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Abstract

Transient Receptor Potential (TRP) channels are evolutionarily conserved integral membrane 

proteins. The mammalian TRP superfamily of ion channels consists of 28 cation permeable 

channels that are grouped into six subfamilies based on sequence homology (Fig. 6.1). The 

canonical TRP (TRPC) subfamily is known for containing the founding member of mammalian 

TRP channels. The vanilloid TRP (TRPV) subfamily has been extensively studied due to the heat 

sensitivity of its founding member. The melastatin-related TRP (TRPM) subfamily includes some 

of the few known bi-functional ion channels, which contain functional enzymatic domains. The 

ankyrin TRP (TRPA) subfamily consists of a single chemo-nociceptor that has been proposed to 

be a target for analgesics. The mucolipin TRP (TRPML) subfamily channels are found primarily 

in intracellular compartments and were discovered based on their critical role in type IV 

mucolipidosis (ML-IV). The polycystic TRP (TRPP) subfamily is a diverse group of proteins 

implicated in autosomal dominant polycystic kidney disease (ADPKD). Overall, this superfamily 

of channels is involved in a vast array of physiological and pathophysiological processes making 

the study of these channels imperative to our understanding of subcellular biochemistry.

Keywords

Transient receptor potential channels; TRPC; TRPV; TRPM; TRPA; TRPML; TRPP; Cryo-
electron microscopy; Thermosensation; PKD1; PKD2; Polycystin

Correspondence to: Vera Y. Moiseenkova-Bell.

HHS Public Access
Author manuscript
Subcell Biochem. Author manuscript; available in PMC 2018 July 10.

Published in final edited form as:
Subcell Biochem. 2018 ; 87: 141–165. doi:10.1007/978-981-10-7757-9_6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6.1 Introduction

In order to survive, organisms have adapted to rapidly and accurately sense the environment 

around them. One group of biomolecules that play a key role in interpreting these 

environmental stimuli are a class of integral membrane protein called Transient Receptor 

Potential (TRP) channels. TRP channels are a class of cationic channels that act as signal 

transducer by altering membrane potential or intracellular calcium (Ca2+) concentration. The 

TRP channel era began in 1969 when Cosens and Manning discovered a phenotype in 

drosophila that exhibited as blindness in the presence of constant bright light (Cosens and 

Manning 1969). This mutant strain was named trp, transient receptor potential, and cloning 

of the mutated trp gene identified the first member of the TRP superfamily (Cosens and 

Manning 1969). This superfamily constitutes a diverse group of polymodal ion channels that 

are mostly conserved from nematodes to humans. Based on sequence homology the 

mammalian TRP channel superfamily is classified into six subfamilies (Fig. 6.1): TRPC 

(Canonical), TRPV (Vanilloid), TRPM (Melastatin), TRPA (Ankyrin), TRPML (Mucolipin), 

and TRPP (Polycystic). The first four subfamilies are categorized as group 1 and the last two 

constitute group 2. In this chapter, each subfamily will be discussed in detail with emphasis 

on channels that have been extensively studied.

6.2 TRPC Subfamily

The first subfamily of mammalian TRP channels studied is known as the TRPC subfamily or 

the canonical TRP channels. The founding member TRPC1 was cloned in 1995 and was 

discovered based on its sequence homology to the Drosophila trp gene (Wes et al. 1995). 

The seven members of this subfamily are commonly divided into four groups based on 

sequence homology (I) TRPC1; (II) TRPC2; (III) TRPC3, TRPC6, TRPC7; and (IV) 

TRPC4 and TRPC5 (Fig. 6.1). Here, TRPC2, TRPC3, TRPC6 and TRPC7 will be discussed 

together as explained in Sect. 6.2.3.

All seven members of this subfamily are structurally similar having six transmembrane 

helices, a putative hydrophobic pore forming loop, three to four ankyrin repeats, coiled-coil 

domains in the N- and C-terminus, a C-terminal proline rich region, a Calmodulin/IP3 

binding region and what is known as the TRP motif (Putney 2004; Vazquez et al. 2004). 

TRPC channels have been shown to form both heterotetramers and homotetramers within 

the TRP channel superfamily, with different members having certain preferences, for 

example, TRPC1 forms physiologically relevant functional channels with several TRPC 

channels including TRPC4, as well as, TRPV1, and TRPP2 (Ong et al. 2016; Dietrich et al. 

2014).

The TRPC subfamily channels, like most other TRP channels, function as Ca2+ permeable 

plasma membrane channels with varying Ca2+ selectivity (Vazquez et al. 2004). The 

mechanism of regulation of these channels is contentious, with the two main hypotheses 

being store-operated channel activation and receptor-activated channel regulation (Vazquez 

et al. 2004). It appears, based on the current body of scientific research, that different 

members of this subfamily are activated based on one or both of these two methods 

depending on the expression system, expression level and the antibody used. Other research 
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has also suggested mechanosensitive gating mechanisms (Dietrich et al. 2014). In spite of 

these experimental limitations, much is known about this subfamily of TRP channels.

6.2.1 TRPC1

The founding member of this subfamily can also be considered the founding member of the 

mammalian TRP channel superfamily. TRPC1 was first cloned by the Montell group in 1995 

because of its high sequence homology (~40%) to the Drosophila trp gene (Wes et al. 1995). 

This invertebrate trp gene was proposed to be a store-operated Ca2+ channel and therefore 

mammalian homologues had potentially the same function. TRPC1 was originally found in 

fetal brain, liver and kidney tissues as well as adult heart, testes, ovaries and brain (Wes et al. 

1995). Since then, it has been found to be broadly expressed in mammalian tissues (Dietrich 

et al. 2014). TRPC1 knockout mice have emerged as a highly successful tool for research of 

this channel in vivo (Dietrich et al. 2014). These models have implicated TRPC1 in skeletal 

muscle differentiation, organism growth and development, immune regulation, tumor cell 

migration and Parkinson disease (Dietrich et al. 2014). In spite of being involved in these 

critical biological functions, TRPC1−/− mice have been reported to live a healthy and 

normal life (Dietrich et al. 2014).

TRPC1 monomers have been shown to create functional channels with not only other TRPC 

members, but also with TRP members outside its subfamily. For example, Tsiokas et al. 

showed that TRPC1/TRPP2 heterotetrameric channels form and operate in membrane 

bilayers (Dietrich et al. 2014; Tsiokas et al. 1999). TRPC1 has also been shown to interact 

with members of the TRPV subfamily (Dietrich et al. 2014). TRPC1 undergoes alternative 

splicing and there are currently five known splice variants with only three that have been 

shown to be translated to functional proteins (Dietrich et al. 2014). Different splice variants 

have been reported to affect channel functionality especially in heteromeric channels 

(Dietrich et al. 2014). Recently, there has also been a start codon found upstream of the 

currently used start codon for TRPC1. This has produced an extended form of TRPC1, 

which could be of interest for future studies of the protein (Dietrich et al. 2014).

As mentioned previously, TRPC1 was originally discovered as a potential store-operated 

Ca2+ channel, but characterization of this channel did not show it to have the predicted traits 

of a store operated Ca2+ channel or ICRAC activity (Ong et al. 2016). Still, TRPC1 has been 

shown to be involved in store-operated Ca2+ entry (SOCE) through its interactions with 

Orai1 and STIM1 thus designating it as having ISOC activity (Ong et al. 2016). SOCE is a 

signaling cascade that is critical for an abundance of biological processes. When Ca2+ is 

released from the endoplasmic reticulum the cytosolic Ca2+ concentration increases which 

triggers activation of plasma membrane Ca2+ channels (ICRAC or ISOC). Evidence suggests 

that TRPC1 colocalizes with STIM1 and Orai1 in endoplasmic reticulum-plasma membrane 

(EM-PM) junctions wherein these two membranes exist in close proximity to one another 

(Ong et al. 2016). Orai1 has been shown to be necessary for TRPC1 activation, though 

different splice variants of TRPC1 seem to be modulated by Orai1 differently (Ong et al. 

2016). Mechanosensitivity has also been discussed as a potential regulation method for this 

channel, but various expression systems have provided conflicting results to date (Dietrich et 

al. 2014).
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6.2.2 TRPC4 & TRPC5

TRPC4 and TRPC5 are often grouped with TRPC1 because they, like TRPC1, are inwardly 

rectifying and were originally hypothesized to be involved in SOCE (Vazquez et al. 2004). 

What distinguishes these two channels is their extended C-terminus that contains a PDZ 

binding domain. This domain has been shown to interact with NHERF, a scaffold protein 

that links plasma membrane proteins to the actin cytoskeleton (Voltz et al. 2001; Vazquez et 

al. 2004). Through this PDZ domain, TRPC4 has been shown to be activated downstream of 

Gq-coupled receptors and receptor tyrosine kinases (Clapham et al. 2005). The function of 

the PDZ domain in TRPC5 has not been as thoroughly explored. TRPC5 has generally been 

found to behave as a receptor-operated calcium channel (Vazquez et al. 2004). Both TRPC4 

and TRPC5 channel currents are potentiated by lanthanides in contrast to the inhibitory 

effects seen in store-operated channels and other TRPC channels (Vazquez et al. 2004).

6.2.3 TRPC2, TRPC3, TRPC6 & TRPC7

TRPC2 is a pseudogene and therefore is not translated in humans, but it is expressed as a 

functional protein in other mammals. Here, it is grouped with TRPC3, TRPC6 and TRPC7 

because these four members can all be directly activated by lipids, specifically 

diacylglycerol (DAG), a product of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) 

degradation (Svobodova and Groschner 2016). Though the other TRPC family members 

have been shown to be regulated by lipids, seen through their localization to lipid rafts 

(LRDs) and other lipid targeted cellular locations, for these four members lipid binding is 

necessary and sufficient for channel activation (Svobodova and Groschner 2016; Ong et al. 

2016). A range of affinities for lipids has been reported for all TRPC subfamily channels, as 

well as a multitude of interaction mechanisms. Currently, both direct binding of lipids to 

cause activation, and indirect binding of lipids using adaptor proteins are possible for 

activation and/or localization for TRPC2, TRPC3, TRPC6 and TRPC7, since an exact lipid 

binding pocket has yet to be elucidated (Svobodova and Groschner 2016).

6.3 TRPV Subfamily

Transient receptor potential vanilloid (TRPV) channels were named based on the activation 

of the founding member of this group by capsaicin, a vanilloid-like molecule. This original 

TRPV channel was initially known as VR1 (Caterina et al. 1997). In this 1997 study, it was 

shown that VR1, expressed in sensory neurons, is activated by capsaicin, the active 

ingredient in chilies, by temperature higher than 42 °C and by protons. Due to the structural 

similarity of VR1 with other known TRP channels it was later renamed TRPV1. 

Subsequently five additional members of this subfamily were cloned and named TRPV2, 

TRPV3, TRPV4, TRPV5 and TRPV6 (Fig. 6.1) (Kanzaki et al. 1999; Smith et al. 2002; Xu 

et al. 2002; Strotmann et al. 2000; Liedtke et al. 2000; Caterina et al. 1999). Initially all the 

members of TRPV subfamily were thought to be heat sensors like TRPV1, but extensive 

physiological studies and knockout mice later revealed that although TRPV2–6 have more 

than 50% sequence homology with TRPV1, they do not all respond to temperature stimuli. 

Moreover, TRPV1–4 channels have nonselective cation conducting pores while the pores of 

TRPV5 and TRPV6 are highly calcium selective. Recently, high resolution structures of 

TRPV1 (Gao et al. 2016; Cao et al. 2013; Liao et al. 2013) (Fig. 6.2a, b), TRPV2 (Huynh et 
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al. 2014, 2016; Zubcevic et al. 2016) (Fig. 6.2c, d) and TRPV6 (Saotome et al. 2016) (Fig. 

6.2e) have been resolved using cryo-electron microscopy (cryo-EM) and X-ray 

crystallography which has helped to elucidate the physiological characteristics of this 

subfamily as a whole as well as the finer details and differences of the individual members. 

These structures also provide the first glimpse into the architectural details of the TRP 

channel superfamily.

6.3.1 TRPV1

TRPV1 is expressed in sensory neurons and is activated by capsaicin, protons, toxins and 

temperature in the noxious range (>42 °C), making it physiologically important for thermal 

and chemical nociception. To date, TRPV1 is the most well characterized and extensively 

studied mammalian TRP channel. These studies have provided a wealth of information 

about its physiological and biophysical properties as well as its role in disease and its 

potential as a therapeutic target.

Functional TRPV1 is a homotetramer, with each monomer consisting of six ankyrin repeats 

in the cytosolic N-terminal domain, a transmembrane domain containing six transmembrane 

helices (S1–S6) with a pore forming P-loop between S5 and S6 and a TRP domain in the 

cytosolic C-terminal domain. The crystal structure of the ankyrin repeat domain was solved 

in 2007 by Rachelle Gaudet’s group (Lishko et al. 2007) and the first full length single 

particle cryo-EM structure of TRPV1 was resolved to 19 Å resolution (Moiseenkova-Bell et 

al. 2008).

The detailed architecture of a TRP channel was first elucidated in 2013 when the structure of 

a truncated, functional TRPV1 channel, called “minimal TRPV1”, was resolved to 3.4 Å 

resolution (Liao et al. 2013) (Fig. 6.2a). This was also the first time that cryo-EM was used 

to reconstruct the 3D structure of a small membrane protein to near atomic resolution. 

Additionally, the structure of TRPV1 in the presence of the vanilloid agonist capsaicin and 

resiniferatoxin/Double-knot toxin (RTX/DkTx) were also resolved by the same group at that 

time to resolutions 4.2 Å and 3.8 Å respectively (Cao et al. 2013). This advancement in 

structural analysis of small proteins was possible due to the development of direct electron 

detectors, improved image processing algorithms that allowed correction of motion induced 

blurring, and the improvement of signal to noise ratio in cryo-EM data.

The near atomic resolution structure of minimal TRPV1 in the apo state displayed a fourfold 

symmetry along a central ion permeating pathway. The ion conducting pore is formed by 

transmembrane segments 5 and 6 (S5 and S6) and the pore forming P loop, which has an 

overall similarity to that of voltage gated Na+ and K+ channels. However, unlike the voltage 

gated ion channels where S1–S6 constitutes the voltage sensing domain and undergoes 

significant conformational rearrangement during channel gating, the S1–S4 of TRPV1 

remains fairly static between closed, partially open and fully open state. Although the 

overall topology of the pore region is analogous to NaV channels, TRPV1 has a flexible 

selectivity filter due to the absence of hydrogen bonding within and between adjacent pore 

helices (Liao et al. 2013).
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The flow of ions through the pore is controlled by a dual gating mechanism consisting of an 

upper gate located in the selectivity filter region and a lower gate formed by residue Ile679 

(Fig. 6.3). Comparison of the apo state structure with the capsaicin bound and RTX/DkTx 

bound structures further illustrate the dual gate architecture. In the apo state, the pore is 

constricted both at the selectivity filter region and at the lower gate (I679). In the capsaicin 

bound state, capsaicin does not affect the selectivity filter region, but the lower gate expands 

significantly. In the RTX/DkTx bound structure there is no apparent constriction in the ion-

conducting path (Cao et al. 2013). Recently, the structure of TRPV1 reconstituted in 

nanodiscs was resolved at a higher resolution by the same group (Gao et al. 2016). The 

nanodisc-stabilized structures elucidated some of the important putative regions of lipid 

interaction with TRPV1 in a membrane bilayer system. The fully open RTX/DkTx bound 

state showed formation of a lipid, channel and toxin tripartite complex, suggesting how toxin 

binding stabilizes the open state. Aromatic side chain residues, tryptophan and phenylalnine, 

from finger 1 and finger 2 of the double-knot toxin forms hydrophobic interaction with the 

aliphatic tail of a phospholipid whose polar head group interacts with channel residues 

Arg534, present in the extracellular loop connecting S3 and S4, and Ser629, present in the 

pore loop domain, respectively. Additionally, the study also suggests the vanilloid-binding 

pocket, between S3, S4, S4–S5 linker and the TRP domain, to be a plausible 

phosphatidylinositide-binding region in the apo channel (Gao et al. 2016).

6.3.2 TRPV2

The second member of the TRPV subfamily, TRPV2, was cloned because of its homology to 

TRPV1 (Kanzaki et al. 1999; Caterina et al. 1999). Like TRPV1, TRPV2 was described as a 

heat sensor, specifically as a noxious heat sensor (>52 °C) in heterologous expression 

systems. However, later studies and knockout mice models suggested otherwise since 

TRPV2 knockout mice displayed normal thermo sensation and had prenatal lethality (Park et 

al. 2011).

TRPV2 is ubiquitously expressed in various tissues types including both neuronal and non-

neuronal tissues. This channel has been implicated in various physiological processes, such 

as nerve growth, and a variety of disease states, including cancer. The Moiseenkova-Bell lab 

has recently shown that TRPV2 has a punctate distribution in DRG neurons and other 

neuronal cell lines and it co-localizes with Rab7, a late endosomal marker in these cell lines 

(Cohen et al. 2015). Although TRPV1 and TRPV2 have 50% sequence homology and the 

overall structures at low resolution looks very similar, the near atomic resolution structures 

show some differences.

The structure of full length TRPV2 was first resolved at ~13 Å resolution in 2014 and was 

later resolved to ~5 Å in 2016 (Fig. 6.2c) (Huynh et al. 2014, 2016). This was the first time a 

full length TRP channel was resolved to near atomic resolution. Another group published ~4 

Å resolution structure of a truncated TRPV2 construct (Fig. 6.2d) recently (Zubcevic et al. 

2016). The pore region of TRPV2, like that of TRPV1, demonstrated two regions of 

constriction (Fig. 6.3), one in the selectivity filter region and another at the distal part S6 

helix. However, the pore of full length apo TRPV2 was shown to be much wider than the 

pore of apo TRPV1, suggesting apo TRPV2 may be able to accommodate partially hydrated 
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cations and other large organic ions. Interestingly, the lower gate of apo TRPV2 is wider 

than that of RTX/DkTx bound TRPV1. The truncated structure of TRPV2 in the apo state, 

however, had a pore similar to that of apo TRPV1, with both the gates closed. This 

difference in the structures of TRPV2 can be attributed to either the truncation of the pore 

turret region or to the differences in channel properties between different mammalian 

orthologous (mouse vs rabbit).

6.3.3 TRPV3 & TRPV4

TRPV3 and TRPV4 were also cloned and hypothesized to be heat sensors due to their 

homology to TRPV1. TRPV3 was found to be responsible for detecting innocuous warm 

temperature ranging from 31 to 39 °C. It is expressed in various tissues and organs, but the 

most pronounced expression of TRPV3 is in the epithelial cells of skin, the oral cavity and 

the gastrointestinal tract. TRPV3 knockout mice had strong deficit in response to innocuous 

heat sensitivity (Moqrich et al. 2005). However, a later study demonstrated that this deficit in 

thermo sensation was dependent on the background strain used for developing the knockout 

mice (Huang et al. 2011). Recently, TRPV3 has gained importance as a channel essential in 

maintaining skin health.

The role of TRPV4 in thermo sensation is also controversial with studies done in 

heterologous expression systems, native tissues and knockout mice giving conflicting results 

(Garcia-Elias et al. 2014; Guler et al. 2002; Huang et al. 2011). TRPV4 has a wide and 

varied expression pattern in the body (Everaerts et al. 2010). It has been shown to respond to 

osmotic changes in cellular environment and mechanical stress (Liedtke and Friedman 2003; 

Strotmann et al. 2000; Wu et al. 2007; Gao et al. 2003; Kohler et al. 2006). Therefore, it has 

an established role in osmoregulation and mechanotransduction in the body.

6.3.4 TRPV5 & TRPV6

TRPV5 and TRPV6 are unique from other TRP channels in that they are highly calcium 

selective. Therefore, they have a significant contribution in calcium homeostasis in the body. 

TRPV5 and TRPV6 have high sequence homology (~75%) at the amino acid level and can 

form both homotetrameric and heterotetrameric functional units (Hoenderop et al. 2003). 

TRPV5 is exclusively expressed in the kidney, while TRPV6 has a wide tissue distribution, 

including in intestinal, pancreatic and placental tissues. Both TRPV5 and TRPV6 are present 

in the apical membrane of the epithelial cells and act as the entryway for Ca2+ during 

absorption and reabsorption. They are constitutively active channels when present in the 

plasma membrane, but are inactivated in the presence of high Ca2+, preventing Ca2+ 

poisoning of the cells.

Recently the crystal structure of TRPV6 was resolved with some modifications (TRPV6cryst) 

at 3.2 Å (Saotome et al. 2016) (Fig. 6.2e). Overall the structure is very similar to that of 

TRPV1 and TRPV2 (Cao et al. 2013; Huynh et al. 2016). The ion conducting pathway has 

two gates, one in the selectivity filter region formed by Asp541, which is critical for calcium 

selectivity, and the other at the lower end of the pore formed by Met577, similar to that of 

full length TRPV2 structure (Huynh et al. 2016). It was proposed that the selectivity filter of 

TRPV6 is more static in contrast to other TRPV channels. The flexibility of the selectivity 
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filter was thought to be required for pore dilation as seen in ligand bound TRPV1 channel 

structures(Cao et al. 2013). A highly electro-negative outer region of the pore likely assists 

in the recruitment of Ca2+ ions to the pore. It was further proposed that calcium permeation 

of TRPV6 occurs via a “knock-off” mechanism similar to that of Cav channels and the rate-

limiting step in this process is knocking off the Ca2+ ion from D541 site (Saotome et al. 

2016).

6.4 TRPM Subfamily

The melastatin-related TRP (TRPM) subfamily contains similar structural regions compared 

to the other TRP subfamilies, including the presence of six membrane spanning regions, 

cytoplasmic C- and N-terminal domains and a C-terminal TRP motif (Kraft and Harteneck 

2005). TRPM channels also contain a C-terminal tetrameric coiled-coil domain, the structure 

of which was solved by the Minor Jr. group in 2008 using X-ray crystallography (Fujiwara 

and Minor 2008). Interestingly, each member of this subfamily contains an N-terminal 

‘TRPM homology region’ that is involved in channel assembly and trafficking that is not 

seen in other TRP channels (Kraft and Harteneck 2005). Another defining characteristic of 

this subfamily is the lack of N-terminal ankyrin repeats that is commonly seen in other 

subfamilies (Kraft and Harteneck 2005). The large C-terminal sections of TRPM channels 

are highly varied between subfamily members with TRPM2, TRPM6 and TRPM7 

containing active enzymatic domains in this region.

Originally, most members of this subfamily were cloned from cancerous tissues and were 

therefore implicated in tumorigenesis, proliferation and differentiation (Kraft and Harteneck 

2005). After nearly two decades of research, members of this subfamily have also been 

found to be involved in temperature sensation, magnesium (Mg2+) homeostasis and taste 

(Fujiwara and Minor 2008; Hashimoto and Kambe 2015). The TRPM subfamily has been 

shown to have vastly differing modes of activation, cation selectivities and tissue 

distributions (Hofmann et al. 2003). Here, the TRPM subfamily is presented in four groups 

based on structural similarity (I) TRPM1 & TRPM3 (II) TRPM4 & TRPM5 (III) TRPM2, 

TRPM6 & TRPM7 and (IV) TRPM8 (Fig. 6.1).

6.4.1 TRPM1 & TRPM3

The first member of the TRPM subfamily, TRPM1, originally named melastatin, is a Ca2+ 

permeable ion channel that was first cloned from benign melanomas (Duncan et al. 1998). 

This protein was found to be an indicator of melanoma aggressiveness since it was found to 

be expressed at higher levels in non-metastatic melanomas (Duncan et al. 1998). Due to this 

correlation, TRPM1 was found to be a tumor suppressor and a potential prognostic marker 

for metastatic melanomas (Brozyna et al. 2016). In non-cancerous human tissues, TRPM1 is 

found only in the brain, melanocytes, macrophages and heart, all at very low levels (Fonfria 

et al. 2006).

TRPM3 is a Ca2+ permeable, non-selective cation channel that can function as a 

homotetramer or in complex with TRPM1 (Held et al. 2015). Molecular activators of 

TRPM3 include sphingolipids, pregnenolone sulfate (PS), and nifedipine (Held et al. 2015). 

Other stimuli of TRPM3 include cell swelling and heat (40 °C) (Held et al. 2015). Although 
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TRPM3 was originally thought to be involved in glucose induced insulin release in the β-

cells of the pancreas, TRPM3 knockout mice showed normal glucose metabolism (Held et 

al. 2015). Other studies have shown that physiologically TRPM3 plays an important role in 

heat sensation in the somatosensory system (Held et al. 2015). Mutations in TRPM3 have 

been found in hereditary eye diseases such as cataracts and some high-tension glaucomas 

(Held et al. 2015).

6.4.2 TRPM4 & TPRM5

Both TRPM4 and TRPM5 are distinct from the other members of the TRPM subfamily, and 

the TRP family of channels in general, because they are impermeable to Ca2+ (Zholos et al. 

2011). Rather, they are only permeable to monovalent cations including sodium (Na+) and 

potassium (K+) (Zholos et al. 2011). Because of this, TRPM4 and TRPM5 are considered to 

be Ca2+ activated, non-specific cation (CAN) channels (Kraft and Harteneck 2005). Voltage 

modulation of both of these channels has been reported and the sensitivity to Ca2+ gating of 

these channels can be altered by changes in temperature, calmodulin binding, PIP2 binding 

and channel phosphorylation (Zholos et al. 2011).

TRPM4 is highly expressed throughout the body with high levels present in the intestine and 

prostate (Fonfria et al. 2006). TRPM5, on the other hand, is expressed in discrete tissues 

with high expression in the intestines and taste buds (Fonfria et al. 2006; Zholos et al. 2011). 

In the taste buds, TRPM5 has been shown to be a transducer of bitter, sweet and umami taste 

sensation (Liman 2007). This was confirmed using mice models lacking functional TRPM5. 

These mice exhibited a drastic reduction in response to those tastes, while sour and salty 

taste sensations were unaffected (Liman 2007). Bitter, sweet and umami taste sensations are 

regulated by G-protein coupled receptor signal cascades and TRPM5 is thought to be a 

downstream target of these pathways (Liman 2007). The role of TRPM5 in the intestines is 

thought to be related to post-ingestion chemosensation (Liman 2007).

6.4.3 TRPM2, TRPM6 & TRPM7

TRPM2, TRPM6 and TRPM7 are unique because they are bifunctional proteins. In addition 

to being cation permeable channels, these TRPM members also contain functional 

enzymatic domains in their C-terminal segments (Kraft and Harteneck 2005). The catalytic 

domain of TRPM2 has sequence homology to Nudix hydrolases. TRPM2 has been shown to 

be activated by ADP-ribose and reactive oxygen species (ROS), which implicates this 

channel in cellular redox sensation (Kraft and Harteneck 2005). TRPM2 is permeable to 

Ca2+, Mg2+, and monovalent cations (Kraft and Harteneck 2005). In human tissues, TRPM2 

was found to be widely expressed with the highest levels in the brain, macrophages and bone 

marrow (Fonfria et al. 2006).

TRPM6 and TRPM7 are highly sequence homologous and hence both have the ability to 

permeate Mg2+, Zn2+ and Ca2+, though they are most often studied for their role in the 

whole organism and cellular Mg2+ homeostasis (Komiya and Runnels 2015). The enzymatic 

domains of these two channels are classified as atypical alpha protein kinases (Kraft and 

Harteneck 2005). These two TRPM members have been shown to form functional 

heterotetrameric channels (Li et al. 2006). A lack of either TRPM6 or TRPM7 was found to 
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be embryonically lethal and several magnesium-related diseases have been linked to 

mutations in these channels. For example, autosomal-recessive hypomagnesemia with 

secondary hypocalcemia (HSH) is correlated to mutations in the TRPM6 gene (Nilius et al. 

2007).

In spite of these similarities, the tissue distributions of TRPM6 and TRPM7 are widely 

divergent. TRPM6 is found at highest levels in the intestines where it has been shown to be 

involved in dietary Mg2+ uptake (Hashimoto and Kambe 2015; Fonfria et al. 2006). It is also 

found at relatively high levels in the brain, pituitary, and the distal convoluted tubule (DCT) 

of the kidney (Fonfria et al. 2006). TRPM7, on the other hand, is ubiquitously expressed in 

the human body (Fonfria et al. 2006).

6.4.4 TRPM8

One of the most thoroughly explored members of this subfamily is TRPM8, which is best 

known for its cold sensing ability. In addition to thermosensation, TRPM8 has also been 

shown to be involved in pain sensation, thermoregulation, bladder function and cancer (Liu 

et al. 2016). TRPM8 is a non-selective, Ca2+ permeable, outwardly rectifying cation channel 

(McKemy 2007; Liu et al. 2016). Of the TRPM subfamily, TRPM8 is the most selective for 

Ca2+ with a selectivity ratio (PCa/PNa) of 3.3 (Zholos et al. 2011). This channel was 

originally cloned from a prostate cDNA library screen (Tsavaler et al. 2001). It was found to 

be involved in prostate cancer, specifically there was found to be an androgen dependent 

overexpression of TRPM8 in androgen receptor positive prostate cancers (Liu et al. 2016). 

TRPM8 is involved in a variety of other cancers including adenocarcinoma, melanomas, as 

well as lung and breast cancers (Liu et al. 2016). In 2002, two independent research groups 

identified TRPM8 as a cold (<28 °C) and menthol activated ion channel (McKemy et al. 

2002; Peier et al. 2002). Other chemical agonists for TRPM8 include cooling agents such as 

eucalyptol and icilin (Liu et al. 2016). The temperature threshold of TRPM8 can be 

modulated by changes in membrane potential, arachidonic acid, lysophospholipids and PIP2 

(Liu et al. 2016). There is also evidence that G-proteins are involved in regulation of 

TRPM8, specifically, Gαq is involved in the inflammation mediated inhibition of TRPM8 

(Liu et al. 2016).

6.5 TRPA Subfamily

Transient receptor potential ankyrin 1 (TRPA1) is the solitary member of the mammalian 

TRPA subfamily (Fig. 6.1). It was discovered as an ankyrin-like transmembrane protein, 

with similarities to existing TRP channels (Jaquemar et al. 1999). Like other TRP channels, 

TRPA1 also has a cytosolic N-terminal domain, a transmembrane domain containing six 

transmembrane helices with a transmembrane loop between S5 and S6 and a cytosolic C-

terminal domain. It is a unique channel within the superfamily in that it lacks the TRP motif 

and it contains 14–17 ankyrin repeats in the N-terminal domain. This abundance of ankyrin 

repeats is why it is known as the ankyrin subfamily. TRPA1 was proposed to be a putative 

noxious cold sensor, but it is now best described as chemo-nociceptor, making it an ideal 

target for analgesics (Story et al. 2003). The TRPA1 channel is expressed in both peptidergic 

and non-peptidergic neurons like Aδ and C-fiber and in some myelinated Aβ-fibers 
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(Zygmunt and Hogestatt 2014). It is also expressed in TRPV1 expressing neurons and in 

non-neuronal cells such as epithelial cells, melanocytes, mast cells, fibroblasts, and 

enterochromaffin cells (Zygmunt and Hogestatt 2014).

TRPA1 is a polymodal channel in a true sense. It is a homotetrameric, non-selective cation 

channel, activated by a long list of exogenous and endogenous compounds. The most well-

known activators of TRPA1 are various cysteine and lysine reactive electrophilic molecules 

like allyl isothiocyanate (AITC), the active ingredient in mustard oil and wasabi, 

cinnamaldehyde which is an extract from cinnamon, allicin from garlic extract and acrolein 

from fume exhaust (Bautista et al. 2006; Bandell et al. 2004; Nilius et al. 2012). 

Additionally, TRPA1 is also activated by non-electrophilic molecules like menthol and 

cannabinoids (Jordt et al. 2004; Karashima et al. 2007). It is also modulated by various 

endogenous ligands like bradykinin, H2O2, and nitrated lipids like nitro oleic acid (Bandell 

et al. 2004; Takahashi et al. 2011; Takahashi and Mori 2011). Mutational studies along with 

other biochemical, electrophysiological and biophysical methods have established that the 

reactive ligands interact with TRPA1 via a cluster of cysteine and lysine residues present in 

the N-terminus of the channel (Hinman et al. 2006; Macpherson et al. 2007), but the 

molecular mechanism of TRPA1 channel modulation by non-reactive ligands is still largely 

unknown.

The first glimpse into the structure of TRPA1 was provided by a ~16 Å resolution EM 

structure resolved by the Moiseenkova-Bell lab in 2011 (Cvetkov et al. 2011). Although this 

structure provided insight regarding the boundaries of the transmembrane domain and 

cytoplasmic domain, it gave no information about the molecular architecture of TRPA1. In 

2015, a near atomic resolution structure of TRPA1 at ~4 Å was resolved using cryo-EM 

(Fig. 6.2f) (Paulsen et al. 2015). Although full length protein was used for cryo-EM, 3D 

reconstruction was only successful for ~ 50% of the channel. Overall, the transmembrane 

domain structure resembles those of TRPV1 and V2 structures, containing six 

transmembrane helices and a reentrant pore loop, with some differences in the pore region. 

The ion path is gated by two restriction points, the upper gate is formed by Asp915 (Gly643 

and Met644 in TRPV1) and the lower gate is made up of two hydrophobic residues Ile957 

and Val961 (Ile679 in TRPV1) (Fig. 6.3). The outer region of the pore has two short pore 

helices similar to those seen in Nav channels. In the cytoplasmic region, the C-terminus 

forms a coiled coil central stalk-like domain, which is flanked by the ankyrin repeats of the 

N-terminus. Human TRPA1 is thought to have at least 16 ankyrin repeats, out of which only 

five were resolved in this ~4 Å structure, with the other 11 ankyrin repeats remaining 

unresolved (Fig. 6.2f) (Paulsen et al. 2015). 3D reconstructions of TRPA1 both in the 

presence of agonist and antagonists were performed, but no differences between the open 

and closed structures were identified. Therefore, these structures have served to elucidate the 

general molecular structure of TRPA1, but a full length TRPA1 structure and the molecular 

mechanisms of channel activation have remained elusive.

6.6 TRPML Subfamily

The mucolipin transient receptor potential (TRPML) subfamily consists of three Ca2+ 

permeable cation channels known as TRPML1 (MCOLN1), TRPML2 (MCOLN2) and 
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TRPML3 (MCOLN3) (Fig. 6.1). Physically, these channels are the smallest in the TRP 

superfamily with each channel measuring <600 amino acids in length (Noben-Trauth 2011; 

Flores and García-Añoveros 2011; Colletti and Kiselyov 2011). Though they have the 

typical TRP six transmembrane segments with cytosolic N- and C-termini, this subfamily 

has not been reported to contain any ankyrin repeats or a complete TRP motif (Noben-

Trauth 2011; Flores and García-Añoveros 2011; Colletti and Kiselyov 2011). Additionally, 

these channels unlike others in the family are mostly localized to intracellular compartments 

instead of the plasma membrane (Venkatachalam et al. 2015). The localization of these 

channels is controlled by two di-leucine motifs, one in the N-terminus and the other in the 

C-terminus (Wang et al. 2014). Their function in intracellular compartments is not 

completely understood, but they are implicated in a variety of vesicular trafficking events 

(Venkatachalam et al. 2015). Another distinguishing feature of this subfamily is the presence 

of a large highly N-glycosylated luminal loop between the first and second transmembrane 

segments (Wang et al. 2014). Homomeric and heteromeric complexes for all three channels 

have been reported (Cuajungco et al. 2016).

6.6.1 TRPML1

The first member of the TRPML subfamily was discovered because of its role in the 

autosomal-recessive lysosomal storage disease (LSD) known as type IV mucolipidosis (ML-

IV) (Bassi et al. 2000). Patients with ML-IV have a mutation in the TRPML1 gene which 

manifests on a cellular level as an accumulation of late endosomes and lysosomes (LELs) 

and a build up of lysosomal storage materials (Wang et al. 2014). These patients show 

cognitive impairment and compromised motor skills beginning in years 1–2 of life and this 

disorder has been shown to have a degenerative component (Venkatachalam et al. 2015). 

Research regarding TRPML1 tends to focus on understanding this disease in order to 

produce treatments for these patients.

TRPML1 is an inwardly rectifying Ca2+ permeable cation channel that is localized to LELs 

(Wang et al. 2014). This channel is ubiquitously expressed and has been shown to be 

involved in membrane trafficking, signal transduction, and LEL ion homeostasis (Wang et 

al. 2014). Currently there are no known splice variants of human TRPML1 (Wang et al. 

2014). There is a predicted phosphatidylinositol 3,4-bisphosphate (PI(3,5)P2) binding site in 

the N-terminus of this protein and, like TRPML2 and TRPML3, the presence of PI(3,5)P2 

activates the channel (Wang et al. 2014). For TRPML1, it has also been reported that 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) can inhibit activation (Venkatachalam et 

al. 2015). This is interesting because PI(3,5)P2 is found in higher abundance in intracellular 

vesicles and PI(4,5)P2 is present mostly on the plasma membrane (Venkatachalam et al. 

2015; Wang et al. 2014). This could potentially mean that even though TRPML1 can be 

found on the plasma membrane, it may not be active due to the presence of PI(4,5)P2 (Wang 

et al. 2014; Venkatachalam et al. 2015). TRPML1 is permeable to a wide range of divalent 

and monovalent cations including Ca2+, Fe2+, Na+ and K+. While TRPML1 is not permeable 

to protons, it is pH sensitive (Wang et al. 2014).
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6.6.2 TRPML2 & TRPML3

TRPML2 is the least studied of this subfamily because it has not been implicated in any 

disease or phenotype (Cuajungco et al. 2016). Trafficking of TRPML2 is mediated via the 

ADP-ribosylation factor (ARF)-6 associated pathway (Venkatachalam et al. 2015). This 

channel is found primarily in lymphoid and myeloid tissues and due to this distribution, 

recent studies have focused on the role of TRPML2 in the immune system (Cuajungco et al. 

2016). TRPML2 co-localizes with several immune-associated proteins such as MHC-I, 

TLRs and Fc-εRI and is thought to be involved in trafficking these proteins (Cuajungco et 

al. 2016). Unlike many other TRP channels TRPML2 is not regulated by changes in Ca2+ 

levels or linoleic acid, but it is, as mentioned previously, activated by the presence of 

PI(3,5)P2 and is pH sensitive (Cuajungco et al. 2016; Wang et al. 2014).

While TRPML3, like TRPML2, does not have any known role in human diseases, this 

channel is of interest because of its involvement in varitint-waddler (Va) mouse phenotypes 

(Cuajungco et al. 2016). In short, the gain of function mutation A419P in TRPML3 causes a 

Ca2+ overload in melanocytes which results in a hearing loss, vestibular disfunction and 

abnormal pigmentation in mice (Cuajungco et al. 2016). Additionally, a correlation has been 

shown between down-regulated TRPML3 and viral and bacterial infections such as 

cytomegalovirus infection, hemophilus infection and chlamydial infection (Grimm et al. 

2014).

TRPML3 is localized to early endosomes, recycling endosomes, and LELs (Grimm et al. 

2014). The tissue distribution of TRPML3 is broad with higher expression levels in the 

organs of the endocrine system as well as the kidney, intestines and lungs (Grimm et al. 

2014). High sodium levels and low pH have been shown to inactivate this channel (Grimm et 

al. 2014). The pH sensitivity of this channel is controlled by regions in the luminal loop 

between first and second transmembrane region (Grimm et al. 2014). Several splice variants 

of human TRPML3 have been reported (Grimm et al. 2014). TRPML3 knockout mice have 

been shown to live healthy normal lives, though the model is limited due to the differences 

in tissue expression of TRPML3 in mice and humans (Grimm et al. 2014).

6.7 TRPP Subfamily

The transient receptor potential polycystin subfamily of TRP channels consists of integral 

membrane proteins, mutations in which attribute to the pathological condition called 

autosomal dominant polycystic kidney disease (ADPKD). The founding members of this 

group, TRPP2 (PKD2) and TRPP1 (PKD1) were identified by positional cloning of disease 

causing genes of ADPKD (Mochizuki et al. 1996; Consortium 1994; Hughes et al. 1995).

ADPKD is one of the most common, monogenic, progressive disorders affecting 1 in 400–

1000 humans. It is characterized by formation of fluid filled cysts and enlargement of the 

kidneys gradually leading to renal failure. ADPKD is also associated with formation of cysts 

in extra-renal tissues like the liver, kidney stone formation, as well as hypertension and 

cardiovascular abnormalities. Mutation of the PKD1 gene accounts for 85% of the disease 

and the PKD2 gene mutation account for all other cases. These two mutations have 

indistinguishable pathologies.
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The TRPP subfamily of TRP channel is present throughout the animal kingdom and yeast, 

making it likely the most ancient member of the TRP family (Venkatachalam and Montell 

2007). TRPP2 is structurally homologous to other TRP channels in having six 

transmembrane helices and intracellular amino and carboxyl termini. However, TRPP1 has a 

large extracellular N-terminus, 11 transmembrane helices and a relatively small cytoplasmic 

C-terminus. It does not have much semblance to the prototypical TRP channel structure and 

is also not a functional ion channel. Therefore, it was renamed as Polycystin1 (PC1), an 

integral membrane glycoprotein. Polycystin1 together with TRPP2 form a receptor-channel 

signaling complex, which plays important physiological roles from maintaining left-right 

symmetry to tubular morphogenesis. After the discovery of the two founding members, two 

other TRPP proteins, TRPP3 and TRPP5 (Fig. 6.1) and four other Polycystin1-like proteins, 

PKD1L1, PKD1L2, PKD1L3 and PKDREJ (TRPP4) were identified.

6.7.1 Polycystin Family

Polycystin1 (PC1), one of the founding members of the TRPP subfamily, is a 462 kDa 

integral membrane protein whose domain architecture suggests that it is involved in receptor 

signaling and cell adhesion. Polycystin1 has a wide tissue distribution and is highly 

expressed in the tubular epithelial cells of the kidney, pancreas, liver and brain. Perinatal 

lethality of knockout mice due to large cystic kidneys suggests that Polycystin1 plays an 

important developmental role in the kidney (Lu et al. 1997). In the fetal kidney, Polycistin1 

is present in both the apical and basolateral side of the tubular epithelial cells. However, in 

the adult kidney it is localized to the basolateral side at the interface between cell contact 

and extracellular matrix (Wilson 2001). Polycystin1 forms multiprotein complexes with 

various cell adhesion proteins thereby participating in cell adhesion. It also forms a signaling 

complex with TRPP2 where Polcystin1 may act as a receptor for the TRPP2 ion channel. 

Although, Polycystin1 was initially named as TRPP1, due to its lack of significant structural 

and functional characteristics of a TRP channel, its nomenclature has been changed to 

Polycystin1.

To-date, no structure of Polycystin1 is available, but from sequence analysis it is predicted to 

have a large extracellular N-terminus with various motifs for protein-protein and protein-

ligand interaction, a transmembrane domain containing 11 transmembrane helices and a 

relatively small C-terminus. The extracellular domain contains two cysteine flanked, leucine 

rich domains that have been shown to interact with various extracellular matrix proteins like 

collagen type 1, laminin and fibronectin (Malhas et al. 2002). It also has a putative C-type 

lectin domain similar to those found in selectin and might play role in protein carbohydrate 

interaction and Ca2+ sensitivity. The most interesting feature of the large extracellular 

domain of Polycystin1 is the presence of 16 immunoglobulin (IG) like PKD domains (Fig. 

6.4). The 10th PKD domain is highly conserved between humans and Fugu fish suggesting a 

role in ligand binding. The most distal part of the extracellular domain contains a stretch of 

1000 amino acid residues that is homologous to the sea urchin for egg jelly (REJ). The REJ 

domain is required for proteolytic cleavage of the extracellular domain of Polycistin1 in a G-

protein coupled receptor proteolytic site (Qian et al. 2002). The transmembrane domain of 

Polycystin1 has 11 transmembrane helices (S1–S11) out of which S6–S11 share high 

sequence homology to the transmembrane domain of TRPP2 protein and contains an 
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equivalent loop domain between S6 and S7. The short C-terminus of Polycystin1 has 

multiple potential phosphorylation sites and is involved in protein-protein interaction. It has 

a putative coiled coil domain that interacts with TRPP2, forming the receptor-channel 

complex (Fig. 6.4). The C-terminus can be cleaved and translocated to the nucleus in a 

process resembling Notch-mediated signaling via regulated intramembrane proteolysis 

(Chauvet et al. 2004).

Four other proteins that are related to Polycystin1 were identified by homology cloning and 

are now part of the Polycystin family. The members of Polycystin family have high sequence 

homology in their transmembrane segment but lower sequence similarity in the C-terminus 

and N-terminus. However, the family can be further categorized into two subsets based on 

their structural and physiological characteristics. PC1 and PKD1L1, both have a coiled coil 

domain in their C-terminus, but lack a functional ion channel-forming motif. On the 

contrary, PKD1L2, PKD1L3 and PKDREJ contain an ion transport motif but lack the coiled 

coil domain in the C-terminus.

6.7.2 TRPP2, TRPP3 and TRPP5

TRPP2, a founding member of the TRPP subfamily, is the quintessential TRPP protein with 

an overall structural homology to other TRP ion channels. It has a ubiquitous expression 

pattern in the body although its precise subcellular localization and intracellular trafficking 

is debated, but there is general agreement about its presence in the primary cilia. TRPP2 is a 

tetrameric, nonselective monovalent and divalent cation permeable channel implicated in a 

wide array of cellular functions including fertilization, proliferation, mechanosensation and 

polarity (Giamarchi et al. 2006). Each monomer of TRPP2 is a ~110 kDa protein containing 

a cytosolic N-terminal domain, a transmembrane domain made of six transmembrane helices 

(S1–S6) with a pore forming loop between S5 and S6 and a cytosolic C-terminus. The N-

termini of TRPP channels are devoid of ankyrin repeats, but the C-terminal region contains a 

coiled coil domain, which is likely involved in protein-protein interaction, and an EF-hand 

motif. A unique feature of TRPP channels is the presence of a large extracellular loop 

between S1 and S2 consisting of 245 amino acid residues in TRPP2, 224 residues in TRPP3 

and 225 amino acid residues in TRPP5 proteins.

Recently the structure of a “minimal” TRPP2 (hPKD2:198–703) construct reconstituted in 

nanodiscs and “truncated PC2 construct” in detergent were resolved to 3 Å and 4.2 Å 

resolution respectively, using cryo-EM (Fig. 6.2g, h) (Shen et al. 2016; Grieben et al. 2016). 

This structure gives a detailed understanding of the architecture of TRPP transmembrane 

domain. Overall the topology of this region is similar to other known Group1 TRP protein 

structures (TRPV1, TRPV2 and TRPA1) with S1 – S4 forming the voltage sensing domain 

(VSD) and S5 and S6 along with the reentrant pore loop forming the ion-conducting 

pathway. The pore of the TRPP2 channel also has two points of restriction, one residing in 

the selectivity filter region (Ile641, Gly642 and Asp643) and the second one located at the 

distal end of the pore (Leu677 and Asn681) near the inner leaflet of the bilayer (Fig. 6.3). 

The archetypical extracellular loop between S1 and S2 of TRPP proteins is named as the 

“polycystin” domain by the authors and acquires a novel three-layered fold; with the top 

layer comprising three α helices, the second layer made up of a five-stranded antiparallel β-
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sheet and the third layer consisting of two fingers (finger 1 and finger 2). This polcystin 

domain contributes to channel assembly via interaction with adjacent polycystin domain of 

other subunits and might also be instrumental in allosterically modulating the channel due its 

strategic location above the VSD.

TRPP3 was the first homologue of TRPP2 to be identified (Veldhuisen et al. 1999) followed 

by TRPP5. TRPP3 and TRPP5 have high levels of sequence homology to the 

transmembrane segment of TRPP2, 78% and 71% respectively. However, the amino and the 

carboxyl termini have a very low degree of sequence homology. The major difference 

between TRPP2 and TRPP3 is in their amino termini where TRPP3 lacks a 100 amino acid 

segment. TRPP3 is expressed in a wide variety of tissues including neurons, testis, kidney 

and non-myocyte cardiac tissue. The precise physiological function of TRPP3 and TRPP5 is 

still elusive.

6.8 Conclusions

TRP channels are polymodal channels in a true sense, in that most of the superfamily 

members can be activated by a multitude of stimuli. They were known to be vital for sensory 

physiology, but recent studies have established that TRP channels are crucial players in 

various other physiological and pathological conditions like cancer, renal physiology, 

cardiac health and neuronal development. Therefore, most TRP channels are important 

therapeutic targets. Though there is much known about these channels, much controversy 

exists in this field regarding their physiological functions. This may be a result of the 

majority of the TRP channels originally being identified through sequence homology rather 

than function derived identification. Recent advancement in the field of cryo-EM has 

enabled near atomic resolution structures of some of the TRP channels, giving a glimpse 

into their molecular architecture. The structural information will help in establishing some of 

the functional characteristics of these channels and will also be beneficial for drug 

development. Resolving more structures will be important for the better understanding this 

family of ion channels.
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Fig. 6.1. 
A schematic representation of the TRP superfamily of ion channels. Each branching group is 

representative of a subfamily of channels
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Fig. 6.2. 
Select high resolution structures of TRP channels. (a) and (b) Cryo-EM density maps of 

TRPV1 (Liao et al. 2013; Gao et al. 2016). (c) and (d) Cryo-EM density maps of TRPV2 

(Huynh et al. 2016; Zubcevic et al. 2016). (e) X-ray crystal structure of TRPV6 (Saotome et 

al. 2016). (f) Cryo-EM density map of TRPA1 (Paulsen et al. 2015). (g) and (h) Cryo-EM 

density maps of TRPP2 (Grieben et al. 2016; Shen et al. 2016)
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Fig. 6.3. 
A schematic representation of the the TRP channel pore showing the two regions of 

constriction (gates). The residues forming the two gates in various TRP proteins are listed in 

the Table on the right
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Fig. 6.4. 
A schematic representation of TRPP1 and TRPP2 interacting with each other through their 

C-terminal region and forming the receptor-channel complex

Samanta et al. Page 25

Subcell Biochem. Author manuscript; available in PMC 2018 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	6.1 Introduction
	6.2 TRPC Subfamily
	6.2.1 TRPC1
	6.2.2 TRPC4 & TRPC5
	6.2.3 TRPC2, TRPC3, TRPC6 & TRPC7

	6.3 TRPV Subfamily
	6.3.1 TRPV1
	6.3.2 TRPV2
	6.3.3 TRPV3 & TRPV4
	6.3.4 TRPV5 & TRPV6

	6.4 TRPM Subfamily
	6.4.1 TRPM1 & TRPM3
	6.4.2 TRPM4 & TPRM5
	6.4.3 TRPM2, TRPM6 & TRPM7
	6.4.4 TRPM8

	6.5 TRPA Subfamily
	6.6 TRPML Subfamily
	6.6.1 TRPML1
	6.6.2 TRPML2 & TRPML3

	6.7 TRPP Subfamily
	6.7.1 Polycystin Family
	6.7.2 TRPP2, TRPP3 and TRPP5

	6.8 Conclusions
	References
	Fig. 6.1
	Fig. 6.2
	Fig. 6.3
	Fig. 6.4

