology, TRPP channels are divided into two groups, 

PKD1 and PKD2. The PKD1 group of proteins (PKD1, PKDREJ, PKD1LD, PKD1L2 and 

PKD1L3) contain 11 TM helices, a large extracellular domain, and an intracellular CTD. 

PKD1 proteins do not function independently as ion channels but form a hetero-oligomeric 

complex with PKD2 channels (3:1) on primary cilia in the renal epithelium [46, 47, 48]. In 

contrast, the PKD2 (TRPP) group of channels has three members: TRPP1 (TRPP2, PKD2, 

APKD2), TRPP2 (TRPP3, PKDL2, PKDL, PKD2L), and TRPP3 (TRPP5, PKD2L2). They 

have similar TMD architecture as seen in other TRP channels [48, 49]. TRPP1 is primarily 

localized to the endoplasmic reticulum (ER) and plasma membrane, TRPP2 to the ER, and 

TRPP3 on the plasma membrane and/or ER [50].

The general architecture of TRPP channels is highly analogous to TRPML channels, with a 

large extracellular polycystin domain (PMD), equivalent to the ELD domain of TRPML, 

between S1 and S2 helices, and with two PH (PH1 and PH2). Also, like TRPML channels, 

they do not contain ARs or a TRP domain. A unique feature of TRPP channels is the C-
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terminal EF-hand motifs for binding Ca2+ and a coiled-coil domain, which is essential for 

PKD1-PKD2 interaction [51, 52] (Figure 1f).

Major ligand-binding pockets and their regulatory mechanisms

Vanilloid-binding pocket

The vanilloid-binding pocket is a conserved ligand binding site shared across several TRP 

channel subfamilies [10]. It is a cavity in the TMD surrounded by the S3 helix and S4–S5 

linker from one subunit and S6 helix from the adjacent subunit. In the absence of exogenous 

ligands, the vanilloid-binding pocket is occupied by a phosphatidylinositol (PI) lipid in some 

TRP channels. It is proposed that in the apo-state a PI lipid stabilizes the channel in its 

closed state, while a vanilloid agonist displaces the PI lipid from the pocket, opening and 

activating the channel [53].

Although this pocket was previously predicted, it was first seen by Cao et al. in their 

structures of rat (r) TRPV1 bound to agonists resiniferatoxin (RTX)/ Double-knot toxin 

(DkTx) (PDB: 3J5Q) or capsaicin (PDB: 3J5R) [54]. Following this, Gao et al. solved 

rTRPV1 in complex with RTX/DkTx in nanodiscs (PDB: 5IRX) [53]. Both of the vanilloid 

agonists (RTX and capsaicin) were discovered binding in the vanilloid pocket – a cavity in 

the TMD surrounded by the S3 helix (Tyr511) S4 helix (Met547 and Thr550) and S4–S5 

linker (Glu570 and Arg557) from one subunit and S6 helix from the adjacent subunit [53, 

54]. While exposure to capsaicin was unable to trap the channel in an open state, addition of 

DkTx traps TRPV1 in its fully open state. The rTRPV1RTX/DkTx structure shows that 

displacement of the resident PI lipid induces opening of the SF and lower gate via downward 

tilt movement of the PH away from the central axis and movement of the S5 and S6 helices 

[53, 54]. Displacement of PI and binding of vanilloid agonist RTX to rTRPV1 promotes 

formation of a salt bridge between Arg557 of S4 helix and Glu570 of S4–S5 linker, which 

pulls the S4–S5 linker away from the channels central axis and opens the lower gate, while 

the SF remains unchanged [53, 54]. Additionally, a vanilloid antagonist, capsazepine, is 

found to bind to the same hydrophobic pocket as RTX in rTRPV1 but doesn’t promote 

formation of the salt bridge between Arg557 of S4 helix and Glu570 of S4–S5 linker (PDB: 

5IS0) [53]. Mutational studies of the vanilloid pocket have determined the following 

residues as critical for vanilloid agonist binding Thr550 and Met547 from the S4 helix and 

Tyr511 from the S3 helix of one subunit. (Figure 2a) [54, 55]. One notable residue is 

Tyr511, which adopts different rotamers to accommodate and fit RTX, increasing its affinity 

[55].

Although TRPV2/3 share a high degree of sequence similarity with TRPV1, they are not 

responsive to vanilloid agonists. However, they can be converted into vanilloid-sensitive 

channels by mutating specific residues lining the vanilloid-binding pocket and PD [56, 57]. 

This finding suggests that the coupling pathway between the vanilloid agonist binding to the 

channel and subsequent activation remains conserved in TRPV channels.

Other pharmacological modulators that are found in the position analogous to the vanilloid-

binding pocket includes TRPV5 antagonist econazole (ECN) (PDB: 6B5V) and TRPC6 

antagonist 2-(benzo[d][1,3]dioxol-5-ylamino)thiazol-4-yl)((3S,5R)-3,5-dimethylpiperidin-1-
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yl)methanone (BTDM) (PDB: 5YX9) [29, 58]. The rabbit TRPV5ECN structure revealed 

coordination of ECN to residues in the S3 and S4 helices, S4–S5 linker, and S6 helix of an 

adjacent subunit. Due to the limited resolution, mutations were necessary to identify this 

binding pocket. Specifically, Phe425 of S3 helix is essential for ECN inhibition. ECN 

binding induces constriction of the lower gate via the movement of the S1–S4 bundle and 

S4–S5 linker away from the pore axis causing a change in the loop between the S6 helix and 

the TRP domain (Figure 2a) [58]. In the hTRPC6BTDM structure BTMD associates with 

Trp526 of S3 helix, S4 helix, Trp624 of S4–S5 linker and Ile640 of S5 helix and Thr714 of 

S6 helix of an adjacent subunit. There are small conformational changes in the VSLD and 

S5–S6 pore, rotating toward the central axis and inactivating and closing the channel [29].

Recently, hTRPA1 in complex with GNE551, a non-covalent agonist that does not induce 

channel desensitization (PDB: 6X2J), was determined. GNE551 binds between the S3 helix, 

S4 helix (Tyr840), and S4–S5 linker of one subunit and the S5 helix (Ser887) and S6 helix 

(Gln940) of an adjacent subunit. The hTRPA1GNE551 structure is in a non-conducting state 

and there were no observed structural changes. However, this is the first study to show 

biased agonism of TRPA1 (Figure 2a) [59]. A recent study using structure-based alignment 

of TRP channels showed that the hydrophobic residues that surround the vanilloid pocket are 

largely conserved in all TRP channels, suggesting that the pocket is able to accommodate 

various hydrophobic molecules [10].

Voltage sensing-like domain (VSLD)-binding pocket

The VSLD-binding pocket is a hydrophobic cavity that is located on the cytosolic side of the 

S1–S4 bundle, sitting on top of the TRP helix. In the absence of exogenous ligands, the 

VSLD-binding pocket of TRP channels is commonly found to be occupied by lipids and 

cation cofactors, such as Ca2+.

Ca2+ is an essential cofactor that can regulate various conformations of TRP channel gating, 

activation, inactivation, and desensitization, by either interacting directly with the channel or 

interfering with Ca2+-dependent signaling pathways [60, 61]. Furthermore, numerous 

endogenous and exogenous modulators regulate TRP channels in a Ca2+-dependent way. A 

highly conserved Ca2+-binding site has been identified in the VSLD-binding pocket of 

TRPM2 (PDB: 6DRJ, 6MJ2, 6CO7, 6D73, 6PUS, 6PUU), TRPM4 (PDB: 6BQV, 5WP6), 

TRPM8 (PDB: 6NR3, 6NR4, 6BPQ, 6O77), TRPA1 (PDB: 6V9W), TRPC4 (PDB: 5Z96, 

6BQV), and TRPC5 (PDB: 6AEI) [30, 31, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73]. 

Consistent with sequence alignments, the Ca2+ is coordinated by Gln, Tyr, Asn, and two Glu 

of the S2–S3 α-helix, which is not conserved in TRPV, TRPML, or TRPP channels [10, 71]. 

Functional studies show that mutating the Ca2+ coordinating residue(s) results in a loss of 

Ca2+-dependent modulation of TRP channel agonists in TRPC5, TRPM8, and TRPA1 [31, 

71, 72]. Although the binding site for Ca2+ is well accepted, its regulatory mechanism(s) 

remain elusive.

In TRPM8, exogenous agonists and antagonists have been captured binding within the 

VSLD-binding pocket. An analog of menthol, WS-12, and the super cooling agent, icilin, 

are potent TRPM8 agonists, with icilin activation requiring Ca2+. The cryo-EM structure of 

collared flycatcher (cf) of TRPM8class 1 in complex with icilin, Ca2+, and positive regulator 
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PI(4,5)P2 (PDB: 6NR3 and 6NR4) and with WS-12 and PIP(4,5)2 (PDB: 6NR2), shows 

icilin (and WS-12) surrounded by polar residues lining the S1–S4 bundle and TRP helix, 

with PI(4,5)P2 binds within a cavity formed by the pre-S1, S4 and S5 helices, and TRP helix 

and MHR4 from an adjacent subunit [70]. The polar residues lining the cooling agent 

binding pocket in TRPM8 are conserved in TRPM2/4 and less conserved in TRPM7, but are 

not conserved in TRPV, TRPML, or TRPP channels [10]. Icilin and WS-12 interact with the 

S1 helix (Tyr745), S4 helix (Arg841), and TRP helix (Tyr1004) (Figure 2b). Compared to 

the cfTRPM8 apo-structure (PDB: 6BPQ), icilin-Ca2+-PI(4,5)P2 binding causes a rigid body 

rotation of the VSLD away from the PD, subsequently triggering an α- to 310-helical 

transition at the lower half of the S4 helix, and overall, it is hypothesized that the movement 

of the S6 helix and bending of the PH widens the gate [69, 70].

Complementary to the study above, the cryo-EM structure of Parus major TRPM8 in 

complex with antagonists (AMTB or TC-I 2014) and Ca2+-bound states were determined. 

Like the agonist cooling agents, both AMTB (PDB: 6O6R) and TC-1 2014 (PDB:6O72) are 

bound within the VSLD-binding pocket, confirming the promiscuity and adaptability of this 

pocket to bind structurally distinct ligands. In the apo-like antagonist-bound structure, all the 

TMD helices are straight and α-helical, and the bend at the S4–S5 linker is lacking. 

However, in comparison, the Ca2+-bound structure (6O77), which closely resembles the 

icilin-Ca2+-PIP(4,5)2-bound (PDB: 6NR3 and 6NR4) structure, there is an α- to 310-helical 

transition at the S4 helix, formation of the S4–S5 linker, and a α- to π-helix transition at the 

PH and S6 helix. This transition shifts the register of the lower gate and reduces the 

hydrophobic seal. Noticeably, the TRP helix undergoes significant outward tilting in both 

the icilin-Ca2+-PIP(4,5)2-bound (PDB: 6NR3 and 6NR4) and Ca2+-bound structures (PDB: 

6O77). Therefore, it is proposed that ligand binding in the VSLD-binding pocket either fixes 

(antagonists) or disrupts (agonist and Ca2+) the relative position between the TRP helix and 

the VSLD bundle thereby changing the conformational state of the pore [70, 73].

In hTRPC6, an antagonist AM-1473 (PDB: 6UZA) is also found in the VSLD-binding 

pocket, specifically interacting with His446 and Lys442 of S1 helix, Glu509 of S2 helix, 

Asp530 and Gln527 of S3 helix, Arg609 of S4 helix, Arg758 of the re-entrant loop, and 

Tyr753 of the TRP helix. The hTRPC6AM-1473 structure shares a similar apo-like state to 

hTRPC6BTDM (PDB: 5YX9) where S1–S4 and S4–S5 linker adopt a slightly upwards 

conformation compared to the agonist-bound structure (Figure 2b) [74].

The structural adaptability of the VSLD cavity between different TRP channels makes it a 

potential target for chemical structure-based compound screening and disease-related drug 

design. Using a fluorometric imaging plate reader assay, TRPC4/5 selective modulators were 

identified, an antagonist GFB-8438 and GFB-8749 and agonist GFB-9289 [75]. The 

structure of zebrafish TRPC4 in complex with antagonist GFB-8438 (PDB: 7B0S) and 

GFB-8749 (PDB: 7B05) and agonist GFB-9289 (PDB: 7B16) show that both chemical 

compounds are surrounded by positively charged and aromatic residues in the S1–S4 bundle 

and TRP helix. In comparison to the apo-state of zebrafish TRPC4 (PDB: 7B0J), GFB-8438, 

GFB-7B05, and GFB-9298 induce minimal conformational changes at the pore region, even 

though they have opposing effects in vivo [74]. In addition, an in-silico drug screening 

identified a rabbit TRPV5 antagonist ZINC17988990, which binds to negatively charged 
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residues, Asp406 in S2 helix, aromatic residues, Tyr415 in S2–S3 linker, and S4 helix (PDB: 

6PBE). In the rabbit TRPV5ZINC17988990 structure the S2 and S3 helices move toward the 

antagonist, accommodating its binding site and locking it in an inhibited state (Figure 2b) 

[75]. Furthermore, the TRPV6 antagonist 2-APB binds within the VSLD-binding pocket 

(refer to 2-APB section).

Binding pockets near the pore region

Double-knot toxin (DkTx) is a bivalent tarantula peptide with two nearly identical inhibitor 

cysteine knot (ICK) motifs connected by a linker and activates TRPV1 by stabilizing it in 

the open state. As previously referenced, the structure of rTRPV1 in complex with 

DkTx/RTX shows two molecules of DkTx residing on top of the outer pore region. Each 

hydrophobic finger of ICK motifs penetrates the lipid bilayer and inserts into the crevice 

between the PH and the extracellular side of S6 of an adjacent subunit (PDB: 3J5Q and 

5IRX) [53, 54]. The binding of RTX and insertion of DkTx into the pore region induces 

expansion of the SF, causing Met644 to rotate away from the central axis and wedge into a 

pocket under the pore loop of an adjacent subunit. Furthermore, Asp646 at the extracellular 

side of the SF is better positioned to coordinate cations for permeability across the central 

axis. The rTRPV1RTX/DkTX structure broadens our understanding of the mechanism of toxin 

regulation in ion channels. In contrast to Nav and Kv ion channels, the toxin inhibitors block 

the ion permeation pathway or impede the movement of the voltage-sensing domains in 

response to change in membrane potential [76]. However, DkTx binding to rTRPV1 

promotes opening of the ion permeation pathway and the VSLD remains mostly stationary.

Cannabinoids are natural compounds that are derived from cannabis plant flowers. One that 

has gained popularity for its therapeutic potential is cannabidiol (CBD), an active ingredient 

in Cannabis sativa. Cannabinoids and their synthetic derivatives have been shown to 

modulate a broad range of ion channels: Nav, Kv, Cav, TRPV1-4, TRPA1, and TRPM8 [77]. 

The cryo-EM structure of rTRPV2 with CBD (PDB: 6U88 and 6U8A) showed coordination 

with hydrophobic and aromatic residues from S6 helix (Leu631) of one subunit and the S5 

helix (Leu541), S6 helix, and PH from an adjacent subunit (Figure 2c) [78]. In several other 

TRP channels, lipids are found to bind in a similar pocket [54, 58, 79, 80, 81, 82]. Although 

the rTRPV2CBD represents a non-conductive channel, CBD binding induced noticeable 

changes at the S4–S5 linker and TRP helix, which sheds light on its activating mechanism. 

A comparison of the apo state (PDB: 6U84 and 6U85) and CBD-bound state (PDB: 6U8A 

and 6U88) demonstrates that CBD strengthens the coupling between the S4–S5 linker and 

S5 helix by transforming the loop into a continuous helix, while pulling the S4–S5 linker 

closer to the S5 helix. The displacement of the S4–S5 linker is accompanied by a rotation 

and shift of the TRP helix towards the S6 helix, which may ultimately contribute to the 

expansion of the lower gate [78]. It is worth noting that structure and sequence alignment of 

TRP channel structures show that the hydrophobic and aromatic residues that form the 

CBD-binding pocket are highly conserved across many TRP subfamilies and it is likely they 

are able to bind CBD in this location [10].

The hTRPML1 channel has a binding pocket equivalent to the CBD-binding pocket, which 

harbors the agonist ML-SA1 (PDB: 6E7Z and 5WJ9) [43, 83]. Similar to the CBD-binding 
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pocket, the ML-SA1 pocket is lined primarily by hydrophobic and aromatic residues from 

the S5 (Cys429 and Tyr436) helix, S6 (Phe513) helix, and PH1 (Phe465) of one subunit and 

the S6 (Tyr499) helix from a neighboring subunit (PDB: 5WJ9) [83] (Figure 2c). However, 

unlike the rTRPV2CBD complex structure (PDB: 6U88 and 6U8A), where minimal change 

occurs at the pore region, the hTRPML1ML-SA1 structure demonstrates substantial dilation 

of the lower gate, showing the open-state [78, 83]. Furthermore, the SF remains constricted, 

reminiscent of the pore dimension change of the rTRPV1capsaicin structure (PDB: 3J5R) 

[53]. Upon ML-SA1 binding, the binding pocket facing residues of the S6 (Phe513) helix 

rotate and pull S6 away from the central axis, resulting in an expansion of the hydrophobic 

seal of the intracellular gate and a slight widening of the lower part of the SF. Like 

TRPML1, hTRPML3 undergoes a similar conformational change in the ion conducting 

pathway upon ML-SA1 binding to the analogous pocket, opening the channel (PDB: 6AYF) 

[84].

While CBD and ML-SA1 bind to TRP channels in a similar position, the coupling 

mechanisms that lead to the pore opening may be substantially different. The rTRPV2CBD 

structure (PDB: 6U88 and 6U8A) shows that CBD can allosterically affect channel gating by 

triggering movement of the S4–S5 linker and TRP helix, as seen in TRPM channels [78]. In 

contrast, TRPML channels lack the TRP helix and the effect of ML-SA1 on TRPML1/3 

derives directly from the binding and shifting of the S6 and PH (PDB: 5WJ9 and 6AYF) [78, 

83, 84].

The cryo-EM structure of hTRPC6 bound to agonist AM-0883 (PDB: 6UZ8) shows binding 

near the pore and forms hydrophobic interactions with Phe675 and Trp680 of PH of the 

adjacent subunit and Tyr705, Val706, and Val710 of S6 helix and hydrophilic interactions 

with Glu672 of PH of the adjacent subunit and Asn702 of S6 helix (Figure 2c) [74]. 

Through sequence alignment, residues of the PH and S6 engaged AM-0883 binding are 

conserved across other TRPC members [10]. Although the hTRPC6AM-0833 structure shows 

minimal conformational changes, the authors suggest that rotation of the S6 helix needed to 

unwind the hydrophobic seal of the intracellular gate and that this agonist-binding site is 

occupied by DAG, its native lipid agonist [85].

The hTRPA1 double-antagonist structure (HC030031 and A-967079 (A-96)) (EMD: 6268) 

first identified the A-96 binding site formed by the S5 and S6 helices and PH1 [34]. 

Furthermore, Phe909 in PH1 was found to be essential for A-96 inhibition of TRPA1. A 

recent study of hTRPA1 with antagonist A-96 (PDB: 6V9Y) revealed that it wedges near the 

S5 helix bend and below PH1, causing an outward flip of Phe877, confirming the previous 

study. Upon its binding, it prevents the straightening of the S5 helix bend and locks the 

hTRPA1 structure in its closed apo-like state [71]. As determined by mutagenesis and 

photocrosslinking, the TRPA1 A-96 binding site also accompanies agonists isoflurane and 

propofol [86, 87].

Cytoplasmic domain-binding pocket

Numerous TRP channel modulators have been shown to regulate the channel by interacting 

with the cytoplasmic domains, which are tightly coupled to the pore region. To date, 

molecules that are identified bound within the cytoplasmic domains include TRPM4 
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modulator decavanadate (DVT) and inhibitor adenosine triphosphate (ATP), endogenous 

TRPM2 agonist ADP-ribose (ADPR), and TRPV3 agonist 2-APB (refer to 2-APB section).

DVT is a highly negatively charged metal molecule that reduces the voltage sensitivity of 

TRPM4. In the structure of hTRPM4 with DVT (PDB: 5WP6), two DVT densities are 

observed in the intracellular region of each subunit: the first located at the turning point of 

the CTD rib (Arg1141) and pole helix (Arg1147) and the second at the interface between 

MHR1/2 of one subunit and MHR3 of the neighboring subunit [67]. Both DVT sites are 

surrounded by a high density of positively charged residues (R195, R214, and R421) (Figure 

3a). Although TRPM5 has similar sequence homology to TRPM4, it lacks one key residue 

in DVT1 (Arg1147) and three positively charged arginine residues in DVT2. It is suggested 

that DVT modulates TRPM4 by gating the CTD and N-terminal MHR [67]. In the 

hTRPM4ATP structure (PDB: 6BCO and 6BCQ), ATP was found at the interface between 

MHR domains of two adjacent subunits, overlapping with the second DVT binding site [66]. 

Upon hTRPM4 binding ATP, the MHR1/2 swings away from the MHR3 of the adjacent 

subunit and may prevent the concerted movement of the intracellular domains during 

channel activation, stabilizing the channel in the apo-like closed state [66].

ADPR is a metabolic product that cells release upon oxidative stress and activates TRPM2 in 

the presence of Ca2+. Due to limited resolution, the ADPR-binding sites were not directly 

observed in the zebrafish TRPM2 (PDB: 6PKX), zebrafish TRPM2 (PDB: 6DRJ), and 

hTRPM2 (PDB: 6MJ2 and 6MIZ) structures [62, 63, 65]. To reconcile this discrepancy the 

hTRPM2 structure in the presence of agonist ADPR/Ca2+ (PDB: 6PUS) or ADPR (PDB: 

6PUR) and antagonist 8-bromo-cyclic ADP-ribose (8-Br-cADPR) (PDB: 6PUU) was solved 

[73]. In their ADPR-Ca2+-bound hTRPM2 structure there were two ADPR densities: one 

within the MHR1/2 cleft (ADPR1), which bends into a U-shape, and the other within the 

NUDT9-H domain (ADPR2), which is in an extended shape (Figure 3a). Electrophysiology 

data shows that both ADPR-binding sites are indispensable for TRPM2 activation, but the 

antagonist 8-Br-cADPR binds only to the MHR1/2 domain. Together with the fact that the 

invertebrate sea anemone TRPM2 channel is gated independently of the NUDT9-H domain 

and zebrafish TRPM2 requires NUDT9-H, it was concluded that MHR1/2 is an 

evolutionally more conserved ADPR-binding site across TRPM2 orthologues, and the 

NUDT9-H domain assists ADPR binding in vertebrate TRPM2 [73, 88]. In hTRPM2, 

ADPR1 is surrounded by Tyr295, the loop between β5 strand and α3 loop, and the two 

phosphate groups interact with Arg358 and the N-terminus of the α7 helix, and the ribose 

coordinates with Arg302. ADPR2 is located between Tyr1485 and Asp1431, and the α-

phosphate group interacts with Arg1433. Like ADPR1, 8-Br-cADPR adopts a U-shape and 

interacts with Tyr295 and residues in β5 strand and α3 loop. TRPM2 binding to 8-Br-

cADPR does not induce any conformational changes and locks the channel in the apo-like 

closed state. Comparison of the antagonist- and agonist-bound TRPM2 structures shows that 

the MHR1/2 goes from open to a bi-lobed closed state via the rotation NUDT9-H domain 

toward the central axis [73].
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2-aminoethoxydiphenyl borate (2-APB)-binding pockets

2-aminoethoxydiphenyl borate (2-APB) is a small synthetic compound that can regulate 

many TRP channels. It serves as an activator in TRPV1-3, TRPA1, and TRPM6 but inhibits 

TRPV6, TRPM2/7, and TRPC3/6/7 [80, 81]. Although it is not a practical clinical drug, 2-

APB is an essential pharmacological tool for studying ion channel properties and structures 

of TRP channels in complex with 2-APB are of great importance in understanding the 

mechanisms of receptor-operated gating of different channels.

In 2018, the cryo-EM structures of hTRPV6Tyr467Ala in the presence (PDB: 6D7T) and 

absence (PDB: 6D7S) of 2-APB were solved [80]. Furthermore, the crystal structure of 

rTRPV6 (PDB: 6D7O) and rTRPV6Tyr466Ala (PDB: 6D7Q, 6D7P) in complex with or 

without 2-APB was determined [80]. The hTyr467Ala and rTyr466Ala mutation was 

generated to increase 2-APB affinity to TRPV6. They found that it bound within a pocket 

formed between the cytoplasmic opening of the S1–S4 bundle and the membrane-facing side 

of the TRP helix, analogous to the VSLD-binding pocket in TRPM8 that binds the cooling 

agent(s). Residues that accommodate 2-APB molecules and potency within the pocket in 

rTRPV6Tyr466Ala-2-APB include Glu402 in S2 helix and Tyr466 and Arg469 in S4 helix 

(Figure 3b). In comparison to the apo hTRPV6Tyr467Ala open state structure, 2-APB binding 

pulls the cytoplasmic side of the S3 and S4 helices, and S4–S5 linker toward the TRP helix 

to accommodate the antagonist and subsequently squeezes out the surrounding activating PI 

lipids. This rearrangement of the TM helices disturbs the stabilizing hydrogen bonds 

between the S4–S5 linker and TRP helix, and between the S5 and S6 helices. The closure of 

the lower gate is accompanied by π- and α-helix transition in the S6 helix, which is 

proposed to be critical for gating transition in several TRP channels, such as TRPV3 and 

TRPM8. Additionally, this group determined the structure of rTRPV6 (PDB: 6D7V) and 

rTRPV6Tyr466Ala (PDB: 6D7X) in complex with brominated 2-APB (2-APB-Br) using X-

ray crystallography. To unambiguously define its respective binding site, the heavy bromine 

atom in 2-APB-Br was used. As determined in the human homologue, the 2-APB binding 

site is equivalent in the rTRPV6Tyr466Ala-2-APB structure [80].

Despite the overall structure similarity among TRPV channels, 2-APB modulates TRPV3 

via a separate mechanism and exerts an opposite effect when compared to TRPV6. The 

TRPV3 2-APB-binding site was identified and is nearly identical in the mouse (m) 

TRPV3Tyr564Ala (PDB: 6DVZ), hTRPV3Lys169Ala (PDB: 6OT5), and hTRPV3Lys169Ala 

(PDB: 6UW9) structures [81, 89, 90].

The mTRPV3Tyr564Ala in complex with 2-APB (PDB: 6DVZ) was solved and they found 

that 2-APB binds in a pocket between the S4–S5 linker domain (His417 and Thr421), the 

pre-S1 helix (His426 and His430), and the TRP domain (Arg693 and Arg696) (Figure 3b) 

[89]. The Tyr564Ala mutation was used to increase 2-APB affinity to TRPV3. Besides this 

2-APB-binding site, they reported two additional 2-APB sites in their mTRPV3Tyr564Ala 

structure: one within the VSLD cavity, where it coordinates to Tyr540, Arg487, and Trp483, 

and the other is at the extracellular side of S1, S2, and S3 helices, where Tyr564 is found. 

However, these sites need to be further investigated to confirm their importance in 2-APB 

binding. The mTRPV3Tyr564Ala 2-APB complex is in the open state and 2-APB binding 

induces downward tilting of the PH, S6 helix to go from an α- to π-helical transition, 
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shifting it away from the pore. Furthermore, the S6 helices become two helical turns longer 

and the TRP helices become two helical turns shorter, resulting in the channel to rotate 

around the PD, pushing the PI lipid out [89].

The structure of hTRPV3Lys169Ala in complex with 2-APB (PDB:6OT5) revealed that 2-

APB is located between the pre-S1 domain and TRP helix [90]. The Lys169Ala mutation 

sensitizes the hTRPV3 channel. The hTRPV3Lys169Ala 2-APB-bound structure has an 

expanded lower gate, corresponding to the open state. Residues supporting the ligand are 

either aromatic or positively charged. Binding of 2-APB causes the TRP helix to undergo a 

swivel, relative to the S6 helix, and the connecting loop between TRP helix and the N-

terminus of the S6 helix becomes a continuous helix, suggesting a tightened coupling 

between TRP helix and the lower gate. The swivel and the formation of the continuous helix 

are associated with an α- to π-helix transition. Additionally, an increased interaction 

between the CTD and the components of the NTD (pre-S1, HLH, and the loop of AR 5) was 

observed in the 2-APB-bound structure. This indicates that the coupling between NTD and 

CTD are essential for modulating channel activity [90].

The hTRPV3Lys169Ala with (PDB: 6UW9) or without (PDB: 6UW6) 2-APB in nanodiscs 

was solved. However, in these structures they only found one 2-APB-binding site between 

the S4–S5 linker, the pre-S1 helix, and the TRP domain [81, 89]. The hTRPV3Lys169Ala 2-

APB complex closely resembled the ligand-free open hTRPV3Lys169Ala structure. However, 

the pore region of hTRPV3Lys169Ala-2-APB is in its inactivated state and there is a π- to α-

helical transition of the S6 helix, which induces an inward constriction of the central axis. 

They propose that the PD transition from the open to inactivated state is less tightly coupled 

to the TRP domain [81].

Recently, rTRPV2 in complex with 2-APB was determined and revealed its binding site 

between the S5 helix of one subunit and the S4–S5 linker of the adjacent subunit. 2-APB 

coordinates with His521 and disrupts cation-π interactions between Arg539 of the S4–S5 

linker and Tyr525 of the S5 helix of the adjacent subunit (Figure 3b). Although the 

rTRPV22-APB complex is not open, the S4–S5 linker shifts towards the S5 helix and rotates 

towards the TRP helix, possible indicating a different transitional state of TRPV2 [91].

Electrophile-binding site

The TRPA1 channel is extremely sensitive to electrophile irritants, which activates the 

channel by formation of covalent bonds with cysteine residues. Previous mutagenesis studies 

have identified that a series of cysteine residues located at the N-terminus region are 

modified during the electrophile-induced activation. Among them is C261, which is the most 

critical residues conveying the electrophile reactivity to TRPA1 [92, 93, 94].

The first hTRPA1 cryo-EM structure (PDB: 3J9P) revealed the general architecture of the 

channel and the complicated network composed of the pre-S1 helix and preceding linker 

domain. Cys621, the widely accepted electrophile reactive residue, was located within the 

linker domain, but limited resolution impeded visualization of the electrophile [34]. Later, 

the hTRPA1 structure in the apo-state with a C621S mutation (PDB:6PQQ) and in complex 

with covalent agonists BITC (PDB: 6PQP) and JT010 (PDB: 6PQO), was solved with 
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improved resolution. In their structures, the electrophilic agonists are covalently bound to 

Cys621 [35]. Although the interaction between the electrophilic agonists and TRPA1 are 

clearly observed, the channel remained closed in the apo-state, while the pre-S1 helix, the 

linker domain, which has a stack of short helices (H1–H7) and a three stranded beta-sheet 

(β1.1– β1.3), form a coupling domain for Cys621. The electrophile-binding site is a 

clamshell-shape pocket, with the H1–H2 loop, which harbors Cys621, forming the bottom 

half of the clamshell, and the loop between β1.2 and H5 forming the top half (Figure 3c). 

Upon BITC or JT010 binding, the attachment of ligand molecules to Cys621 induces an 

upward swing of the activation-loop (top half of the clamshell), activating TRPA1 by acting 

as a conformation switch [35]. Although BITC and JT010 are structurally different agonists, 

the local conformational change triggered at the binding pocket remains identical, explaining 

the ability of TRPA1 to respond to various types of electrophiles. While the electrophilic 

agonist-bound structures are in the closed state, similar to the apo-state, they propose that 

the upward swing of the activation loop “switches on” TRPA1 by inducing movement of the 

pre-S1 helix and a short helix connecting the C-terminal coiled-coil domain and the β-strand 

(β1.3). The displacement of these two helices could potentially affect the VSLD and PD due 

to their proximity to the S4–S5 linker [35].

Recently, hTRPA1 in complex with antagonist A-96 (PDB: 6V9Y) and agonists 

iodoacetamide (IA) (PDB: 6V9X) and its bulky version BODIPY-iodoacetamide (BIA) 

(PDB: 6V9V) was determined [71]. Similar to the previous finding, IA and BIA covalently 

modify Cys621 and induce the upward movement of the activation loop. This movement 

exposes a second reactive site Cys665, which the smaller electrophile IA covalently 

modifies, while the bulky electrophile BIA stabilizes the activation loop enough and doesn’t 

require second covalent modification (Figure 3c). Compared to the A-96-bound hTRPA1, 

the SF of the IA-bound structure is dilated, with Asp951 increasing the outer gates negative 

electrostatic potential, and the lower gate is slightly widened, indicating an open-state. The 

conformational change of the pore region is accompanied by the straightening of the S4–S5 

linker and S5 helix, and the coordinated upward shift of the PH and S6 helix [71].

Conclusions

Upon reviewing the interactions between pharmacological and endogenous ligands with 

their corresponding TRP channel structures, we found a couple of common rules. First, 

despite TRP channel modulators being chemically and structurally diverse, their binding 

sites are relatively conserved, even across different TRP channel subfamilies. For instance, 

the vanilloid-binding pocket not only interacts with several ligands in the TRPV subfamily, 

but also harbors the TRPC6 antagonist BTMD. Furthermore, in the absence of exogenous 

ligands, these hydrophobic pockets are commonly occupied by lipids, which stabilize the 

channel at resting state. Therefore, modulators can regulate TRP channels by competing off 

the endogenous lipids. Second, although in many of the ligand-bound structures how the 

signal of the ligand-sensing is transduced to the pore region remains elusive, the interplay 

between the S4–S5 linker and the TRP helix certainly plays a role in this process. In the 

resting state, hydrogen bonds and electrostatic interactions have been discovered between 

these two intimately positioned domains, favoring the closed state. Upon ligand binding, the 

local conformational change initiates a structural rearrangement that disrupts the stabilizing 
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interaction between the S4–S5 linker and the TRP helix. The displacement of the S4–S5 

linker or TRP helix can then affect the ion permeation pathway diameter by exerting force 

directly to the PD forming elements, S5 and S6 helices. Intriguingly, the rearrangement 

between the S4–S5 linker and TRP helix appears to occur regardless of where the ligand 

binds, such as the distal cytoplasmic domains.

Furthermore, pathogenic gain-of-function mutations in the S4–S5 linker in TRP channels 

cause constitutively active channels and lack regulation [95]. Although, TRPML and TRPP 

channels lack the TRP helix, the large luminal domain between S1 and S2 interacts with the 

TMD and neighboring luminal domain. Therefore, the luminal domain has a similar 

functional role as the TRP helix, in respect to gating mechanisms, especially since gain-of-

function mutations have also been identified in these domains [85, 95, 96]. We conclude that 

the S4–S5 linker and TRP helix serve as an integral signaling platform that transduces the 

ligand binding to the ion permeation pathway and their relative position can also be 

responsible to the fine-tuning of the diverse functional states of the channel.
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Current and future perspectives

1. Recent advances in cryo-EM enriched our understanding of the 

pharmacological and biophysical properties of the polymodal TRP channels.

2. Currently available structures only provide snapshots of TRP channels, which 

are highly dynamic. Most TRP channel activators do not stabilize the channel 

in the open state.

3. The essential coupling mechanisms between activator recognition and gating 

transitions remains mostly unknown. However, we propose that the S4–S5 

linker and TRP helix play an important role in transducing the signal.

4. More intermediate transitional states, pre-open, desensitized, or inactivated, 

and open-state structures are necessary to further elucidate the regulatory 

mechanisms of activators.

5. Future drug screens could lead to discovery of new (or old) pharmacological 

tools that could trap TRP channels in different states.
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Highlights

• TRP channel subfamilies have distinguishing structural features

• Conserved binding pockets across TRP channels

• The S4–S5 linker and TRP helix serve as a signaling platform
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Figure 1. Representative 3- dimensional organization and architecture of TRP channel 
subfamilies.
Single subunit in the 3-dimensional structure is colored pink. The monomer and cartoon 

representations domains are colored the same. Representative (a) TRPV channel (rTRPV2 

PDB: 6U84). Ankyrin repeat domains (ARD) in magenta, linker domain in salmon, pre-S1 

helix in pale yellow, S1–S4 helices in lime, S4–S5 linker in green cyan, S5 and S6 helices in 

cyan, pore helices (PH) in slate, TRP helix in marine, and β-strand in violet. (b) TRPM 

(hTRPM2 PDB: 6MIX). Melastatin homology regions (MHR) 1–4 in hot pink, pre-S1 re-

entrant elbow in orange, S2–S3 linker in green cyan, TRP re-entrant helix in purple blue, rib 

and pole helices in pink, and C-terminal domain (CTD) in purple. The CTD in TRPM2 has 

ADP-ribose (ADPR) pyrophosphatase homology domain (NUDT9-H) and TRPM6/7 has an 

α-type serine/threonine kinase domain. (c)TRPC (TRPC6 PDB: 5YX9). Rib and CRIB 

domain in pink. (d)TRPA (TRPA1 PDB: 6PQQ). Coiled-coiled domain in pink and TRP-like 

helix in purple blue. (e)TRPML (TRPML1 PDB: 5WPV). Mucolipin domains in pale green 

and extracytosolic/luminal domain (ELD) in green. (f) TRPP (TRPP1 PDB: 5K47). 

Polycystin domain (PMD) in green and EF hands in light magenta.
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Figure 2. Model representations of ligand binding sites in (a) vanilloid-, (b) voltage sensing-like 
domain-, and (c) pore region- binding pockets.
Ligands are shown as tan sticks Relevant residues targeted in previous mutational studies 

and conserved residues are shown and are colored to their corresponding sites, labeled, and 

represented as sticks. Oxygen is shown in red, nitrogen in blue, sulfur in yellow, fluorine in 

light blue, bromine in dark red, and chloride in green.
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Figure 3. Model representations ligand binding sites in (a) cytoplasmic-, (b) 2-APB, and (c) 
electrophile- binding pockets.
Ligands are shown as tan sticks Relevant residues targeted in previous mutational studies 

and conserved residues are shown and are colored to their corresponding regions, labeled, 

and represented as sticks. Oxygen is shown in red, nitrogen in blue, sulfur in yellow, 

phosphate in orange, fluorine in light blue, boron in pink, and vanadium in grey.
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