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Abstract: Transient receptor potential melastatin (TRPM) channels, a subfamily of the TRP super-
family, constitute a diverse group of ion channels involved in mediating crucial cellular processes
like calcium homeostasis. These channels exhibit complex regulation, and one of the key regulatory
mechanisms involves their interaction with calmodulin (CaM), a cytosol ubiquitous calcium-binding
protein. The association between TRPM channels and CaM relies on the presence of specific CaM-
binding domains in the channel structure. Upon CaM binding, the channel undergoes direct and/or
allosteric structural changes and triggers down- or up-stream signaling pathways. According to cur-
rent knowledge, ion channel members TRPM2, TRPM3, TRPM4, and TRPM6 are directly modulated
by CaM, resulting in their activation or inhibition. This review specifically focuses on the interplay
between TRPM channels and CaM and summarizes the current known effects of CaM interactions
and modulations on TRPM channels in cellular physiology.
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1. Introduction

The human genome encodes hundreds of integral proteins in plasma membranes
called ion channels that allow rapid permeation of ions across the membrane in a highly
regulated manner [1,2]. Their transport pores open and close in response to the influence
or direct binding of extrinsic or intrinsic agonists and antagonists [3]. The specific structure
and functional properties differ substantially. Therefore, ion channels are divided into
channel families and subfamilies according to their function or sequence homology. In
this review, we focus on the transient receptor potential (TRP) channel family, specifically
the melastatin TRP channels (TRPM) subfamily, which plays a key role as a versatile
sensor enabling individual cells and whole organisms to detect and interpret various
environmental stimuli [3,4]. TRP channels play an important role in processes that often
generate the intracellular Ca®* signal [5]. Downstream Ca?* sensor proteins monitor
changes in free intracellular Ca?*; after ions bind a signaling molecule, the protein induces
conformational changes that modulate a number of downstream signaling pathways.
Calmodulin (CaM) is one of the key protagonists of evolutionarily conserved Ca?* sensors.
Commonly, CaM binding to TRP channels can modulate their activity in several ways. In
some cases, CaM binding to TRP channels can inhibit their activity. This inhibition may
involve direct physical interactions that block the channel’s pore or reduce its calcium
(Ca?*) permeability. In other cases, CaM binding can facilitate TRP channel activity. This
facilitation might involve changes in the channel’s gating properties, such as its open
probability or sensitivity to other regulatory factors. CaM can sensitize TRP channels to
other modulators or stimuli. This means that the presence of CaM can make TRP channels
more responsive to changes in Ca?* levels or other signaling molecules [1,6,7]. In addition
to a brief overview of the TRPM subfamily, we focus on the interactions between TRPM
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channels and one of their important intracellular modulators—CaM—together with the
direct and/or indirect effects of CaM on TRPM channel’s activation and inhibition.

2. TRP Channels

Within the intricate realm of cellular biology lies a captivating group of proteins
known as TRP channels. These mysterious gatekeepers play a pivotal role in mediating
the sensations that underpin our interactions with the environment. First discovered in
the early 1990s, TRP channels have since emerged as essential players in a wide range of
physiological processes, ranging from temperature sensing and pain perception to vision
and taste [4]. The captivating journey into the world of TRP channels begins with their
diverse and ubiquitous presence across various organisms, from simple unicellular organ-
isms to complex multicellular organisms such as humans. Their evolutionary conservation
underlines their importance and highlights their significant contribution to fundamental
life processes.

The archetype of TRP channels was discovered in Drosophila melanogaster, where pho-
toreceptors carrying TRP gene mutations showed altered vision in the presence of constant
bright light [3,4,8]. Members of the TRP superfamily are found in yeast and other multicel-
lular organisms (invertebrates and vertebrates) and are widely expressed in different cell
types and tissues with varying expression in plasma and intracellular membranes. TRPs
are involved in a wide range of physiological processes, such as hypertension, visceral
nociception, and cytokine production [2]. In humans, TRP channels play a key role in smell,
taste (bitter, sweet, and umami), vision, touch, and our ability to detect heat, warmth, and
cold [8]. Mutations in several TRP genes have been implicated in various diseases such as
cardiovascular disease, neurodegenerative disorders, skeletal dysplasia, renal disorders,
asthma, pain, cancer, dermatological conditions, and metabolic disorders (obesity and
diabetes) [6,9,10]. Twenty-eight TRP channels have been described in mammals and are
divided into six subfamilies based on the varying degrees of their sequence homology (the
sequence identity of all TRP channels is only 20%): TRPC (canonical), TRPV (vanilloid),
TRPA (ankyrin), TRPM (melastatin), TRPML (mucolipin) and TRPP (polycystic) [7,8,11].

Structurally, TRP channels have a similar organization to voltage-gated ion channels
(VGICs) due to their subunit organization and membrane topology. The subunits anchor
two modules that are embedded in the lipid bilayer. The first module, the voltage sensor-
like domain (VSLD), is composed of four helices (S1-54), and the second module, the pore
domain, is composed of two helices (55-56) and an intermediate loop. The helices formed
by S4 and S5 are connected via a linker that consists of a short amphipathic helix. The
major fourfold symmetry occurring in TRP is presented around the central ion permeation
pathway. It is made up of pore modules that are formed by four subunits. These subunits,
composed of transmembrane helices S1-56, can form homo-tetramers as well as hetero-
tetramers [7,12]. TRP channels, as membrane proteins, have contributed to the revolution
in structure determination by cryo-EM. TRPV1 was the first integral membrane protein
whose structure was determined using cryo-EM [12].

TRPs are noted as polymodal channels that can be activated by several distinct phys-
ical stimuli and chemical ligands [3]. TRPs mostly mediate the influx of monovalent or
divalent cations but a majority of TRPs are non-selective Ca?*-permeable cation chan-
nels [13,14] and thus form a superfamily of channels contributing to the regulation of
CaZ* homeostasis [15]. Activated TRP channels alter the membrane potential, leading to
a change in intracellular Ca?* concentration, which plays a central role in many funda-
mental cellular pathological processes including muscle contraction, transmitter release,
cell proliferation, gene transcription, and cell death [16]. Mutations in TRP channel genes
interfere with normal patterns of Ca* distribution and are associated with hallmarks of
cancer pathophysiologies [13].
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3. TRPM Subfamily

The TRPM subfamily is the largest, and its eight members (TRPM1-TRPMS) have
diverse physiological functions and biophysical properties [17]. Its members are widely
expressed in various cells and tissues, such as sensory ganglia, pancreatic beta cells, immune
cells, tongue, heart, and kidney, and are crucial to sensory physiology [6]. Based on amino
acid (AA) sequence similarity, the channels have been classified into several subgroups:
TRPM1/3, TRPM4/5, TRPM6/7, TRPM2, and TRPMS8. TRPM2 and TRPMS are not located
in any subgroup, although they are most closely related [7]. In recent years, cryo-EM
structures have been solved for several TRPM members (TRPM2, TRPM4, TRPM5, TRPM?7,
and TRPMS) in closed or partially opened conformations [18-26]. Like all other TRP
channels, they consist of four monomers composed of six transmembrane domains, four N-
terminal homology regions (MHR 1-4), and a C-terminal TRP box and coiled-coil domains
(Figure 1) [3]. TRPM2, TRPMS6, and TRPM7 have enzymatic domains at the C-termini and
have been named “chanzymes” [27-29].

The TRPM subfamily is associated with various human pathophysiological processes
leading to organ dysfunction, cancer development, and neurodegenerative or cardiovascu-
lar diseases [2]. TRPM channels have been recognized as promising therapeutic targets,
and understanding their regulation represents a fundamental building block in the de-
velopment of potential therapeutics. Significant modulatory activity of TRPM channels
in response to changing intracellular or extracellular Ca* levels has been reported to be
controlled by a ubiquitous Ca?* binding CaM [30-35]. Several members of the TRPM
channel subfamily have been identified as CaM-regulated [32-34,36]. CaM-mediated regu-
lation of these channels plays critical roles in various physiological processes, such as Ca**
homeostasis, neurotransmitter release, and sensory perception [6]. Moreover, interactions
between TRPM channels and CaM have been linked to numerous pathological conditions,
including cardiac arrhythmias and neurodegenerative diseases [2,37].
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Figure 1. Common schematic and representative structure of the TRPM channel. (A) Common

C-termini

membrane topology of TRPM in a dimer visualization. The TRPM monomeric unit consists of
six transmembrane helices (orange and pink helices), with a pore region between helices five and
six (channel centre, pink part). The pore serves to transport monovalent and divalent ions. The
intracellular N- and C-termini modulatory domains present in blue and green bulbs are key players
in binding intracellular regulatory molecules and changing the structural conformation of the entire
channel to open or close the pore region for ion transport. The pink ball in the TRPM scheme at the
N-termini location represents a potential ligand binding site. (B) Side view of the structure of TRPM4
structure (PDB: 6BQR). Both representations show the transmembrane part of the TRPM /TRPM4
channel in yellow /orange/red; N-termini in green/blue; and C-termini intracellular domains in deep
violet and red. (A) was adapted from the “TRPM 2 channel” template by BioRender.com, retrieved
from “https:/ /app.biorender.com/biorender-templates (accessed on 20 July 2023); (B) was generated
using PyMol software, version 1.20 [38].
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CaM regulatory and signaling pathways in cells are commonly understood as key
checkpoints for cellular Ca?* homeostasis. TRPM channels contain multiple CaM bind-
ing domains at the intracellular N- and C-termini of the channels with an activating or
inhibitory effect. A deeper understanding of TRPM regulation by CaM would require
modulatory characterization of the appropriate CaM binding sites and more structural
analyzes of TRPM-CaM complexes. In this review, we summarize current knowledge on
discovered TRPM members and CaM interactions, with described direct and indirect effects
of CaM on TRPM channel activity. As the modulation of TRP channels has gained attention
in recent years [39], this review can serve as an overview of the current knowledge of
the CaM/TRPM relationship to help advance the information into the application area of
potential TRPM drug discovery, given that the channels are associated with many serious
diseases [2].

4. Calmodulin

The complex organization of basic cellular processes relies on the strict regulation of
intracellular Ca?* levels. Basal cytoplasmic Ca?* concentration is maintained at 100 nM
and increases up to 1-10 uM upon induction of Ca>* influx from cellular compartments or
extracellular fluids [40]. This two-lobe globular protein provides hundreds of intracellular
regulatory pathways, including connection with TRP channels. CaM is involved in the
control of cell growth, proliferation, motility, apoptosis, etc. [41]. Human CaM is encoded
by three independent genes (CALM 1-3) [42] where only a single mutation might cause
life-threatening cardiac arrhythmia syndromes called calmodulinopathies [43].

The Ca?* free form, called apo-CaM, consists of two homologous globular domains
(N- and C-termini lobes) connected by a central flexible linker (Figure 2A) [44]. Each CaM
lobe senses changes in Ca?* concentration by a pair of Ca?*-binding motifs called EF hands,
leading to a 1:4 stoichiometry of CaM/Ca?* interaction (Figure 2B) [45]. Canonical EF
hands fold into a helix-loop-helix structure upon CaM-Ca?* complex formation, where an
acidic loop of 12 AAs provides oxygen atoms to coordinate Ca?* [46]. Binding of Ca®* to the
EF loop changes the interhelical angle between the a-helices of the EF hand and initiates a
closed-to-open transition in both lobes of CaM, associated with the exposure of hydrophobic
patches. Such hydrophobic regions of the CaM~-Ca?* complex often facilitate interactions
with downstream protein targets [47]. The CaM molecule exhibits a considerable degree
of conformational plasticity, giving rise to a myriad of binding modes from compact
(Figure 2C-F) [48,49] to extended ones [50,51].

CaM modulates the activity of TRP channels through activation [34,52] or inhibi-
tion [53-57] of signaling pathways. It can also exhibit a dual mode of action towards
TRP channels, switching from an activating channel to an inactivating one upon changing
Ca?* concentration [58]. CaM also mediates Ca2+—dependent modulation of TRP channels
indirectly via Ca?*-CaM-dependent protein kinase II (CaMKII) [59-61]. CaMKII partic-
ipates not only in signaling cascades upstream from TRP channels, but also promotes
regulation of countless downstream signaling pathways involved in the control of key
cellular functions such as autophagy, cardiomyocyte contraction, or maturation of growth
plate chondrocytes during bone development [37,62,63]. Apo-CaM typically does not have
significant regulatory effects on TRP channels. To regulate TRP channels or other target
proteins, CaM typically needs to bind Ca?*, and it is the CaM-Ca?* complex that plays a
key role in mediating the regulatory effects. In the absence of Ca?* binding, apo-CaM is
less likely to have a significant impact on TRP channel activity [64].

CaM recognition sites in target proteins lack a well-defined CaM-binding AA consen-
sus. CaM binding motifs might be predicted based on shared biophysical and biochemical
properties, such as the presence of a minimum of two hydrophobic AA residues, a net-
positive-charged AA, and o-helical propensity [64,65]. However, these predispositions
are not always mandatory for CaM-TRPM complex formation. The interaction between
CaM and downstream signaling molecules usually depends on a Ca?*-activated CaM.
These specific Ca?*-dependent CaM-binding motifs are classified, according to the distance
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between the hydrophobic residues, into two major classes: hydrophobic positions 1-10,
1-14, and 1-5-8-14 [65-67]; and four minor classes: 1-16 [68], 1-17 [69], 1-18 [70] and short
1-3 [71] motifs. Most CaM/target complexes are Ca**-dependent; however, several proteins
might also interact with apo-CaM by the so-called IQ motif defined by the consensus AA
sequence IQXXXRGXXXR [64]. Based on these characteristics, numerous CaM binding
sites have been identified through the TRP family, e.g., the TRPM6/CaM/Ca®* complex as
demonstrated in (Figure 2E,F). In the following chapter, we have described these binding
sites specifically for TRPM members.

APO-CaM (PDB: 1QX5) HOLO-CaM/Ca?* (PDB: 5A2H)

C ) D
CaM/Ca?
ST
30"
i -

TRPV1 peptide, structure (PDB: 3SUI)

CaM/Ca?*

COMPLEX

COMPLEX

TRPMG6 peptide, molecular model

Figure 2. CaM complex formations with TRP channel binding sites. (A) Structure of apo-CaM (PDB:
1QX5) and (B) holo-CaM complexed with Ca2* (PDB: 5A2A). (C) Side and (D) front view of the inter-
face of the CaM/Ca?*—TRPV1 peptide (PDB: 3SUI) complex in the backbone representation. (E) Side
and (F) front view of the CaM/Ca?*—TRPM6 peptide complex interface in sphere representation as a
result of molecular modelling and molecular dynamics simulations (MDs) [72]. TRPM6 binding site
in orange (sphere representation; red represents basic AA residues; LIGRAYRSNYTRKHER (bold)
confirmed to be involved in the salt bridge formations with their CaM-binding counterparts). Color
convention: CaM backbone shown in rainbow colors according to *CA atoms; pink spheres represent
Ca®*; TRPV1 peptide backbone is shown in brown; TRPM6 peptide in ball orange /red representation.

5. CaM Binding Domains at TRPM Channels

Interactions of TRP channels with CaM are profoundly maintained by TRP-present
clusters of hydrophobic and positively charged AA residues. Alanine scanning mutagenesis
of basic residues in the TRP binding regions disrupted complex formation, as reported in
many studies of CaM complexes [73-76]. Hydrophobic as well as positively charged AA
residues are often located at TRP binding regions with specific positions characterized as
binding motifs [65]. CaM binding sites are commonly predicted based on a hydrophobic
binding motif located on the interacting protein partner, which characterizes the accessible
binding region to hydrophobic counterparts from CaM.

In this review, we list all TRPM binding sites for CaM that have been characterized
in vitro. Table 1 shows the AA sequences of TRPM binding regions with the respective disso-
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ciation constants discovered for CaM complexes using biophysical methods [25,36,37,39,40].
Briefly, an identical hydrophobic binding motif was found for TRPM4np1 and TRPM5np
(TRPM4 channel, UniProtKB/SwissProt: Q8TD43, V129-Q147). The 1-5-10 hydrophobic
motif is localized at positions L.134-1.138-V143 (TRPM4np1) and L84-L88-V93 (TRPMbnp).
The highest sequence similarity of hydrophobic AA residues was identified for TRPM6np
and TRPM7np, where the binding regions share an identical 1-5-10 hydrophobic binding
motif at positions Y525-Y529-F534 (TRPM6np) and Y524-Y528-F533 (TRPM7np).

Table 1. CaM binding regions of TRPM N-termini. The table shows the studied binding sites of TRPM
members for CaM with confirmed formation of a specific complex. Numbers at the AA sequence
indicate the location of the CaM binding site in the context of the TRPM member. The complexes were
studied by in vitro testing (fluorescence anisotropy, FA; surface plasmon resonance, SPR; microscale
thermophoresis, MST) with investigated Kp values in the range of micromolar levels; N.D. stands for
Not Determined.

TRPM Member CaM Binding Sites Binding Affinity (KD) Reference
TRPM2np 399 ]lVEWTKKIQDIVRRRQLLT V416 N.D. Tong et al., 2006 [34]
TRPM2cp 1352 VTHWRRNEDGAICRKSIKKMLEVL 1575 110 (+£18) nM Gattkowski et al., 2019 [30]
TRPM3np 103QNFELQPKLKQVFGKGLIKAAMTTGy17 N.D. Przibilla et al., 2018 [33]
TRPM3np 1 WTIRKLCHAAFLPSVRLLKAQKSWIERAFY, 51515 & .12998((10(5.1(;11)8?th Holakovska etal., 2012 73]
TRPM3np 304GAEVKLRRQLEKHISLQKIN 34 5151?:: 8;;5&%?077) ﬁfM Holakovska etal,, 2012 73]

TRPM4np1 120 VLQTWLQDLLRRGLVRAAQ: 47 FA: 1.1 (£0.2) uM Bousova et al., 2018 [74]
TRPM4np2 627FGECYRSSEVRAARLLLRRCPLggs FA: 1.3 (+1.8) uM Bousova et al., 2020 [75]
TRPM4cp 1078 PFIVISHLRLLLRQLCRRPRS; g FA: 2.6 (£0.5) uM Bousova et al., 2018 [74]
TRPM5np s3sWLRDVLRKGLVKoy FA, MST: 1.0 (0.1) pM Bousova et al., 2022 [76]
TRPM6np 5200LIGRAYRSNYTRKHFRs535 FA: 14.87 (£0.7) uM Zouharova et al., 2019 [72]
TRPM7np 526 TYRCTYTRKRFRLs35 FA: 6.1 (£0.4) uM Bousova et al., 2021 [77]

The hydrophobic TRP binding motifs for CaM also mostly contain positively charged
AA residues that play a key role in the interactions with CaM binding partners [51,69,75].
These clusters present at TRP channels commonly bear specific patterns in their posi-
tions [73,74,78,79]. Multiple sequence alignment of TRPM binding regions [77] revealed
consensus sequences of basic AA residues (RxxxxR/K, where x is any AA) confirming
key players for CaM complex formations. For example, the alignment revealed a strong
consensus of R and K in all TRPMs’ basic residues at CaM binding regions. TRPM5np
K90 shows the character of basic residue identity with TRPM4np1 and TRPM1np. The
TRPMb5np binding region contains hydrophobic AAs that form two possible CaM-binding
motifs W83-V87-L92 [1-5-10 motif] and L84-1L.88-V93 [1-5-10 motif] with four embedded
basic AAs (R85, R89, K90, and K94). The exception is the TRPM5np R85, which does not fit
into consensus with any TRPMs’ binding epitopes. TRPM7np and TRPMénp contain four
basic residues, R525-R530-K531-R534 in TRPM7 and R526-R531-K532-R535 in TRPMS, at
the same position with respect to the hydrophobic motif. Sequence alignment confirmed
a similar pattern of position of hydrophobic and basic AA residues, suggesting a CaM
binding motif for such regions across all TRPM members. The position of these CaM
binding motifs is often placed at the surface or in the pore place of TRPs (Figure 3).
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Figure 3. Localization of representative CaM binding sites at the TRPM4 and TRPM6 N-termini
intracellular tails. (A,C) Side and (B,D) bottom view of TRPM4 structure ((A,B) PDB: 6BQR) and
TRPM6 homology model (C,D) [22,72] with identified highlighted CaM binding sites accessible to
CaM from intracellular cell environment [74,75]. Color convention: TRPM4 and TRPM6 backbones
shown in rainbow ribbon according to *CA atoms; CaM binding sites of TRPM channels shown in
pink and violet ball representations.

6. CaM Binding Domains of TRPM Channels Associated with Diseases

Specific mutations in the CaM binding domains of TRPMs have been associated with
various diseases and disorders. These mutations led to dysregulated channel activity,
disrupted Ca?* signaling, and, consequently, contributed to pathophysiological conditions.
Mutations in CaM binding domains of TRPM channels have been linked to cardiac con-
duction disorders (TRPM4), including familial progressive cardiac conduction defects [80].
These mutations can disrupt normal Ca?*-dependent regulation of TRPM4 and affect the
electrical conduction system of the heart. Moreover, function-related TRPM4 mutations
(I1033M, 11040T) were also linked to erythrokeratodermia [81]. Mutations in TRPM6, which
plays a role in magnesium and Ca?* homeostasis, can lead to hypomagnesemia with sec-
ondary hypocalcemia. These mutations may interfere with the binding of CaM to TRPMS,
affecting its function in regulating magnesium and Ca2* absorption in the intestine and
kidney [82,83].

Mutations in the CaM binding domain of other TRP members were also associated
with serious pathological conditions. The TRPV4 channel have been linked to skeletal
dysplasia, where such mutations can result in abnormal Ca?* signaling, affecting skeletal
growth and development [84]. Mutations in the CaM binding domain of TRPC6 have been
associated with focal segmental glomerulosclerosis, a kidney disorder characterized by
scarring of the glomeruli. These mutations resulted in increased TRPC6 activity, which
contributes to abnormal Ca?* influx and cellular damage in kidney cells [85].

These examples illustrate how mutations in the CaM binding domains of TRP channels
can lead to various diseases or disorders by disrupting the normal regulatory mechanisms
of these channels. Dysregulation of Ca?* signaling, which is often mediated by CaM, can
have widespread effects on cellular processes and physiological functions, contributing to
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disease pathogenesis. It is important to note that ongoing research continues to uncover
the roles of these mutations in disease development and progression.

7. First Structural Analysis of CaM in Complex with TRP

The explosion of cryo-electron microscopy (cryo-EM) techniques has enabled the
solving of many previously unattainable channel classes including TRPMs [18,20-26]. This
technique also helped to decode the first structures of TRP channels with CaM [86,87].
Specifically, the structure of CaM with TRPV6 and TRPV5 revealed an unexpectedly in-
tricate binding interface where CaM is buried into the TRPV pore space. CaM plays a
crucial role in modulation of the activities of TRPV and TRPC channels by binding to their
C-terminal tail domains. Since the structure of the TRPM—CaM complex has not been
solved yet, this chapter delves into the structural intricacies of the first solved complexes of
CaM and the three TRP channels—TRPV5 [86,87], TRPV6 [88], and TRPC4 [89].

Recent structural studies using cryo-electron microscopy (cryo-EM) and X-ray crys-
tallography have provided valuable insights into the interactions between CaM and the
C-termini tails of TRPV5 and TRPV6 channels [86,87]. The analyses revealed CaM’s bind-
ing mode to a specific amphipathic helix in the C-terminal domain of the channels, with
the CaM molecule engaging two binding sites within. The TRPV5 (Figure 4) and TRPV6
C-termini domains interact with the N- and C-lobes of CaM, respectively. Ca>* binding
to CaM induces conformational changes that enable the N- and C-lobes to clamp around
the helical region of the TRPV C-terminal domain. This interaction not only stabilizes the
channels in the closed state (channel inhibition), but also modulates their gating properties
in response to Ca®* signals. Structural studies also revealed that binding of CaM induces
some degree of dimerization in TRPV5 and TRPV6 channels, further emphasizing the
significance of these interactions in channel regulation.

Figure 4. Structure of TRPV5 in the complex with CaM-Ca?* (PDB: 6DMW) [87]. Cartoon representa-
tion of (A) side and (B) bottom views of CaM-bound TRPV5. (C) A detailed view of CaM bound in
the complex with TRPV5 revealed two binding sites for N- and C-lobes of the CaM. Color convention:
TRPV5 backbone in rainbow ribbon spectrum according to C-alpha; CaM in a surface representation,
grey color; Ca®* in the complex with CaM are shown as a magenta ball representation.
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Structural studies of the TRPC4-CaM complex are comparatively limited, but have
revealed fundamental insights into the complex formation [89]. Cryo-EM studies indicate
that in the structure of the TRPC4-CaM complex, the central core of the cytoplasmic region
is occupied by a coiled-coil helix. Thus, CaM cannot access the core of the cytoplasmic
region in TRPC4. Binding of CaM to TRPC4 regulates the gating properties of the chan-
nel (inhibition upon CaM interaction), thereby influencing Ca* influx and downstream
signaling pathways.

8. CaM Modulates the Activity of TRPM Members
8.1. TRPM1 and TRPM3

The first identified mammalian TRPM, TRPM1, was originally named melastatin
because its expression levels were inversely correlated with metastatic potential in some
melanoma cell lines [90]. Human TRPM1 mutations are associated with congenital station-
ary night blindness, when patients lack rod function and suffer from night blindness from
early childhood. In addition to the function of transduction cation channels, TRPM1 is one
of the retinal autoantigens in some paraneoplastic retinopathies associated with retinal
ON-bipolar cell dysfunction. The TRPM1 channel in terms of potential regulatory function
was recently associated with AKT activation, colony formation, cell mobility, and xenograft
tumor growth in melanoma cells. TRPM1 elevated cytosolic Ca?* levels and activated
CaMKII$ (Ca?* /calmodulin-dependent protein kinase 118) to promote CaMKII§/ AKT in-
teraction and AKT activation [61]. The direct binding of CaM to TRPM1 has not been
described yet. The only direct Ca?*-dependent interaction of TRPM1 was described with
5100A1, although the specific modulatory function is not known yet [79].

TRPM3 is a Ca?*-permeable non-selective cation channel with a pivotal role in the
detection of noxious heat in dorsal root and trigeminal ganglia [91]. TRPM3 channels
participate in blood vessel contraction and smooth muscle proliferation [92], insulin secre-
tion by pancreatic 3-cells, and renal Ca?" homeostasis [93]. Substitutions in TRPM3 have
been linked to intellectual disability and epilepsy [94]. The most potent agonist of TRPM3
channels is the endogenous neurosteroid pregnenolone sulphate [95]. TRPM3 activity is
also regulated by the plasma membrane levels of phosphatidylinositol phosphates (PIPs),
which directly potentiate TRPM3 currents (Table 2) [96,97]. Activating stimuli lead to Ca%*
influx into the cytoplasm, and elevated Ca?* levels provide a negative feedback signal to
TRPM3 channels.

CaM modulation of TRPM3 has not yet been described. In vitro binding assays re-
vealed two Ca?*-dependent CaM-binding regions at the TRPM3 N-terminus, overlapping
with interaction regions for phosphatidyl inositol 4,5-bisphosphate (PIP2) [73,98]. Recently,
five separated CaM binding sites (CaMBS 1-5) at the TRPM3 N-terminus were predicted
and confirmed by pull-down and dot blot analyses [33]. The CaM-binding affinities of
CaMBS 1-5 increase in the presence of Ca®*. Interestingly, CaMBS 1 and CaMBS 3 regions
overlap with two CaM-binding regions previously described by Holakovska et al. [73].
The existence of multiple CaM-binding sites with different binding affinities points to
cooperativity in the complicated multi-level modulation of TRPM3 channels. In addition,
the number of CaM-binding sites varies between TRPM3 isoforms, with CaMBS 2 and 3
occurring in all TRPM3 isoforms while CaMBS 1, 4 and 5 are subject to alternative splic-
ing [33,99]. Variation in the CaM-binding sites employed by particular TRPM3 isoforms
could serve as a fine-tuning tool to generate an isoform/tissue-specific response to changes
in Ca* levels. However, the functional role of the identified CaM-binding domains in Ca?*-
dependent regulation of TRPM3 has not yet been demonstrated. Patch clamp experiments
indicated the involvement of CaMBS 2 in TRPM3 stabilization rather than in c-dependent
regulation [33]. A recent study described CaM presence as important in the activation of
TRPM3- and TRPMS8-induced intracellular signaling, most likely for a direct interaction
with the channels [100]. Ca®* influx through TRPM3 and TRPMS responds to TRPM3-
and TRPM8-induced signaling by activating the calmodulin-regulated enzyme calcineurin,
which acts as a negative feedback loop for TRPM3 and TRPMS8 channel signaling.
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Table 2. Overview of TRPM members modulated by CaM.
. Activation/ Modulation by Other
TRPM Member  CaM Modulation Inhibition by CaM Agents Reference
TRPM1 NO - - -
TRPM2 YES activation Ca?* Tong et al., 2006 [34]
TRPM3 NO inhibition PIP2, calcineurin Toth B. et al., 2015 [96]
TRPM4 YES activation, inhibition ATP, PKC, Ca?* Nilius B. et al., 2005 [32]
Prawitt et al., 2003; Liu et al., 2003;
- 2+ 7 7 ’ 7
TRPM5 NO Ca™, PIP2 Zhang et al., 2007 [101-103]
Voet et al., 2004; Xie et al., 2011;
TRPM6 NO - Mg2+, PIP2 Groenestege, W. M. et al,,
2006 [104-106]
Mishra R. et al., 2009; Turlova E.
Mg2+ /Mg-ATP, PIP2, et al., 2021; Runnels L.W. et al.,
TRPM7 NO ) CaMKII 2002; Nadler R. et al.,
2001 [31,35,107,108]
P Ca?*, PIP2, PIRT, Diver M. et al., 2019; Sisco N.J.
TRPMS8 YES activation; inhibition calcineurin et al., 2020 [20,109]
8.2. TRPM?2

The TRPM2 channel is a non-selective, Ca2+—permeable cation channel, widely ex-
pressed in the CNS [110] but also in heart and endothelial cells [111,112], pancreatic
[3-cells [113], and immune cells [114]. TRPM2 functions as a potent cellular oxidative stress
sensor activated by the second messenger adenosine diphosphoribose (ADPR), which
is generated in mitochondria in response to oxidative stress [115]. TRPM2 sensitivity to
ADPR is largely facilitated by Ca?*. Intracellular Ca®" acts as a crucial modulator of ADPR-
mediated TRPM2 gating and provides a positive influence on TRPM2 [116]. Whole-cell
patch clamp experiments revealed the participation of CaM in Ca?*-dependent ADPR-
induced TRPM2 currents [117]. CaM/Ca2* associates with the IQ-like motif occurring in
the TRPM2 N-terminus and alanine-scanning mutagenesis of the key residues (Table 2) [34].
Mutations of the IQ-like motif in the context of the full-length TRPM2 resulted in decreased
association with CaM /Ca?*, linked with reduced Ca?* currents and a confirmed role of the
1Q-like motif in TRPM2 sensitization.

In addition to sensing oxidative stress, TRPM2 also functions as a thermal sensor and
regulator [118,119]. Potentiation of TRPM2 by temperature change alone requires elevation
above 47 °C [120]. TRPM2 currents evoked by ADPR binding to its C-terminal NUDT9
homology (NUDT9H) domain [121] have been shown to be potentiated by exposure to
lower temperatures (above 35 °C) [122], pointing to a coupling of ADPR, Ca*, and temper-
ature modulation of TRPM2. A novel Ca?*-dependent CaM binding site localized in the
NUDT9H domain of TRPM2 binds CaM/Ca?* at 37 °C but not at room temperature [30].
Alanine scanning mutagenesis of a peptide derived from the binding site confirmed key
AA residues of the CaM-binding motif and patch clamp experiments and indicated par-
ticipation of the described CaM binding motif in thermal sensation through TRPM2. The
proposed temperature-dependent mode of regulation suggests a partial unfolding of the
NUDT9H domain at temperatures above 35 °C with subsequent CaM/Ca?* binding to the
exposed binding epitope [30]. This is consistent (1) with previous work in which no tight
binding of CaM/ Ca?* to the TRPM2 C-terminus was detected at room temperature [34] and
(2) with the TRPM2 cryo-EM structure, where the CaM-binding site in NUDT9H domain is
probably not accessible to CaM [24]. Recently, indirect CaM modulation of TRPM2 has been
described in the field of hepatocellular carcinoma (HCC) [123]. TRPM2 promotes HCC cell
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proliferation through activation of the Ca?*-CaM-CaMKII signaling pathway to induce the
expression of key G1/S regulatory proteins and accelerate the cell cycle of cancer cells.

8.3. TRPM4 and TRPM5

The TRPM4/TRPMS subgroup of TRPMs comprises phylogenetically related channels
with a high degree of sequence similarity [124]. Despite sharing several key characteristics,
their expression profiles and roles in physiological processes differ. TRPM4 represents an
intensively studied channel in terms of its structure and functional regulation. It acts as a
Ca?*-impermeable non-selective monovalent cation channel expressed in a wide variety
of tissues, including brain, heart, intestine, stomach, prostate, and lung [125]. TRPM4
channels are involved in various physiological processes, such as T cell activation, myo-
genic vasoconstriction, allergic reactions, neurotoxicity, etc. [125-127]. Dysregulation of
TRPM4 has been associated with life-threating conditions, such as neurodegenerative dis-
eases [128] and colorectal, prostate, breast, and cervical cancer [129] as well as with cardiac
conditions [130-132] such as arrhythmias, hypertrophy, and ischemia-reperfusion injuries.
TRPM4 claims more and more attention due to discovered pathologies, and, together with
these findings, hides untapped potential for future therapeutics. The cryo-EM structure of
TRM4 (Figure 1) revealed an inverted crown-like tetrameric architecture with a transmem-
brane core formed by six transmembrane helices (S1 to S6) from each subunit [18,22,25].
Long TRPM4 N-termini contain four TRPM homology regions (MHR 1-4) and account for
the majority of the large cytosolic part of TRPM4. The post-S6 TRP domain probably acts
as a key element of the TRPM4 gating apparatus and provides interactions with Ca?* or
PIP2 [25].

TRPM4 activation depends on intracellular Ca* and leads to plasma membrane depo-
larization via Na* entry and reduced Ca?* influx via Ca®* entry pathways. TRPM4 binds
Ca?* through acidic residues near and in the TRP domain and undergoes rapid desensiti-
zation to cytosolic Ca®* [133,134]. PIP2, a potent modulator of TRPM4 sensitivity to Ca®",
re-sensitizes the TRPM4 channel, and its hydrolysis by Ca*-activated phospholipase C is
associated with TRPM4 desensitization to Ca2* [135,136]. TRPM4-Ca%* sensitivity is also
modulated by ATP, phosphorylation by protein kinase C, and, especially, by Ca?*-activated
CaM [32]. Patch clamp experiments revealed a dramatic decrease in Ca?*-dependent
TRPM4 activation upon expression of Ca?*-binding sites with a defective CaM variant.
At the same time, native CaM limited TRPM4 desensitization. Deletion of three TRPM4
C-terminal fragments with affinity for Ca?* /CaM resulted in impaired TRPM4 activation,
which could be activated only at a 1 mM concentration of Ca?". Therefore, CaM is as-
sumed to enable activation of TRPM4 at physiological levels of intracellular Ca?*. Two
CaM-binding epitopes derived from the TRPM4 N-terminus and one from the TRPM4
C-terminus have been described in more detail [74,75]. These epitopes overlap with the
binding site for another Ca?*-sensor protein, SI00A1, and the C-terminal one binds PIP2
as well. In addition, the C-terminal epitope overlaps with TRPM4 fragments involved
in Ca?* /CaM-dependent sensitization of TRPM4. The functional role of the TRPM4 N-
terminal epitopes remains to be elucidated. The downstream key enzyme CaMKII has
recently been associated with arrhythmogenic changes in the stressed heart [137]. Patho-
logical TRPM4 upregulation by excessive CaMKII activity may be a pivotal predisposing
factor for life-threating cardiac disorders and represent an attractive target for therapeutic
intervention.

TRPMS is a voltage-dependent non-selective monovalent cation channel that precludes
Ca?* influx into the cytosol through plasma membrane depolarization [138]. Its expression
is more restricted and occurs mainly in type II taste cells that detect sweet, bitter, and
umami or in pancreatic 3-cells [101]. Normal taste signaling through TRPMS5 relies on a
functional coupling with its closest homolog, TRPM4 [139]. TRPM5-mediated regulation of
insulin release by pancreatic (3-cells makes it an attractive target for type 2 diabetes mellitus
therapy [140]. It has been also discovered that the TRPMS5 inhibitor triphenylphosphine
oxide significantly inhibited spontaneous metastasis to the lungs. Analysis in silico also
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suggested a significant correlation between high levels of TRPM5 expression and shorter
survival in patients with melanoma and gastric cancer. Such findings indicate that TRPM5
may be a suitable potential therapeutic target, as its inhibition may prevent metastasis
and prolong the overall survival of patients with melanoma and gastric cancer [141]. The
cryo-EM structure of TRPMS revealed substantial structural differences between TRPM5
and TRPM4, underlining diverse functional properties [26]. The cytosolic part of TRPMS5 is
mainly composed of MHR1/2 and MHR3/4 domains, with the MHR1/2 domain closer to
the transmembrane domain, leading to a different interplay between subunits and a more
compact assembly compared with the TRPM4 structure.

TRPMS is directly activated by Ca?* binding and undergoes even more pronounced
desensitization than TRPM4 [101,138,142]. Similar to TRPM4, TRPM5 desensitization can
be partially reversed by PIP2 [102,103]. TRPMS5 contains two Ca?*-binding sites suggested
to cooperatively gate TRPM5 channels [26]. The first Ca?*-binding site (CaBS1) occurs in
the transmembrane domain area and seems conserved among Ca”*-gated TRPM channels.
The second site (CaBS2) is probably unique for TRPMS5 localized between its MHR1/2
and MHR2/3 domains. CaBS1 is considered to be a key element for TRPMS5 activation,
while CaBS2 may fine-tune the Ca®*-binding affinity of CaBS1 and modulate the voltage
dependence of TRPM5. A recent study revealed a Ca?*-dependent CaM-binding site
in the TRPM5 N-terminus overlapping with the binding site for another Ca?*-binding
protein—S100A1 [76].

8.4. TRPM6 and TRPM7

TRPMS6 and its close homolog TRPM? act as gatekeepers of human Mg?" homeosta-
sis [104,143]. TRPM6 and TRPM?7 possess the unique feature of a cation channel fused to
an «-kinase domain that phosphorylates the ion channel itself as well as its downstream
targets, e.g., receptor tyrosine kinases’ (RTK) downstream signaling molecules [144,145].
Potent bidirectional cross-talk between TRPM6 and the RTK signaling cascade appears
to be associated with the onset of hypomagnesia during RTK-inhibitor-based cancer ther-
apy [146]. TRPM6/TRPM7 «-kinase can also be cleaved and translocated to the nucleus to
modulate gene expression [27,147]. Despite the many similarities shared by TRPM6 and
TRPM?7, they still modulate cellular functions differentially and their responses cannot be
mutually compensated.

Deeper insight into the structure—function relationship has been described for TRPM?,
which is a non-selective cation channel with high permeability to divalent cations including
Mg?*, Ca?*, and Zn?* [148]. TRPMY? functions as a ubiquitously expressed regulator of
Mg?* homeostasis, Ca®* signaling, and cell proliferation/differentiation with a key role in
embryonic development and organogenesis [148,149]. The cryo-EM structure of truncated
TRPMY7 (lacking the a-kinase domain) revealed a similar overall architecture as in other
TRPM members [23]. However, the conformation of N-terminal cytosolic MHR regions
differs between TRPM7 and TRPM6. In both TRPM7 and TRPMS6, the C-terminal stretcher
helix penetrates through the MHR regions to the TRP domain and could transmit signals
from the MHR domains to the S6 gating helix. The activity of TRPM7 is inhibited by
an increase in cytosolic Mg?* /Mg-ATP and PIP2 hydrolysis [107,108]. Negative feedback
modulation of TRPM7 by Ca?* is at least partially mediated by Ca?*/CaMKII [31,35]. The
other study described high-conductance Ca?*-dependent K*-channel-induced hyperpolar-
ization that likely enhances the driving force of TRPM7-mediated Ca?* entry and seems to
activate CaMKII accordingly [150]. Our recent study points to a direct TRPM? interaction
with Ca?*/CaM and Ca?*/S100A1; however the functional role of the newly identified
TRPM7 N-terminal binding domain remains to be further investigated [77].

TRPMY forms a homo-tetramer or assembles with TRPM6 into a hetero-tetrameric
channel TRPM7/TRPM6. Like TRPM7, TRPMS6 serves mainly as a Mg2+ influx channel,
inactivated by PIP2 hydrolysis or an increase in cytosolic Mg?* levels [104,105]. TRPM6
exhibits a restricted expression profile with high expression rates in intestine, lung, and kid-
ney and its mutations have been associated with hypo-magnesia with secondary hypocal-
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cemia [82,106]. Recent study suggests a primary role of native TRPMS6 as a subunit of the
heteromeric TRPM6/TRPM? channel rather than forming a functional homo-tetramer [151].
Association with TRPM6 decreases TRPM7 Mg-ATP sensitivity and enables constitutive
activity of TRPM6/TRPM? in the physiological range of cytosolic Mg?* concentrations.
In addition to Mg2+, TRPM6 conducts Ca2*, albeit with lower efficiency. The N-terminus
of TRPM6 contains overlapping binding epitopes for CaM and S100A1 [72]. However,
CaM-dependent modulation of TRPM6 and the role of the identified CaM-binding epitope
remains to be directly verified.

8.5. TRPMS8

TRPMS8 was molecularly identified in 2002 and designated as cold-sensitive receptor 1
(CMR1) [152,153]. TRPMS is activated at lower temperatures as well as by refrigerants
such as menthol, eucalyptol, linalool, icillin, and camphor. TRPMS is widely expressed in
mammal neurons” dorsal root ganglia (DRG) and trigeminal ganglia (TG) [154,155] and in
the oral mucosa [154]. The channel has been shown to be a major mediator of painful colds
in humans [156].

The cryo-EM revealed TRPMS8 homo-tetramers with transmembrane helices S1 to
54 forming the voltage-sensor-like domain (VSLD) and S5, 56, and the pore helix of the
pore domain [21]. The channel activation relies on PIP2-induced allosteric changes in
the VSLD cavity localized between 54 and the cytosolic TRP domain, which can in turn
accommodate cooling agents such as menthol analogue WS-12 or icillin [19]. Activated
TRPMS conducts Ca?* ions, triggering a negative feedback mechanism at high cytosolic
concentrations. Ca?*-induced downregulation of TRPMS is controlled by several signaling
pathways. The cryo-EM structure of desensitized TRPMS revealed direct Ca?* coordina-
tion by S2, S3, and 52-S3 linker residues, accompanied by a constriction within the ion
conduction pathway [20]. Mutagenesis of key Ca?* coordinating residues confirmed the
crucial role of direct Ca?* binding in TRPMS8 desensitization. Elevated cytosolic Ca?* also
activates PLC to hydrolyze PIP2, which is required to sustain the TRPMS active state. In
addition, TRPM8 downregulation has been associated with CaZ*-activated CaM [36]. CaM
might directly bind and gate TRPMS [157] or regulate TRPMS activity through another
modulatory protein—phosphoinositide-interacting regulator of TRP (PIRT) [109]. The
CaM/PIRT complex assembled in a Ca?*-free environment seems to dissociate upon Ca?*
binding to CaM. Thus, CaM may control the availability of PIP2 for TRPMS activation by
sequestering /releasing PIRT in response to changing Ca?* levels. The hypothesis of a CaM-
PIRT-TRPMS signaling pathway is consistent with the PIP2 dependency of CaM-mediated
TRPMS downregulation [36].

Other studies have shown that activation of PKC produced menthol-induced desensiti-
zation of TRPMS8 as well as dephosphorylation and downregulation of the
channel [63-65,158,159]. However, none of the nine putative PKC phosphorylation sites
of TRPMS were involved in channel modulation. The activation of PKC did not increase
the phosphorylation state of the channel but rather activated the Ca?*- and calmodulin-
dependent serine/threonine protein phosphatase calcineurin, indicating a
dephosphorylation-induced desensitization process; therefore, it has been concluded that
PKC has an indirect effect on menthol-induced TRPMS8 desensitization [160].

9. Potential TRPM-CaM Therapeutic Avenues

TRPM channels such as TRPMS8 and TRPM3 are involved in thermal and pain sensa-
tion. Dysregulation of their activity is implicated in conditions like neuropathic pain and
migraine [160,161]. Modulating the interaction between CaM and TRPM channels could
offer strategies for the development of new analgesics. Furthermore, TRPM4 and TRPM7
channels play roles in vascular tone regulation and cardiac rhythm [137,162]. Therefore,
CaM-mediated modulation of these channels affects their contribution to physiological
processes like smooth muscle contraction and cardiac myocyte activity. Targeting CaM-
TRPM4/TRPMY interactions could have implications for the management of cardiovascular
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disorders. TRPM channels are also often associated with neurological disorders such as
epilepsy and neurodegenerative diseases. As CaM is intricately involved in TRPM chan-
nel regulation, interventions aimed at modulating this interaction may offer innovative
approaches for neuroprotective strategies as well.

10. Conclusions and Future Perspectives

TRPM channels play pivotal roles in a wide array of physiological processes, including
Ca?* homeostasis, sensory perception, and cellular signaling. Among the factors that
modulate the activity of TRPM channels, CaM stands out as a crucial regulator. Numerous
CaM binding regions in TRP channels have been characterized; however, the regulatory or
signaling functions of CaM in ion transports remains to be further studied. Modulation
of TRP channels by CaM is clearly a common process for all members of TRP families,
including TRPM. Regulatory and signaling pathways of CaM in cells are commonly under-
stood as key checkpoints for Ca?* cell homeostasis. TRPM channels elicit multiple CaM
binding domains at the intracellular N- and C-termini of the channels with activating or
inhibiting effects. A deeper understanding of TRPM regulation by CaM would require the
modulatory characterization of suitable CaM binding sites and more structural analyses of
TRPM-CaM complexes. We are currently beginning to understand how parts of protein
machinery, such as transmembrane receptors, are regulated, and it is necessary to discover
each piece of the puzzle to understand the complexity involved in these processes. In recent
years, the number of publications mentioning binding sites and more intricate processes of
interactions in ligands/receptor complexes has begun to rise [49]. The entire mechanism
of membrane receptor modulation is expected to be much more complex than protein
functions and interactions explained in the past.

Targeting the TRPM—-CaM regulatory axis holds therapeutic potential for a wide range
of diseases, making TRPM channels and their interaction with CaM an enticing area of
research. The dynamic interplay between TRPM channels and CaM represents a fascinating
and complex regulatory mechanism that fine-tunes cellular responses to varying Ca®* levels.
Elucidating the intricacies of this regulatory relationship not only advances our knowledge
of cellular physiology but also paves the way for potential therapeutic interventions in
diseases linked to dysregulated TRPM channel activities.
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Abbreviations

AA Amino acid

ADPR ADP ribose

Apo- Calcium free form of CaM

Ca%t Calcium

ATP Adenosine triphosphate

CaBS Ca’*-binding site

CaM Calmodulin

CAMBS CaM-binding sites

CaMKII CaM-dependent protein kinase II
CaMKIIs Ca?* /calmodulin-dependent protein kinase II5
CMR1 Cold-sensitive receptor 1

DRG Dorsal root ganglia

EM Electron microscopy

FA Fluorescence anisotropy

FFT Fourier transform
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HOLO-CaM  CaM complexed with Ca?*

MD Molecular dynamics
MHR Melastatin homology region
MST Microscale thermophoresis
NUDT9H NUDT9 homology domain
PBC Periodic boundary conditions
PH Pleckstrin homology
PIPs phosphatidylinositol bisphosphates
PIP2 phosphatidylinositol 4,5-bisphosphate
PIRT Phosphoinositide-interacting regulator of TRP
PME Particle mesh Ewald
RTK Receptor tyrosine kinases
S100A1 S100 calcium-binding protein A1l
SPR Surface Plasmon Resonance
TG Trigeminal ganglia
TRPs Transient receptor potential (channels)
TRPA Ankyrin TRP subfamily
TRPC TRP canonical
TRPV TRP vaniloid
TRPM Melastatin TRP subfamily
TRPML Mucolipin TRP subfamily
TRPP Polycystine TRP subfamily
VGICs Voltage-gated ion channels
VSLD Voltage sensor-like domain
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