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Abstrakt 

TRPA1 kanál je univerzální buněčný nociceptivní senzor, který je aktivován 

celou řadou vnějších podnětů potenciálně škodlivých modalit a různých endogenních 

mediátorů produkovanými v důsledku patofyziologických procesů. Polymodalita 

TRPA1 kanálu umožňuje zesílit či zeslabit účinek aktivačního podnětu přítomností 

dalšího stimulu. Tento modulační efekt je zásadní pro aktivizaci ochranných buněčných 

a behaviorálních mechanismů, může však také vést k nežádoucím účinkům v případě 

chronických patofyziologických stavů způsobených nadměrnou aktivací TRPA1 kanálu. 

Aby bylo možné účinně a selektivně zacílit mechanismy synergických účinků TRPA1 

aktivátorů a zároveň zachovat fyziologickou úlohu iontového kanálu, je nezbytné 

poznat mechanismy polymodální regulace TRPA1 na molekulární úrovni.  

 Předložená disertační práce se zabývá třemi důležitými mechanismy regulace 

TRPA1 kanálu: 1) regulací buněčnými signálními kaskádami a fosforylací, 2) interakcí 

s membránovými fosfolipidy a 3) regulací aktivity změnami okolní teploty. Výsledky 

uvedené v disertační práci ukazují, že účinek mediátoru zánětu bradykininu je snížen 

stimulací nízkofrekvenčním vysoko-indukčním elektromagnetickým polem užívaným 

při magnetoterapii. Identifikovali jsme serin 602, jehož fosforylace může potenciálně 

inhibovat aktivitu TRPA1 kanálu. Dále jsme identifikovali dvě vazebná místa pro 

fosfoinositidy, která jsou klíčová pro regulaci aktivace TRPA1 kanálu napětím, 

agonisty, vápenatými ionty a chladem. Také jsme ukázali aktivaci lidského a myšího 

orthologu TRPA1 teplem i chladem a odhalili specifický mód teplem vyvolané 

chladové aktivace těchto iontových kanálů. Naše výsledky poskytují důležitý důkaz 

přítomnosti regulačních center TRPA1 kanálu, která mají farmakologický potenciál ve 

vyhledávání nových přístupů k léčbě chronické bolesti. 
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Abstract 

The TRPA1 channel is a universal, nociception-mediating cellular sensor 

activated by various environmental irritants, potentially harmful physical modalities and 

endogenous mediators of pathophysiological processes. The polymodality of TRPA1 

channel allows the activation stimuli to further enhance or suppress each other’s effect. 

While this modulation effect has its physiological importance in promoting the 

protective cellular and behavioral mechanisms, it may result into the unpleasant pain-

related effects accompanying the chronical pain caused by aberrant TRPA1 channel 

activity. In order to effectively and selectively target the synergic properties of TRPA1 

modulators, while preserving the sensitivity to the environmental threads, the 

knowledge of the mechanisms of polymodal regulation at the molecular level are 

required.  

 This doctoral thesis aims at the elucidation of three main mechanisms of TRPA1 

regulation: 1) the regulation via intracellular signaling cascades and phosphorylation, 2) 

the interaction with membrane phospholipids and 3) the temperature-driven gating. The 

results presented in the thesis show that the effects of the inflammatory mediator 

bradykinin are decreased by the low-frequency high-induction electromagnetic field 

used in magnetotherapy. We have identified a residue S602 that may be involved in the 

phosphorylation-induced inhibition of TRPA1 channel. Furthermore, we have identified 

two putative binding sites for membrane phospholipids that, in a state-dependent 

manner, regulate the TRPA1 activation by voltage, agonists, calcium and temperature. 

Lastly, we demonstrated the bidirectional temperature activation of human and mouse 

TRPA1 orthologues and unveiled their specific mode of ‘heat-induced cold activation’. 

Overall, our results provide valuable evidences of the regulatory domains, which have a 

pharmacological potential of targeting TRPA1 as a therapeutic strategy for treating 

chronic pain. 
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1. Introduction 

The perception of pain is important sensory information through which we are 

able to distinguish potentially harmful events from a variety of other non-threatening 

ones, and to take an appropriate avoiding action afterwards. Although unpleasant, pain 

represents a useful tool for evaluating our condition and to sustain our life and body 

integrity. However, long-persisting pain without the presence of a relevant harm loses 

its informative purpose and impairs the quality of life. 

The information about a harmful stimulus is transferred from the periphery of 

our body to the central nervous system (CNS) in a compressed form of a membrane 

potential wave via specialized neuronal fibers called nociceptors. Free nerve endings of 

nociceptors innervating the periphery of our body are covered with highly tuned 

receptors, which are ready to be triggered by the presence of any noxious stimuli that 

exceeds the threshold. The activation of such receptors has two major effects: 

1) creation of action potential by locally depolarizing the plasma membrane, and 

2) triggering of calcium signaling pathways by permeating calcium ions into the cell.  

 Transient receptor potential ankyrin 1 (TRPA1) from the Transient receptor 

potential (TRP) superfamily of receptor-forming ion channels is one of such 

pain-related receptors. It is a receptor with high polymodality – its complex protein 

structure is capable of detecting changes in heat, cold, pH, but also mechanical stimuli 

and a vast range of pungent and irritating chemical compounds of both exogenous and 

endogenous origin. Chemical activation of TRPA1 produces pain (Fujita et al., 2007), 

heat sensation (Averbeck et al., 2013), hypothermia (Gentry et al., 2015), mechanical 

hyperalgesia (Namer et al., 2005, Andersson et al., 2015), cold hyperalgesia (Obata et 

al., 2005) and many other effects (for further references see (Talavera et al., 2020)). 

TRPA1 is involved in the process of inflammation (Bandell et al., 2004, Bautista et al., 

2006), migraine (Marone et al., 2018), diabetes (Wei et al., 2010), neuropathic pain 

(Nativi et al., 2013), itch (Wilson et al., 2013) and mechanic allodynia in anti-cancer 

drug treatment (Nassini et al., 2011), therefore it embodies a tempting target for novel 

analgesic and anti-inflammatory molecules. However, one should keep in mind the 

polymodal and allosteric nature of TRPA1 in order to specifically target the unwanted 

properties of TRPA1 modulation (e.g. cold allodynia and hyperalgesia as a side-effect 
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of anti-cancer drugs), while preserving the useful ones (e.g. sensory response to irritant 

compounds and noxious cold).  

 In recent years, the knowledge about the TRP channels remarkably increased 

thanks to the gradually emerging high-resolution cryo-electron microscopy (cryo-EM) 

structures of various TRP channels in native-like environments of lipid nanodiscs. The 

revelations arising from the analysis of the structures in various conformations led to the 

elucidation of important questions regarding the TRP channel gating and regulation 

mechanisms, extrapolating also to the TRPA1 channel. An increased attention is paid on 

TRPA1 regulation by cellular pathways and phosphorylation during the 

(patho)physiological conditions. The regulation of TRPA1 also involves a presence of 

endogenous lipids that are buried in, or bind strongly to transmembrane regions of the 

channel. Another important feature to be addressed is the species-specific differences in 

temperature activation of TRPA1 orthologues, which gives an insight into the molecular 

basis of temperature sensing and transduction into the channel activation. 

 This doctoral thesis aims at elucidating some of the aspects of the 

structure-function relationship and the mechanisms of polymodal regulation of the 

human and mouse TRPA1 channel. A special focus is put on TRPA1 regulation by 

cellular pathways and phosphorylation, structural mechanism of TRPA1 regulation by 

phospholipids and unraveling the specific mode of activation of TRPA1 by both cold 

and heat. 

2. Literature review 

2.1  Structure of TRPA1 

 The TRP superfamily of receptors belongs to a large group of tetrameric cation 

channels with six transmembrane segments (S1-S6) that also involves potassium, 

sodium, calcium and hyperpolarization-activated cyclic nucleotide-gated (HCN) 

channels. According to their amino acid sequence homology, the TRP channels are 

divided into seven subfamilies: TRPC (Canonical), TRPV (Vanilloid), TRPM 

(Melastatin), TRPP (Polycystin, also known as PKD), TRPML (Mucolipin), TRPA 

(Ankyrin), and TRPN (No mechanoreceptor potential C, also known as NOMPC). To 

this date, a total number of 28 TRP members were identified and around 136 cryo-EM 

TRP structures at high resolution have been determined (Huffer et al., 2020). All TRP 
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receptors consist of a conserved transmembrane domain (TMD) formed by S1-S4 

transmembrane helices – so-called “voltage-sensor-like domain” (VSLD) as a reference 

to the voltage-gated channels, and the pore domain made of the S5-S6 transmembrane 

helices and a selective filter in between. The main structural difference between the 

TRP channels lies in the length and arrangement of their intracellular termini and loop 

regions (Figure 1). 

 

 TRPA1 is the only member of the TRPA subfamily in mammals, denominated 

according to its long ankyrin repeat domain (ARD) on its N-terminus. It was first cloned 

in 1999 (Jaquemar et al., 1999) and its function as a cold sensor and chemical 

nociceptor was discovered in 2003 (Story et al., 2003). Molecular structure of a subunit 
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of the human TRPA1 channel is formed by 1,119 amino acid residues of observed 

molecular weight 127 kDa. In the present, there are four studies providing 

high-resolution cryo-EM structures of TRPA1 channel (Paulsen et al., 2015, Liu et al., 

2020, Suo et al., 2020, Zhao et al., 2020). The resolved structures provide invaluable 

insights into the architecture and arrangement of channel’s subunits, glycosylation sites 

(Suo et al., 2020), transition from closed to open conformation of the channel (Zhao et 

al., 2020), binding sites for calcium ions (Zhao et al., 2020), several electrophilic and 

non-electrophilic agonists and antagonists (Paulsen et al., 2015, Zubcevic et al., 2016, 

Liu et al., 2020, Zhao et al., 2020), and regulation by membrane lipids (Liu et al., 2020, 

Suo et al., 2020). The topology of TRPA1 is shown in Figure 2.  
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2.1.1 The transmembrane domain 

 The transmembrane domain is composed of the voltage sensor-like domain 

(VSLD) and the pore domain (S5-S6 helices and a pore loop including two pore helices 

P1-P2) arranged in a domain-swapped manner. Four helical segments S1-S4 of VSLD 

form an intracellular, solvent accessible cavity. The VSLD of TRPA1 can be solvated 

(Zimova et al., 2018), occupied by calcium ion (Zhao et al., 2020) terpenoidic agonists 

(Ghosh et al., 2020) and membrane lipids (Zimova et al., 2018, Startek et al., 2019a). 

The calcium ion was bound to conserved polar residues E788, Q791, N805 and E808 

(Figure 3.A); mutations of these residues resulted in a lack of both Ca2+-dependent 

potentiation and desensitization of AITC-evoked currents (Zimova et al., 2018, Zhao et 

al., 2020). The calcium binding site is conserved among TRPC (Duan et al., 2018, Duan 

et al., 2019) and TRPM channels (Autzen et al., 2018, Huang et al., 2018, Wang et al., 

2018a, Zhang et al., 2018, Diver et al., 2019, Huang et al., 2019). The role of VSLD in 

the modulation of TRP channels in general is also supported by the localization of 

phosphatidylcholine in TRPV1 (Figure 3.B; (Gao et al., 2016)), and by the binding of 

icilin and menthol inside in TRPM8 channel (Yin et al., 2019). The study presented in 

this thesis shows that the polar residues inside of the VSLD cavity are capable of 

binding regulatory phosphoinositides in a state-dependent manner.  
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 The extracellular loop between S1-S2 is formed by three-stranded β-sheet motif 

and contains a glycosylation site at the residue N747 (Suo et al., 2020). Consistent with 

the presence of glycosylation, mutation of N747 reduces the channel’s sensitivity to 

various types of agonists (Egan et al., 2016) and mutation of F746 to alanine 

substantially affects the voltage dependence of TRPA1 (Marsakova et al., 2017). 

 The VSLD and the pore domain are linked by the flexible S4-S5 linker that runs 

parallel to the membrane. The S4-S5 linker is involved in channel gating and undergoes 

large rearrangements during the close-to-open transition (Liu et al., 2020). A residue 

N855 in hTRPA1 is a key to promote the effect of a specific inhibitor HC-030031 

(Gupta et al., 2016). The channelopathy mutation N855S at the S4-S5 linker renders the 

channel constitutively open and causes an episodic pain syndrome characterized by 

bouts of debilitating upper body pain that can occasionally radiate to the abdomen and 

legs (Kremeyer et al., 2010).  

 The pore domain of TRPA1 is composed of two S5-S6 helices and a selectivity 

filter in between with two pore helices P1-P2, permeable for mono- and divalent 

cations. One of the pore helices attracts positively charged ions toward the pore of the 

channel and determines the Ca2+ permeation (Christensen et al., 2016). The central 

cavity in the ion permeation pathway holds two restrictions: 1) the upper gate involves 

diagonal interactions between opposite D915 residues at the selective filter, and 2) the 

lower gate of two hydrophobic seals formed by residues I957 and V961 at the S6 helix. 

The vicinity of S5-S6 helices shapes a binding site for several ligands (Xiao et al., 2008, 

Paulsen et al., 2015, Ton et al., 2017, Chernov-Rogan et al., 2019, Liu et al., 2020) and 

also an annular “lipid 5” (Suo et al., 2020). In the middle of the S6 helix is a single 

π-hinge, a feature conserved among nearly all members of the TRP channels (Zubcevic 

and Lee, 2019). 

 A comparison of the closed (TRPA1 with bound antagonist A-967079 (PDB ID: 

6V9Y) and open state of TRPA1 driven by iodoacetamide (IA; PDB ID: 6V9V) 

revealed the gating-related transitions within the transmembrane core (Figure 4 on page 

18). The entire TMD rotates by 15° relative to the static ARD. In context of the TMD, 

the VSLD performs a near rigid-body rotation as well. The movements are accompanied 

by rotation and upward translation of the pore loop and the pore helices P1-P2, opening 

the upper gate of TRPA1. These transitions are in concert with the upward shift of the 

π-hinge in S6 and the straightening of the S4-S5 linker and S5 helix into a single α-
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helix, coordinating the movement of S6 helix and pore helices to couple both the upper 

and lower gate (Zhao et al., 2020).  

 

2.1.2 The N-terminus 

 The N-terminal part of TRPA1 constitutes more than a half of the protein size 

(720 out of 1119 amino acids in a human orthologue). It is characterized by an ankyrin 

repeat domain (ARD), consisting of a tandem array of 16 ankyrin repeats (ARs) and a 

linker region connecting the ARD with the fist transmembrane segment S1. The ARD is 

divided into two parts – the distal part of AR1 - AR11 and the proximal part of 

AR12 - AR16. First eleven ARs are unresolved in all cryo-EM structures, which 

probably reflects their high flexibility. According to the TRPA1 electron density, the 

distal part is crescent-like shaped and protrudes to the inner sheet of the plasma 

membrane (Paulsen et al., 2015). The proximal AR12 – AR16 domain forms a 

structurally well-defined stem and is in a close interaction with the C-terminal coiled-

coil (CC). Five ARs of TRPA1 possess a strictly conserved tetrapeptide T/SPLH motif 

that contributes to conformational stability and regulation of TRPA1 (Hynkova et al., 

2016).  
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  Generally, the ankyrin repeat is a common structural sequence motifs of 

33 amino acids that fold into two antiparallel α-helices connected with a β-turn. The 

sequence of ARs tends to stack together to form a spring-like structures, which are 

generally important for protein-protein interactions (Gaudet, 2008). In case of metazoan 

TRPN channel with the total number of 29 ARs, the ARD anchors to microtubules and 

thus accounts for the TRPN1 mechanotransduction (Zhang et al., 2015). TRPA1 

channel was a candidate for the mechanosensitive transduction channel of vertebrate 

hair cells where it is widely expressed (Corey et al., 2004). Contrarily, experiments with 

Trpa1-/- knock-out mice showed that neither TRPA1 (Kwan et al., 2006), nor any other 

TRP channel (Wu et al., 2016) is essential for hair-cell transduction of auditory signal. 

It has been reported that TRPA1 is involved in detection of mechanical stimuli in native 

cells including sensory neurons (Kerstein et al., 2009), Merkel cells (Soya et al., 2014), 

odontoblasts (Shibukawa et al., 2015) and human periodontal ligament cells (Tsutsumi 

et al., 2013).  

 In the study (Cordero-Morales et al., 2011), authors investigated the 

temperature-sensing properties of chimeric constructs of human and rattlesnake TRPA1 

(hTRPA1 and rsTRPA1) and showed that the N-terminal ARD contains two spatially 

distinct thermosensory modules – the primary module (AR10 - AR15) and the enhancer 

module (AR3 – AR8). Both modules of rsTRPA1 show different average temperature 

coefficients of activation, thus they together modulate the overall thermal response 

properties of native rsTRPA1 channel. Insertion of the primary module of rsTRPA1 into 

the hTRPA1 orthologue renders the channel active to increased temperature. The 

authors also suggest the localization of a Ca2+-sensitive module in the region around 

AR11. The AR12 primary sequence contains a conserved motif called “EF-hand” 

(D468 – L480) which is a general calcium-binding motif (Lewit-Bentley and Rety, 

2000). However, mutation of negatively-charged residues in the EF-hand sequence did 

not result in changes in calcium-dependent modulation of the channel (Wang et al., 

2008). Molecular dynamic simulations of the N-terminal ARD of TRPA1 based on 

channel’s cryo-EM structure in resolution of 16 Å (Cvetkov et al., 2011) showed that 

binding of Ca2+ ions to the EF-hand increases the rigidity of the ARD (Zayats et al., 

2013). Another regulatory site lies in P394 in AR10, whose hydroxylation has been 

shown to inhibit TRPA1. Releasing TRPA1 from inhibition by decreasing the activity 
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of prolyl hydroxylases is a mechanism of TRPA1 activation by hypoxia (Takahashi et 

al., 2011). 

 The structural layer under the transmembrane domain forms a coupling domain. 

It is composed of eight short α-helices (H1 – H7 and a helix preceding S1; pre-S1), a 

β-sheet composed of three antiparallel β-strands, and the TRP-like (TRPL) helix at the 

C-terminus. Helices H2 – H3 and H5 – H6 are assembled as two helix–turn–helix 

motifs (H-T-H). The coupling domain possesses a binding site for a variety of pungent 

electrophilic compounds that activate TRPA1 via covalent modification of reactive 

cysteines and lysine (Hinman et al., 2006, Macpherson et al., 2007). The binding site is 

composed of two parts: a more static bottom part made of H1-H2 region, and a flexible 

upper part called the activation loop (A-loop) (Suo et al., 2020, Zhao et al., 2020). 

Depending on the size of electrophile, modification of C621 at the lower part of the 

binding site and a partial modification of C665 at the upper part is sufficient to reorient 

the conformation of A-loop upwards and establish the ion-dipole interaction between 

the C-terminus of TRPL helix and the residue K671 (Figure 5). As a result, the dipole 

moment of the opposite terminus of TRPL helix is enhanced and most likely promotes 

repulsion between TRP domains from neighboring subunits, which would ultimately 

lead to the opening of the lower gate (Zhao et al., 2020). 

 Although the N-terminus is involved in a number of activating modalities, it may 

not be inherently necessary for activation. The experiments on truncated human and 
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Anopheles gambiae mosquito TRPA1 (Δ1-688 hTRPA1, Δ1–776 AgTRPA1) with 

whole N-terminus deleted conducted in artificial membranes suggest that TRPA1 

sustains its activation by cold, electrophiles (Moparthi et al., 2014), heat (Survery et al., 

2016), calcium ions (Moparthi et al., 2020b), and even mechanical stimuli (Moparthi 

and Zygmunt, 2020). 

2.1.3 The C-terminus 

 The resolved part of the C-terminal end of TRPA1 (A971 – E1079 of human 

orthologue) is composed of several structural features: a TRPL helix that runs parallel to 

the inner sheet of the plasma membrane, an interfacial, hydrophobic helix (IFH) partly 

buried in the lipid membrane, and a well-resolved tetrameric coiled-coil below the ion 

permeation pore, where it forms a stalk-like interaction locus for all four subunits. 

 The TRPL helix shows a structural similarity with an α-helical TRP-helix 

present in many members of the TRPM, TRPC and TRPV families, although the TRPL 

helix does not contain a characteristic consensus sequence motif EWKFAR 

(Venkatachalam and Montell, 2007). The TRPL helix sequentially follows the S6 helix 

of the transmembrane domain and facilitates intersubunit interactions of other regions of 

the channel - the S4-S5 linker, S1 helix, the second H-T-H motif of the coupling domain 

and also the upward conformation of A-loop. Substitutions of positively charged 

residues of TRPL helix (K969A, R975A, and K989A) impaired the electrophile- and 

also voltage-dependent activation of TRPA1 (Samad et al., 2011), confirming that the 

TRPL helix acts as an important element transducing distal structural changes into the 

channel gating, similarly to the TRP-helix in other TRP channels (Rohacs et al., 2005, 

Garcia-Sanz et al., 2007). 

 The TRPL helix is followed by a short flexible α-helix and a β-strand that 

together with other two N-terminal β-strands from the coupling domain form a 

freestanding β-sheet (Paulsen et al., 2015, Suo et al., 2020, Zhao et al., 2020). The 

β-sheet surrounds the pre-S1 helix and connects to the IFH that is almost buried in the 

inner leaflet of the membrane (Figure 6.A on page 22). The cryo-EM structure of 

TRPA1 with a benzyl isothiocyanate (BITC) molecule bound to the reactive cysteine 

C621 at the N-terminus reveals an annular phospholipid in an interfacial cavity formed 

by S4, the S4-S5 linker, pre-S1, S1, and IFH. The lipid is not present in cryo-EM 

structures of TRPA1-C621S without agonist (PDB ID: 6PQQ) and with the larger 
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agonist JT010 (PDB ID: 6PQO), because of the closer position of the IFH toward the 

VSLD and consequently reduced cavity size (Suo et al., 2020).  

 Three peptides that cover the primary sequence of TRPL helix (I964 – L992), 

short α-helix and β-strand (L992 – N1008) and the IFH (T1003 – P1034) were 

described in terms of binding of anionic lipids and interaction with carboxy-lobe 

(C-lobe) of calmodulin (CaM; (Witschas et al., 2015, Hasan et al., 2017, Macikova et 

al., 2019)). Results from a web server-based method for predicting the interaction 

between peptides and anionic lipids (Lata et al., 2007) suggest that both the TRPL helix 

and IFH are capable of binding lipids that may potentially regulate the channel’s 

activity (Witschas et al., 2015). In addition, CaM binds to the peptide containing the 

sequence of the short α-helix and β-strand (L992 – N1008) at nanomolar concentrations 

of intracellular level of calcium ions, suggesting the mechanisms of Ca2+-dependent 

potentiation and inactivation (Hasan et al., 2017). The results presented in the thesis 

show that the T1003-P1034 region is also important for Ca2+-dependent potentiation, 

and that the Ca2+/calmodulin complex may compete for the same or overlapping binding 

site with PIP2 (Macikova et al., 2019). Whereas the C-lobe of CaM is indispensable for 

binding to the C-terminus of TRPA1, the amino-lobe (N-lobe) may either bridge 
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different domains of TRPA1 or link the channel with some different target protein(s) 

(Zimova et al., 2020). 

 The sequence following the IFH encodes a long α-helix that intermolecularly 

assembles into compact tetrameric coiled-coil (CC) motif (Figure 6.B on page 22). This 

structural feature is also present in TRPC and TRPM channels (reviewed in (Huffer et 

al., 2020)). The TRPA1 coiled-coil is distinct from canonical coiled-coils due to two 

polar residues inside of the structure and rather hydrophobic exposed surface that 

interacts with ARD (Paulsen et al., 2015). The first high-resolution cryo-EM structure 

(Paulsen et al., 2015) revealed an electron density of inositol hexakisphosphate (IP6) 

molecule in the vicinity of positively charged coiled-coil residues (K1046 and R1050 

from one coil and K1048 and K1052 from an adjacent coil), potentially elucidating the 

mechanism of TRPA1 stabilization by polyphosphates (Paulsen et al., 2015). However, 

isolated coiled-coil domains of hTRPA1 multimerize in a concentration-dependent, but 

IP6- and temperature-independent manner (Martinez and Gordon, 2019, Zhao et al., 

2020). Partial unfolding of coiled-coil helices occurs upon increasing the temperature to 

42°C, although the multimerization remained unaffected (Martinez and Gordon, 2019).  

 The distal unresolved part of the C-terminus encodes an acidic cluster of 

residues E1077-D1082 (ETEDDD). Mutations of E1077, D1080, D1081 and D1082 to 

alanine had strong effects on Ca2+- and voltage-dependent potentiation and/or 

inactivation of agonist-induced responses (Sura et al., 2012). 

2.2  Activation of TRPA1  

 TRPA1 is a polymodal receptor that perceives various modalities of both 

exogenous and endogenous origin (reviewed in (Baraldi et al., 2010, Andrade et al., 

2012, Giorgi et al., 2019, Talavera et al., 2020)). The receptor is sensitive to a plethora 

of substances including natural plant compounds (Macpherson et al., 2005, Xu et al., 

2005, Xu et al., 2006), air pollutants (Andre et al., 2008), various endogenous 

substances (Trevisani et al., 2007, Taylor-Clark et al., 2008), noxious heat and cold 

(Vandewauw et al., 2018), internal calcium and zinc ions (Zurborg et al., 2007, Hu et 

al., 2009), mechanical stimulation (Vilceanu and Stucky, 2010) and low pH (Wang et 

al., 2011) (also reviewed in (Andrade et al., 2012, Talavera et al., 2020)). As the 

channels are expressed on a nociceptive subset of trigeminal ganglion (TG) and dorsal 

root ganglion (DRG) neurons, activation of TRPA1 is often perceived as pungent or 
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irritating (Andersson et al., 2008, Vandewauw et al., 2013). The binding sites of TRPA1 

modulators are shown in Figure 7. Most modulators act within the transmembrane 

domain.  

 

2.2.1 Species-specific differences of TRPA1 

TRP channel expression patterns and functionalities vary among species, leading 

to intriguing evolutionary adaptations to the specific habitats and life cycles of 

individual organisms. Functional evolutionary divergence has presented challenges for 

studying TRP channels, as orthologues from different species can give conflicting 

experimental results. However, this diversity can also be examined comparatively to 

decipher the basis for functional differences. 

Phylogenetical analyses of TRPA1 orthologues show that TRPA1 clade 

diversified from TRPA branch 500 million years ago as a chemosensory receptor for 

electrophilic compounds evoking pungent and irritating sensations (Kang et al., 2010). 

On the contrary, non-covalent modulators mostly show bimodal action, i.e. activation at 

lower concentrations and inhibition at higher concentrations. The EC50 and IC50 values 

are highly species-dependent, which accounts e.g. for divergent effects of non-covalent 

modulators as caffeine, menthol or nicotine on TRPA1 orthologues (Bianchi et al., 

2012). 
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In addition to chemosensitivity, some TRPA1 orthologues also possess 

thermoception (reviewed in (Hoffstaetter et al., 2018)). In Drosophila, dTRPA1 is one 

of three TRPA heat-sensitive channels that are opened at temperatures between 25°C 

and 45°C, controlling the temperature preference (Hamada et al., 2008). Rattlesnakes 

can detect infrared radiation thanks to the TRPA1 channels expressed in the pit organs 

(Gracheva et al., 2010). TRPA1 as a noxious heat and chemical sensor is expressed in 

vertebrates together with TRPV1 (Story et al., 2003). The diversity in TRPA1-positive 

neuronal sensitization is accounted for the coexpression and heteromerization with 

TRPV1 (Patil et al., 2020). Conservation of TRPV1 heat sensitivity throughout 

vertebrate evolution could have changed functional constraints on TRPA1 and 

influenced the functional evolution of TRPA1 regarding temperature sensitivity, while 

conserving its noxious chemical sensitivity (Saito et al., 2012, Saito and Tominaga, 

2017). While TRPA1 is a radiant heat sensor of snakes possessing pit organs (Gracheva 

et al., 2010), the ganglion-specific splicing of TRPV1 covers the analogous function in 

infrared sensing of vampire bats (Gracheva et al., 2011). 

TRPA1 has first been considered as a cold receptor in mammals (Story et al., 

2003), although later studies brought rather inconsistent results (as reviewed in (Caspani 

and Heppenstall, 2009, Laursen et al., 2014, Buijs and McNaughton, 2020)). 

Surprisingly, rodent TRPA1 has been also found to mediate a crucial physiological role 

in the detection of noxious heat (Hoffmann et al., 2013, Vandewauw et al., 2018). 

Human and mouse TRPA1 displayed activation upon noxious heat stimulation 

(Hynkova et al., 2016, Sinica et al., 2019). Single-channel recordings of hTRPA1 

activity in the artificial membrane and measurements of intrinsic tryptophan 

fluorescence consolidate hTRPA1 as an intrinsic bidirectional thermosensor activated 

by both cold and heat (Moparthi et al., 2016). Surprisingly, nematode TRPA1 is also 

cold-activated (Chatzigeorgiou et al., 2010). 

2.2.2 Electrophilic agonists 

Electrophilic substances covalently modify cysteine and lysine residues by 

creating adducts or by oxidizing reactions, potentially impairing the protein’s function. 

TRPA1 is a highly tuned sensor of electrophilic compounds that stands at the beginning 

of aversive behavior of species toward a wide range of damaging electrophiles. 
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Electrophilic activators of TRPA1 are structurally as diverse as their source 

(Figure 8): isothiocyanates, the pungent compounds in mustard oil, wasabi, and 

horseradish (Jordt et al., 2004); cinnamaldehyde from cinnamon (Bandell et al., 2004); 

allicin from garlic (Macpherson et al., 2005); acrolein, an irritant in vehicle exhaust 

fumes and tear gas (Bautista et al., 2006); reactive oxygen species (ROS) like hydrogen 

peroxide (Sawada et al., 2008); 4-hydroxynonenal, a product of lipid peroxidation 

(Trevisani et al., 2007); sulfur mustard, a chemical warfare gas (Bautista et al., 2006); 

JT010, a potent and site-selective TRPA1 agonist (Takaya et al., 2015); and many 

others. 

 

There are four main reactions of electrophiles and cysteine residues (Figure 9 on page 

27). Isothiocyanates readily react with thiols to produce thiocarbamates. In Michael 

addition, dissociated thiol group of cysteine attacks the Cβ of enols to form adduct and 

reduce the double bond. α-halocarbonyls as iodoacetamide (IA) are widely used for 

cysteine bioconjugation, where thiolate anion substitutes the halide leaving group. 

Cysteines also react with disulphides (allicin, 2-aminoethyl methanethiosulfonate 

(MTSEA)) and their oxidized forms (thiosulfinates) to form a conjugate. Among other 
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reactions of electrophiles with thiol group is oxidation (oxygen, peroxide) or 

nitrosylation (nitric oxide). 

Cysteine and lysine residues, namely C414, C421, C621, C641, C665 and K710 

(indexed according to hTRPA1), were proved by mass-spectrometry and 

electrophysiology to be essential for electrophilic modification (Hinman et al., 2006, 

Macpherson et al., 2007). Quadruple mutation of C621S, C665S, C641S and K710Q 

efficiently disrupts effects of a wide range of electrophiles on TRPA1 (Hinman et al., 

2006, Trevisani et al., 2007). According to the recent cryo-EM structures, electrophiles 

activate TRPA1 via modification of key cysteines inside of a clam shell-like (A-loop) 

binding cavity of N-terminal coupling domain, in particular C621 and C665 (Suo et al., 

2020, Zhao et al., 2020). Modification stabilizes the upward A-loop conformation which 

couples to TRPL helix and leads to channel gating. Bulky electrophiles stabilize active 

A-loop conformation by modifying C621 alone, smaller electrophiles additionally 

modify C665 to achieve full effect (Suo et al., 2020). A peptidergic scorpion toxin 

WaTx activates TRPA1 by direct interaction with the same site modified by 

electrophiles, providing an evidence that the binding site at the coupling domain is a 
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key allosteric regulatory site targeted by both animal- and plant-derived irritants (Lin 

King et al., 2019).  

Experiments with limited proteolysis of TRPA1 treated with 

N-methylmaleimide (NMM) show that electrophile binding also results in 

conformational rearrangements of AR11-AR15 region (Samanta et al., 2018, Moparthi 

et al., 2020a). Interestingly, hTRPA1 lacking the N-terminus can be activated by 

electrophiles even in the absence of all N-terminal cysteines (Moparthi et al., 2014). In 

line with this evidence, (E)-2 alkenals were able to activate TRPA1 channel even in 

TRPA1-3C construct (Blair et al., 2016).  

2.2.3 Non-covalent agonists 

Apart from electrophilic compounds, TRPA1 is also activated by other agonists 

by non-covalent interactions inside of a binding cavity (Figure 10). Non-covalent 

agonists of TRPA1 are structurally divergent and many of them exhibit species-

dependent effects and bimodal action - activation at lower concentrations and inhibition 

at higher concentrations. Typical non-covalent activators are natural odorants and 

repellents from essential oils. TRPA1 mediates the pungency of menthol (Karashima et 

al., 2007) and other structurally similar compounds like carvacrol from oregano (Xu et 

al., 2006), thymol from thyme (Lee et al., 2008), but also paraben, an antibacterial agent 

widely used in cosmetics and food (Fujita et al., 2007), and lidocaine, a local anesthetics 
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(Leffler et al., 2011). Menthol is a bimodal modulator of TRPA1, activating at 

micromolar concentrations and blocking the channel at higher concentrations 

(Karashima et al., 2007). Nicotine also shows bimodal effects on TRPA1 and it interacts 

with the pore (Talavera et al., 2009). Caffeine activates mTRPA1 but blocks human 

orthologue (Nagatomo and Kubo, 2008). A single-point mutation of M268P at the distal 

N-terminus renders the effect of caffeine on mTRPA1 inhibitory (Nagatomo et al., 

2010).  

A binding pocket for menthol has been localized and functionally characterized 

in the TMD near the S5 helix; residues S873 and T874 in hTRPA1 are crucial for 

menthol activation or inhibition (Xiao et al., 2008, Chen et al., 2013). On the other 

hand, molecular docking simulations on carvacrol, thymol, β-myrcene and p-cymene 

using the hTRPA1 ion channel structure 3J9P (Paulsen et al., 2015) best fitted the 

compounds into the VSLD intracellular cavity with contacts to Y726, Y812, Y842, 

I811, S780 and S781 (Alvarenga et al., 2016, Ghosh et al., 2020).  

Recently, an aminotriazole compound GNE551 from Genentech/Roche chemical 

library was distinguished as a highly-potent non-covalent TRPA1 agonist with 

[EC50] = 254 nM for human orthologue. In contrast to electrophilic AITC, GNE551 

exhibits no desensitization and provokes persisting pain that is insensitive to 

antagonists. The agonist binds to a groove between the S1-S4 region and the pore 

domain (S5-S6) of a neighboring subunit, overlapping the binding site for annular 

phospholipid (designated as “lipid 5” in (Suo et al., 2020)). The displacement of this 

lipid by ligand binding enables a conformational change in the S4–S5 linker and 

subsequent opening of the intracellular gate in a similar fashion as in TRPV1 channel 

(Gao et al., 2016).  

2.2.4 TRPA1 antagonists 

The key importance of TRPA1 in pain, inflammation and many other potential 

indications in acquired diseases makes it a plausible and attractive target of 

pharmacological treatment. Before the synthesis of selective TRPA1 antagonists, 

scientists used other compounds, for example ruthenium red that was developed for 

overcoming desensitization of capsaicin-responsive sensory fibers (Maggi et al., 1988).  

The pharmaceutical companies put effort into creation of potent and selective 

TRPA1 antagonists (as reviewed in (Bamps et al., 2021)). In 2007, the first TRPA1 
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antagonist HC-030031 was synthetized (Figure 11; (McNamara et al., 2007)). Although 

commonly used as a potent TRPA1 inhibitor in a research field, HC-030031 showed 

low pharmacokinetics properties, high clearance and only micromolar potency (Rech et 

al., 2010). Chimeric studies between frog TRPA1 (fTRPA1) and hTRPA1, as well as 

analyses using point mutants, revealed that a single amino acid residue (N855 in 

hTRPA1) in the S4-S5 linker significantly contributes to the inhibitory action of 

HC-030031 (Gupta et al., 2016). Interestingly, a substitution by serine at position N855 

is responsible for TRPA1 channelopathy in humans (Kremeyer et al., 2010). 

Another potent and selective inhibitor is an oxime A-967079, which blocks 

human and rat TRPA1 (Chen et al., 2011), although it activates chicken TRPA1 

(cTRPA1). These species-specific effects of A-967079 were utilized in a discovery of a 

single residue L881 in hTRPA1 that facilitates the A-967079-dependent inhibition 

(Banzawa et al., 2014). The binding of A-967079 into a pocket formed by S5, S6 and 

the first pore helix was confirmed by the cryo-EM structure (Paulsen et al., 2015).  

Among antagonists with a concentration-dependent bimodal action are also non-

covalent natural compounds, such as camphor derived from Cinnamomum camphora 

(Alpizar et al., 2013)  

 

2.2.5 Activation by voltage 

TRP channels are mildly activated by depolarizing voltage due to a low gating 

charge, as opposed to K+ channels with 4 arginine residues in the S4 helix (Jiang et al., 

2003). The small gating charge of TRP channels is a crucial factor for the large voltage 

shifts induced by various stimuli (Nilius et al., 2005) and also an amplifier of thermal 

sensitivity (Chowdhury et al., 2014). At negative potentials, a slight inward current 

reflecting the basal activity of the channels is observed. The current becomes outward at 

potential around 0 mV and the conductance reaches its half-maximum value around 

100 mV. However, the activation curve of TRPA1 is shifted to more negative potentials 
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by activating stimuli like intracellular Ca2+, cold and agonists (Karashima et al., 2007, 

Zurborg et al., 2007, del Camino et al., 2010, Samad et al., 2011, Wang et al., 2013). 

When strongly activated, TRPA1 loses its specific rectification pattern and becomes 

open regardless of the membrane potential.  

Prolonged stimulation at higher depolarizing potentials also inactivates 

mTRPA1. A conserved L906 (L903 in hTRPA1) in the first pore helix strongly impacts 

the voltage dependency – most substitutions at L906 converted the channel from 

outwardly to inwardly rectifying and also reduced its sensitivity to inhibition by TRPA1 

blockers, HC-030031 and ruthenium red (Wan et al., 2014). 

2.2.6 Activation by heat 

TRPA1 orthologues from honeybees (Kohno et al., 2010), flies (Kang et al., 2010, 

Zhong et al., 2012), fishes (Oda et al., 2017, Oda et al., 2018), frogs (Saito et al., 2016), 

lizards (Saito et al., 2012), snakes (Gracheva et al., 2010), chicken (Kurganov and 

Tominaga, 2017), and mice (Vandewauw et al., 2018) proved to be heat-activated 

(Figure 12). Human orthologue expressed in Xenopus laevis oocytes was shown to be 

insensitive to temperatures at constant temperature 42°C, while rattlesnake TRPA1 was 

robustly activated above 28°C. Introduction of a part of the rsTRPA1 or dTRPA1 

N-terminus into hTRPA1 was sufficient to confer heat sensitivity into the human 

TRPA1, emphasizing the role of the N-terminus in heat activation (Cordero-Morales et 

al., 2011). In accord with the study, three single-point mutations at the AR6 of 

mTRPA1 are individually sufficient to make the channel activated by 40°C, while 

leaving the sensitivity to chemicals unaffected (Jabba et al., 2014). However, mosquito 
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AgTRPA1 orthologue reconstituted in artificial membrane retains its thermosensitivity 

toward 35°C even if its N-terminus is deleted, suggesting that the N-terminal domain 

may tune the response but is not required for the activation by these stimuli (Survery et 

al., 2016). Introduction of mosquito-to-human point mutation in S6 helix and pore helix 

of dTRPA1 reverses the heat sensitivity (Wang et al., 2013). These evidences are in line 

with the current knowledge of TRPV activation, where the regions involved in heat 

activation are spread across the whole channel, including the N-terminal ARD (Laursen 

et al., 2016, Saito et al., 2016), membrane-proximal N-terminus TRPV3 (Yao et al., 

2011, Liu and Qin, 2017), the pore domain (Grandl et al., 2010, Kim et al., 2013) and 

the C-terminus (Vlachova et al., 2003, Brauchi et al., 2006). Recently, both human and 

mouse TRPA1 expressed in HEK293T cells showed steep temperature dependence over 

the high temperature range of 53–59°C and 55–57°C respectively, providing evidence 

of a direct, rapid and reversible activation by noxious heat. (Sinica et al., 2019). 

Interestingly, the noxious-heat avoidance behavior of Drosophila with impaired 

dTRPA1 can be rescued by the expression of human or heat-insensitive planarian 

TRPA1 (Arenas et al., 2017). The authors suggest that TRPA1 activation is mediated by 

H2O2 and ROS, early markers of tissue damage rapidly produced as a result of heat 

exposure. Although warm temperature suppresses rat and human TRPA1 currents 

evoked by ligands like AITC or menthol (Wang et al., 2012), responses to H2O2 are 

potentiated by heat in Chinese hamster ovary (CHO) cells expressing mTRPA1 

(Vandewauw et al., 2018). The presence of reducing agents in the bath solution 

inhibited both cold and warm responses of hTRPA1 in artificial membrane (Moparthi et 

al., 2016), implying the importance of TRPA1 redox state in heat activation.  

2.2.7 Activation by cold 

Unlike heat sensing, activation by cold was described only in nematode, rodent 

and human TRPA1 channels. Rodent TRPA1 is activated by lowering temperature to 

10°C both transiently expressed and in DRG neuronal culture (Bandell et al., 2004, 

Corey et al., 2004, del Camino et al., 2010). Cold increases the channel’s open 

probability, slightly decreases the unitary conductance and creates a leftward shift of 

half-maximal activation voltage V50 (Sawada et al., 2007, Karashima et al., 2009, Chen 

et al., 2013). Human TRPA1 was also found to be activated by 12°C cooling, although 

to a lesser extent than mTRPA1 (Kremeyer et al., 2010, Wang et al., 2013, Moparthi et 
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al., 2014, Moparthi et al., 2016, Sinica et al., 2019). However, other groups did not 

observe any hTRPA1 cold-evoked currents upon cooling (Jordt et al., 2004, Cordero-

Morales et al., 2011, Chen et al., 2013). A single residue G878 in mouse TRPA1 (V875 

in hTRPA1) accounts for differences in cold sensitivity of hTRPA1 and mTRPA1 

(Chen et al., 2013), and for temperature-dependent kinetics of voltage activation (Sinica 

et al., 2019). TRPA1-deficient mice were indistinguishable from wild-type littermates 

when examined for behavioral responses to cold (Bautista et al., 2007, Knowlton et al., 

2010), probably because of the presence of other cold-activated channels (Buijs and 

McNaughton, 2020). In line with these findings, additional lack of TRPA1 decreases 

cold avoidance in Trpm8-/- mice in the temperature gradient assay (Touska et al., 2016, 

Winter et al., 2017).  

Mild cooling markedly increases currents evoked by electrophiles and carvacrol 

in rat and human TRPA1, suggesting that TRPA1 is a key mediator of cold 

hypersensitivity (del Camino et al., 2010, Moparthi et al., 2016, Zimova et al., 2020). 

The TRPA1-positive neurons respond to cold only in the presence of agonist, 

suggesting that TRPA1 is important in pathological conditions with elevated level of 

proinflammatory activators, but likely plays a comparatively minor role in acute cold 

sensation (del Camino et al., 2010). TRPA1 has been linked with mechanical and cold 

allodynia accompanying nerve injury (Chen et al., 2011), inflammation (Yamaki et al., 

2020), or anti-cancer treatment by oxaliplatin (Nassini et al., 2011, Park et al., 2015). 

Acute hypersensitivity to cold induced by oxaliplatin is mediated by human TRPA1 

sensitization to ROS via mechanisms that are, in a dose-dependent manner, governed by 

the inhibition of propyl hydroxylases (Miyake et al., 2016).  

2.2.8 Mechanism of temperature activation 

In thinking about thermal sensing, it is instructive to consider how temperature 

induced changes alter the equilibrium between two states of a channel, such as two 

different conformations of a protein. The transition between two states is defined by the 

standard Gibbs free energy difference between the two conformations at constant 

pressure: 

 ∆𝐺° =  ∆𝐻°− 𝑇∆𝑆°,        (1) 

where ∆𝐻 and ∆𝑆 are the standard enthalpy and standard entropy changes respectively, 

and 𝑇 is the absolute temperature. The mechanism of temperature-driven gating of TRP 
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channels has been associated with large changes in enthalpy and entropy upon the 

channel gating. Both enthalpy and entropy are temperature-dependent when a transition 

between two states is accompanied by a change in molar capacity, ∆𝐶𝑃. The equilibrium 

between the open and closed state is defined by the equation: 

 𝑙𝑛𝐾 =  
∆𝑆°(𝑇0)

𝑅
−

∆𝐶𝑃[1−
𝑇0
𝑇

+𝑙𝑛(
𝑇0
𝑇

)]

𝑅
,       (2) 

where 𝑇0 is a reference temperature set as the point of minimum K, when ∆𝐻°(𝑇0) = 0. 

The relationship has a “U-shape” with two temperatures where 𝑙𝑛𝐾 = 0 i.e., the 

midpoint of the transition between the two states, implying that all temperature-

sensitive channels can in principle behave as both cold and heat receptors, if the 

temperature range is acquired experimentally (Clapham and Miller, 2011). Positive heat 

capacity change is associated with disordering or unfolding process, which would lead 

to exposure of hydrophobic residues to solvent. A strong temperature dependence will 

not be seen unless ∆𝐶𝑃 is around several kcal·mol-1·K-1, an equivalent of “unburial” of 

10 – 20 hydrophobic side chains per subunit in the tetrameric channel (Clapham and 

Miller, 2011). Point mutations could transform a hot-activating TRP into a cold-

activating one, or vice versa, simply by shifting the melting temperature Tm along the 

temperature axis, similarly as in small protein GB1 (Figure 13; (Arrigoni and Minor, 

2018)).  
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The heat capacity principle was proved plausible by (Chowdhury et al., 2014) 

who built thermosensitivity into the Shaker Kv channel by modifying the 

hydrophobicity of certain amino acids that undergo changes in solvation during the 

channel gating. So far, researchers have experimentally observed only one shoulder of 

the U-plot (Diaz-Franulic et al., 2020), although similar analysis has not been conducted 

on TRPA1, a hot/cold candidate for bimodal temperature activation. However, the 

folding/unfolding processes have to take part in the regions that are allosterically 

coupled to the channel’s gate. A shining example of such coupling is the C-terminal 

coiled-coil of BacNav sodium channel and TRPM8 channel: while BacNav channel is 

heat-activated by partial coiled-coil unfolding (Arrigoni et al., 2016), in TRPM8 

activation occurs after coiled-coil stabilization upon cooling (Diaz-Franulic et al., 

2020). Similar mechanism is plausible for TRPA1 with C-terminal coiled-coil (Paulsen 

et al., 2015) that partially unfolds at elevated temperatures (Martinez and Gordon, 2019) 

and potentially undergoes changes in solvation upon channel gating (Arrigoni and 

Minor, 2018). 

An allosteric model composed of gate and independent voltage and temperature 

sensors represents a more complex yet precise model of TRP channels (Figure 14; 
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(Salazar et al., 2011)). An allosteric model implies that the channel has a gate, described 

by an equilibrium constant L, and also independent voltage and thermal sensors, both 

described by their own constants J and K of the temperature- and voltage-dependent 

transitions. The sensors allosterically couple to the channel’s gate and to each other 

according to coupling energy terms C, D and E respectively. This model is capable of 

explaining the sensitization of an agonist-induced activation by temperature (del 

Camino et al., 2010), or, on the other hand, a loss of sensitivity to other stimuli at high 

concentrations of agonist (Matta and Ahern, 2007). Moreover, introduction of 

temperature-dependent coupling even give rises to channels that respond to both cooling 

and heating in a ΔCp-independent manner (Jara-Oseguera and Islas, 2013). 

Furthermore, the results presented in this thesis provide the evidence that 

preceding stimulation of human and mouse TRPA1 by voltage and heat strongly 

enhances TRPA1-mediated cold-evoked currents (Moparthi et al., 2016, Sinica et al., 

2019). Another proposed (indirect) mechanism of temperature-dependent activation is 

represented by ROS activation (as described above) and protein-lipid interactions 

(reviewed in (Zubcevic, 2020)), which were proposed to play an important role in 

temperature-dependent actuation (Melnick and Kaviany, 2018) . 

 

2.3  Regulation of TRPA1 

2.3.1 Regulation by lipids 

TRPA1 channel forms both specific and non-specific interactions with 

membrane lipids. The mediators produced by the phospholipase A2 (PLA2) and 

phospholipase C (PLC) pathways, as well as products of oxidative stress (e.g. 

4-hydroxynonenal (HNE)) activate TRPA1 directly through covalent modification of 

cysteines in the N-terminus (Bandell et al., 2004, Trevisani et al., 2007, Taylor-Clark et 

al., 2008). PLC mediates its effect by hydrolysis of phosphatidylinositol-4,5-

bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglycerol (DAG). Also 

phosphoinositides were proposed to regulate TRPA1; however, the findings in regards 

to the PIP2 regulation are inconsistent (Rohacs, 2016). Preincubation with the 

phosphatidylinositol-4-kinase (PIK) inhibitor wortmannin reduces both constitutive 

TRPA1 channel activity and the response to AITC. Also other techniques using 
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transiently expressed PIP2 sequestrators, Myristoylated alanine-rich C-kinase substrate 

(MARCKS) and Growth Associated Protein 43 (GAP43), as well as voltage-sensitive 

phosphatase Dr-VSP reduced the chemical activation of TRPA1, especially at negative 

potentials (Zimova et al., 2018, Zimova et al., 2020). PIP2 reactivates the activity of 

recombinant TRPA1 in excised patches, where the channels run down (Karashima et al., 

2008). Contrarily, (Kim and Cavanaugh, 2007) reported no effect of PIP2 in excised 

patches. Also depletion PIP2 with a rapamycin-inducible 5-phosphatase did not inhibit 

TRPA1, while it inhibited TRPM8 (Wang et al., 2008). TRPA1 retains its activity in the 

artificial membrane, showing that it does not need PIP2 for activation (Moparthi et al., 

2014, Moparthi et al., 2016).  

The cryo-EM structures of TRPA1 in lipid nanodiscs (PDB ID: 6PQO, 6PQP, 

6PQQ) revealed 6-7 annular lipids that dwelled in contact with the TMD (Figure 15; 

(Suo et al., 2020). Importantly, some sites have been shown to also serve as a binding 

site for ligands. It has been proposed that lipids and ligands compete for these binding 

sites, and that ligand binding shifts the gating equilibrium toward the open state 

(Zubcevic, 2020). Such site that is capable of binding ‘phospholipid 5’ and a non-

covalent agonist GNE551 is located in between the S5-S6 helices of adjacent TRPA1 

subunits (Figure 16 on page 38). The substitution of a proximal residue E864 with 

bulky tryptophan resulted in the constitutively open channel, indicating that disrupted 

interaction with the residing lipid propagates into the opening of the channel 
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(Liu et al., 2020). The identical binding site of phospholipids is present in TRPV1 

channels, where the displacement of lipids by vanilloid agonists or heat was proposed to 

be a mechanism of TRPV1 activation (Gao et al., 2016). The studies presented in this 

doctoral thesis investigated two potential lipid-binding sites and revealed their 

importance in TRPA1 regulation (Zimova et al., 2018, Macikova et al., 2019, Zimova et 

al., 2020).  

TRP channels in general are highly sensitive to the membrane environment and 

compounds that can change the local physical properties of the membrane (Startek et 

al., 2019b). TRPA1 is modulated by compounds that shape the membrane curvature – 

crenation-forming amphiphilic trinitrophenol activates TRPA1, while chlorpromazine 

induces cup formation and inhibits TRPA1 (Hill and Schaefer, 2007). Bacterial 

lipopolysaccharides (LPS), one of the most potent mediators of inflammation, insert 

into the lipid bilayer and trigger TRPA1 activation both in cellular and artificial 

membranes (Startek et al., 2018). The ability to activate TRPA1 correlates with the 

shape of LPS: conically-shaped LPS are more active (Meseguer et al., 2014).  
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2.3.2 Regulation by phosphorylation 

One of the most potent algogenic compounds that are involved in the development of 

pain and hyperalgesia upon tissue damage, inflammation and nerve injury is bradykinin 

(BK). The acute effect of bradykinin is mediated through the G protein-coupled 

receptors (GPCR) B2, initiating the Gq/phospholipase C (PLC), Gi/phospholipase A2 

(PLA2) and Gs/adenylyl cyclase (AC) pathways (Figure 17 on page 40; reviewed in 

(Petho and Reeh, 2012)). These pathways regulate the activity of TRPA1 channel by 

production of DAG, arachidonic acid (AA) and its metabolites that direct activate 

TRPA1 (Taylor-Clark et al., 2008), by elevating the intracellular level of Ca2+ that 

potentiates and inactivates TRPA1 (Bautista et al., 2006), by increasing the membrane 

expression of TRPA1 (Schmidt et al., 2009), and by phosphorylation (Brackley et al., 

2017, Meents et al., 2017). 

  The AC pathway switches on the protein kinase A (PKA) that promotes acute 

sensitization of TRPA1 by phosphorylation. Amino acid residues S86, S317, S428, and 

S972 were found as the principal targets of PKA by using electrophysiology and site-

directed mutagenesis (Meents et al., 2017). Additionally, protein kinase C (PKC) acting 

downstream of PLC pathway sensitizes TRPA1 through phosphorylation of residues 

S119, T281 and T529. Both the PKA and PKC kinases require the A-Kinase Anchoring 

Protein 79/150 (AKAP) in order to facilitate phosphorylation and sensitization of 

TRPA1 channel (Brackley et al., 2017). AKAP directly interacts with TRPV1 (Zhang et 

al., 2008) and there is an evidence based on molecular modeling that AKAP can interact 

with the proximal part of the N-terminus of TRPA1 (Zimova et al., 2020). 

 TRPA1 is also targeted by cyclin-dependent kinase 5 (Cdk5) that recognizes a 

structural consensus (S/T)PX(K/H/R). Cdk5 activity is dependent upon binding to one 

of its two regulatory proteins, p35 or p39 (Tsai et al., 1994). A residue T673 outside of 

the ARD was considered as the possible target of Cdk5 (Hynkova et al., 2016). In 

addition, immunopurified Cdk5 was observed to phosphorylate human TRPA1 peptide 

substrate at S448A in the AR12 in vitro (Hall et al., 2018, Sulak et al., 2018). p35-/- 

knock-out mice showed attenuated oral aversion to TRPA1 agonist AITC in a 

concentration dependent manner (Hall et al., 2018).  

 While the activity of the above mentioned kinases most likely upregulate the 

responses of TRPA1, activators of AMP-activated protein kinase (AMPK) negatively 

regulate the channel in DRG neurons by downregulation of plasma membrane 
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expression (Wang et al., 2018b). A study presented in this thesis shows that a residue 

S602 preceding the coupling domain of TRPA1 may potentially be a site for inhibitory 

phosphorylation of TRPA1 channel (Barvikova et al., 2020). This residue was predicted 

to be phosphorylated by several phosphorylation site prediction servers. The 

phosphomimetic mutation S602D completely abrogated channel activation, whereas the 

phosphonull mutations produced a fully functional channel (Barvikova et al., 2020).
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3. Aims of the study 

• Investigate the impact of low-frequency high-induction electromagnetic field on 

calcium responses induced in naïve and TRPA1-expressing cells by the 

inflammatory agent bradykinin.  

• Explore the role of N-terminal serine residue 602 as a potential target of TRPA1 

phosphorylation. 

• Test the effects of AKAP79/150 on the sensitization of the TRPA1 channel. 

• Characterize the involvement of polar residues facing the inside of the 

intracellular VSLD cavity in the modulation of TRPA1 channel by voltage, 

agonists and calcium ions. Explore the possibility of lipid binding inside of the 

VSLD cavity. 

• Investigate the role of the C-terminal region (L992-P1034) forming the 

intersubunit crevice on the binding of phosphatidylinositol-4,5-bisphosphate. 

Test the involvement of this region in the regulation of TRPA1 channel in terms 

of modulation by voltage, agonists and calcium ions. 

• Characterize and compare the temperature- and voltage-dependent properties of 

human and mouse TRPA1 to unravel the differences between their mechanisms 

of gating. Examine the mechanisms of bidirectional temperature activation of 

human and mouse TRPA1 channels. 
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4. Methods 

4.1  Chemicals and solutions 

All solutions were prepared using deionized water, which was for molecular 

biological methods further purified by Simplicity 185 device (Millipore, USA) and 

sterilized. If not stated otherwise, all chemicals were purchased from Sigma-Aldrich 

(Prague, Czech Republic). 

 

Agonists, modulators 

Allyl isothiocyanate (AITC), cinnamaldehyde (Cin) and carvacrol (Carv) solutions were 

prepared from a 0.1 M stock solution in DMSO. Bradykinin (BK) solution was prepared 

from a 0.1 mM stock solution in DMSO. All stock solutions were stored at 4°C. 

 

Extracellular solutions (ECS) 

The composition of the extracellular solutions used is listed in the Table 1. The ECS 

classic was used in publications I, II, IV and V. The ECS Zygmunt from the study 

(Moparthi et al., 2016) was used in publications III, V, VI, and VII. The ECS with 

0 mM or 2 mM concentration of Ca2+ was used to determine the effect of calcium in 

publications IV and V. The ECS Hasan from the study (Hasan et al., 2017) was used in 

publications V, VI.  

 

Table 1: The compositions of extracellular solutions (in mM). 

ECS classic ECS 0 Ca2+  ECS 2 Ca2+  ECS Zygmunt ECS Hasan 

160 NaCl 150 NaCl 150 NaCl 140 NaCl 140 NaCl 

2.5 KCl   5 KCl 4 KCl 

1 CaCl2 2 HEDTA 2 HEDTA 5 EGTA  

2 MgCl2   2 MgCl2 1 MgCl2 

10 HEPES 10 HEPES 10 HEPES 10 HEPES 10 HEPES 

10 Glucose   10 Glucose 5 Glucose 

pH 7.3 NaOH pH 7.3 NaOH pH 7.3 NaOH pH 7.4 TMA-OH pH 7.4 NaOH 

320 mOsm 280 mOsm 280 mOsm 300 mOsm 285 mOsm 

 

 



 

43 

 

Intracellular solutions (ICS) 

The composition of the intracellular solutions used is listed in the Table 2. The ICS 

classic was used in publications II, IV and V. The ICS Zygmunt from the study 

(Moparthi et al., 2016) was used in temperature experiments in publication IV, V and 

VII. The ICS phos was used in publication III and VII. The ICS magnet was used in 

publication I. The ICS AKAP was used in publication III. 

 

Table 2: The compositions of intracellular solutions (in mM). 

ICS classic ICS Zygmunt ICS phos ICS AKAP ICS magnet 

145 CsCl 140 KCl 125 Cs-

gluconate 

125 Cs-glucono-

δ-lactone 

125 K-

gluconate 

  15 CsCl 15 CsCl 15 KCl 

5 EGTA 5 EGTA 5 EGTA 5 EGTA 5 EGTA 

3 CaCl2 2 MgCl2 0.5 CaCl2 0.5 CaCl2 0.5 CaCl2 

10 HEPES 10 HEPES 10 HEPES 10 HEPES 10 HEPES 

2 MgATP  2 MgATP 2 MgATP 2 MgATP 

  0.3 NaGTP 0.3 NaGTP 0.3 NaGTP 

    10 creatine 

phosphate 

pH 7.3 

CsOH 

pH 7.4 KOH pH 7.4 CsOH pH 7.4 CsOH pH 7.2 KOH 

290 mOsm 280 mOsm 274 mOsm 275 mOsm 300 mOsm 

4.2  Cell cultures, constructs, transfection 

 Human embryonic kidney 293T (HEK293T, CRL-3216; ATCC, Manassas, VA, 

USA) cells were cultured in Opti-MEM I media (Invitrogen, USA) supplemented with 

5% fetal bovine serum (PAN-Biotech, Germany). The magnet-assisted transfection 

(IBA GmbH, Germany) technique was used to transiently cotransfect the cells in a 

15.6-mm well on a 24-well plate with 200 ng of GFP plasmid (TaKaRa, Japan) and with 

300 or 400 ng of cDNA plasmid encoding wild-type or mutant human TRPA1 

(pCMV6- XL4 vector, OriGene Technologies, USA). In experiments with coexpression 

of TRPA1 channels with other proteins, 200 ng GAP43 (pCMV6-XL5 vector, OriGene 

Technologies, USA), 100 ng MARCKS (pCMV6-XL5 vector, OriGene Technologies, 

USA), 300 ng DrVSP (IRES2-EGFP vector, a gift from Yasushi Okamura, Addgene 

plasmid #80333) or 200 ng AKAP79/150 (pCMV6-XL4 vector, OriGene Technologies, 
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USA) were added into the transfection mixture. At least two independent transfections 

were used for each experimental group. The cells were used 24–48 h after transfection. 

 F11 cells (The European Collection of Authenticated Cell Cultures, ECACC 

08062601, UK) cultured in Dulbecco’s modified Eagle’s medium supplemented with 

2 mM glutamine and 10% fetal bovine serum were passaged once a week using trypsin-

EDTA (Invitrogen, USA) and grown under 5% CO2 at 37°C. One to two days before 

transfection, cells were plated in 24-well in 0.5 mL of medium and became confluent on 

the day of transfection. The cells were transiently cotransfected with 300 ng of cDNA 

plasmid encoding human TRPA1 (in the pCMV6-XL4 vector OriGene Technologies) 

and with 200 ng of GFP plasmid (TaKaRa, Japan) with the use of Lipofectamin 2000 

(Invitrogen, USA) and then plated on poly-L-lysine-coated glass coverslips. 

4.3  Site-directed mutagenesis 

 The constructs of hTRPA1 channel were made using QuikChange II XL Site-

Directed Mutagenesis Kit (Agilent Technologies, USA). For each mutation the primer 

of length about 30 amino acids was designed and synthesized (by VBC-Biotech, 

Austria). As the wild-type template served human TRPA1 (in the pCMV6- XL4 vector, 

OriGene Technologies, USA) or mouse TRPA1 (in pcDNA5/FRT, kindly provided by 

Dr. Ardem Patapoutian, Scripps Research Institute, USA). The polymerase chain 

reaction (PCR) was performed using the mix of oligonucleotides (Invitrogen, USA) in a 

Thermo-cycler device (Eppendorf, Germany). After the PCR was completed, the 

template DNA was eliminated by enzymatic digestion with a restriction enzyme DpnI 

which is specific for methylated DNA. The PCR product was detected using horizontal 

electrophoresis with 1 % agarose gel (70 mV, 50 min). According to the above-

mentioned kit manual, the XL10-Gold ultracompetent cells were transformed by 2 μl 

PCR product by the heat shock protocol. The cells were then cultured on agar plates 

(Biolife, Italy) with ampicillin or kanamycin (100 mg/l or 50 mg/l, respectively) and 

subsequently in Lysogeny Broth (water solution of 0.5% yeast extract, 1% peptone, 

0.26 M NaCl) medium over night at 37°C in shaking incubator. The DNA from 

multiplied bacterial cells was isolated using Plasmid DNA Miniprep Kit (Invitrogen, 

USA). The presence of the intended mutation was then confirmed by DNA sequencing 

on ABI Prism 3100 Genetic Analyzer device (Institute of Microbiology, Academy of 

Sciences of the Czech Republic).  
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4.4  Electrophysiology  

 Whole-cell membrane currents were filtered at 2 kHz using the low-pass Bessel 

filter of the Axopatch 200B amplifier and digitized (5-10 kHz) using a Digidata 1440 

unit and pCLAMP 10 software (Molecular Devices, USA). Patch electrodes were pulled 

from a glass tube with a 1.65-mm outer diameter by a horizontal puller P-1000 (Sutter 

Instrument Company, USA), the tip of the pipette was heat-polished with a Microforge 

MF-830 (Narishige, Japan) to a resistance of 3-6 MΩ. The glass microelectrodes were 

filled with intracellular solution and placed in a holder controlled by micromanipulator 

MP-255 (Sutter Instrument Company, USA). A silver/silver chloride (Ag/AgCl) 

reference electrode was submerged into the extracellular bath. Series resistance was 

compensated by at least 70 % in all recordings. A system for rapid superfusion of the 

cultured cells was used for drug application (Dittert et al. 2006). Capillary of the 

application system was placed at a distance of less than 100 μm from the surface of the 

examined cell.  

4.5  Temperature stimulation 

The experiments were performed at room temperature (23–25°C). For 

temperature experiments, a system for fast cooling and heating of solutions superfusing 

isolated cells under patch-clamp conditions was used as described in (Dittert et al., 

2006). Briefly, experimental solutions are driven by gravity from 7 different barrels 

through automatically controlled valves to a manifold that consists of fused silica tubes 

(inner diameter of 320 μm) connected to a common outlet glass capillary through which 

the solutions are applied onto the cell surface. The upper part of the outlet capillary 

passes the solutions through a temperature exchanger driven by a miniature Peltier 

device that preconditions the temperature (precooling or preheating). The lower part of 

the capillary is wrapped with an insulated densely coiled copper wire (over a length of 

5 mm, connected to a direct current source for resistive heating) that finally heats the 

passing solution to a chosen temperature. The Peltier device and the heating element are 

electrically connected to the headstage probe which is fixed on to a micromanipulator 

for positioning of the manifold. The temperature of the flowing solution is measured by 

a miniature thermocouple inserted into the common outlet capillary near to its orifice 

which is placed at a distance of less than 100 μm from the surface of the examined cell. 
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The temperature is controlled either automatically or manually by voltage commands 

via the digital-to-analogue converter of a conventional data acquisition interface 

(Digidata 1440, Molecular Devices, USA). The system allows the application of 

temperature changes within a range of 5-60°C at maximum rates of –40°C/s to 

~110°C/s. 

4.6  Measurement of intracellular Ca2+ responses 

 The measurements of intracellular calcium concentration were done with the use 

of Fura-2-AM dye. The principle using Fura-2 is based on the shift of its fluorescence 

excitation spectrum toward shorter wavelength upon Ca2+ binding. The cells were 

loaded with 1 M Fura-2-AM (Invitrogen) dissolved in a bath solution for 1 hr followed 

by a 20-min. wash in fresh bath solution. The Cell^R imaging system (Olympus 

Biosystems, Germany) was used to capture the fluorescence images obtained with 

alternating excitation at 340 and 380 nm (TILL Photonics, Germany) and emission at 

˃510 nm. The metal xy positioning microscope stage Olympus IX81 (Olympus 

Biosystems, Germany) was replaced by plastic stage to prevent electromagnetic field-

induced mechanical resonance that impaired the quality of image recording. Emission 

ratios were calculated for each 0.5-sec. interval after subtraction of the background. 

Spontaneous activity of cells was measured using excitation/emission wavelengths 

380 nm/510 nm and sampling rate ≤500 ms. A system for rapid superfusion of the 

cultured cells was used for drug application (Dittert et al., 2006). The control 

experiments were performed for each electromagnetic exposure system during the same 

day for comparison. 

4.7  Confocal microscopy 

 HEK293T cells transfected with wild-type or S602D mutant of hTRPA1 tagged 

with tGFP (turbo GFP; Origene Technologies, USA) were stained with the cytoplasmic 

membrane labeling dye CellBriteTM Fix 640 (Biotium, USA) according to the 

manufacturer’s protocol. Briefly, the cells were incubated in phosphate-buffered saline 

(1 ml) containing the dye (1 µl) for 20 min at 37 C in a 5% CO2. After treatment, the 

cells were washed and imaged in Opti-MEM I media (Invitrogen, USA) supplemented 

with 5% fetal bovine serum. The colocalization analysis was performed using the 
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Colocalization Finder plugin in ImageJ and fluorescence intensity profiles measured 

along a rectangle drawn across the cell membrane. 

4.8  Biophysical techniques 

 All biophysical techniques used to determine the interaction of peptides 

encoding the C-terminal part of hTRPA1 and PIP2 were done by Mgr. Lucie Macikova 

in the laboratory of Dr. Isabel D. Alves at the University of Bordeaux, France. The 

techniques included preparation of small unilamellar vesicles (SUV), large unilamellar 

vesicles (LUV), and polymer-based nanodiscs, liposome leakage assay, circular 

dichroism (CD), plasmon waveguide resonance spectroscopy (PWR), attenuated total 

reflection infrared spectroscopy (ATR-FTIR) and microfluidic diffusional sizing 

(MDS). All of the methods are described in (Macikova et al., 2019). 

4.9  Homology modeling, molecular docking and molecular dynamics 

simulations 

The molecular dynamics (MD) simulations and the homology modelling were 

done in collaboration with Dr. I. Barvik from the Faculty of Mathematics and Physics, 

Charles University., Prague. To obtain a model of human TRPA1 with the S1–S4 sensor 

domain, the structure with protein data bank (PDB) ID: 3J9P determined by cryo-EM 

was used (Paulsen et al., 2015). The intracellular loop connecting helices S2 and S3 was 

modeled using the sequence homology with the TRPP1 channel (structures with PDB 

IDs: 5K47 (Grieben et al., 2017), 5T4D (Shen et al., 2016), 5MKE and 5MKF (Wilkes 

et al., 2017)). The homology model of the S2-S3 linker of TRPA1, uploaded on the 

Model Archive under the accession code ma-auqu1, was created using the Swiss-Model 

web server (https://swissmodel.expasy.org/). This model was further used to create a 

model of human TRPA1 with the C-terminal region using the Swiss-Model web server. 

For fitting the modelled C-terminus into the original density map of human TRPA1 

(EMDB ID: 6267), the Molecular Dynamics Flexible Fitting (MDFF) method for 

combining high-resolution structures with cryo-EM maps was applied.  

AutoDock Vina (http://vina.scripps.edu/) was used for the docking of 

phospholipids into the S1–S4 sensor domain of TRPA1. Yasara 18.4 was used for the 

docking of phospholipids into the C-terminal binding pocket of TRPA1 and the docking 

https://swissmodel.expasy.org/
http://vina.scripps.edu/
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of the N- (L588-C608) and C-terminal (L992-N1008) peptides from TRPA1 to 

calmodulin (using the structure PDB ID: 6O20). 

All atom structure and topology files were generated using VMD software 

(Schlenkrich et al., 1996). Introduction of mutations and the phosphorylated state of 

S602 into the structures was done using the “Mutate residue” and the “Automatic PSF 

Builder” plugin in VMD. Forces were computed using CHARMM27 force field for 

proteins, lipids, and ions (Phillips et al., 2005). All molecular dynamics (MD) 

simulations were produced with the aid of the software package NAMD2.13 or 

NAMD2.9 (Ryckaert et al., 1977) running on computers equipped with NVIDIA 

graphics processing units. MD trajectories were visualized with the aid of the VMD 1.9 

software package (Humphrey et al., 1996). Figures were produced with the software 

packages UCSF Chimera (Pettersen et al., 2004), ICM (Molsoft LLC), and CorelDraw 

X7 (Corel Corporation).  

4.10  Statistical analysis 

 The electrophysiological data were analyzed using pCLAMP 10 (Molecular 

Devices, USA), and curve fitting of currents and statistical analyses were done in 

SigmaPlot 10 (Systat Software Inc., USA). Current-voltage (I-V) relationships were 

obtained from steady-state whole cell currents measured at the end of voltage steps. The 

reversal potential Vrev at which the current equals zero was read from the graph and used 

for calculation of the conductance and construction of the conductance-voltage (G-V) 

relationship. 

𝐺 =
𝐼

𝑉−𝑉𝑟𝑒𝑣
 .         (3) 

In some cases, instead of membrane currents, we used the current density obtained by 

the division of the membrane currents I by the cell capacity C. Voltage-dependent 

gating parameters, such as are the minimum and maximum whole-cell conductance Gmin 

and Gmax, the half-maximum activation voltage V50 and the apparent number of gating 

charges z, were estimated by fitting the G-V relationship as a function of the test 

potential V to the Boltzmann equation: 

𝐺 =
𝐺𝑚𝑎𝑥−𝐺𝑚𝑖𝑛

1+𝑒
−𝑧𝐹(𝑉−𝑉50)

𝑅𝑇

+ 𝐺𝑚𝑖𝑛,       (4) 

where F, R, and T have their usual thermodynamic meanings. The activation and 

deactivation time constants (τfast and τslow) were measured directly from outward currents 
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by performing a double exponential Chebyshev fit to the rising phase of the activating 

currents and the tail currents, ignoring the initial 1.3 ms.  

𝑓(𝑡) = 𝐴𝑓𝑎𝑠𝑡𝑒−𝑡/𝜏𝑓𝑎𝑠𝑡 + 𝐴𝑠𝑙𝑜𝑤𝑒−𝑡/𝜏𝑠𝑙𝑜𝑤 + 𝐶, (5) 

 where 𝐴𝑓𝑎𝑠𝑡 and 𝐴𝑠𝑙𝑜𝑤 are the amplitudes of each component and 𝐶 is a constant. For 

comparisons between hTRPA1 and mTRPA1, we calculated a weighted, average time 

constant of the fast and slow components of activation/deactivation based on the 

amplitude of each component:  

𝜏𝑊 =
𝐴𝑓𝑎𝑠𝑡

𝐴𝑓𝑎𝑠𝑡+𝐴𝑠𝑙𝑜𝑤
∙ 𝜏𝑓𝑎𝑠𝑡 +

𝐴𝑠𝑙𝑜𝑤

𝐴𝑓𝑎𝑠𝑡+𝐴𝑠𝑙𝑜𝑤
∙ 𝜏𝑠𝑙𝑜𝑤.    (6) 

 From the time constants measured at the same membrane potential V and 

different temperatures were, the Arrhenius plot was constructed plotting the logarithm 

of the rate constant 𝑙𝑛
1

𝜏
 against the reciprocal temperature 

1

𝑇
. The difference in enthalpy 

∆𝐻 and entropy ∆𝑆 of the activation/deactivation process was obtained from the linear 

regression of the Arrhenius plot.  

 𝑙𝑛 (
1

𝜏
) = −

∆𝐻−𝛿𝑧𝐹𝑉

𝑅
·

1

𝑇
+ (𝑙𝑛

𝑘𝑇

ℎ
+

∆𝑆

𝑅
),     (7) 

where δ is the fraction of the gating charge the fraction of the gating charge moved in 

the outward direction (estimated as +0.5 for the activation and -0.5 for the deactivation 

process), k is the Boltzmann constant, h is the Planck constant, and R is the universal 

gas constant. Corresponding Q10 value of was obtained from time constants at two 

different temperatures 𝑇1 and 𝑇2: 

𝑄10 = (
𝜏1

𝜏2
)

10

𝑇2−𝑇1 , 𝑇2 > 𝑇1 .       (8) 

Statistical significance was determined by Student’s t-test or the analysis of variance, as 

appropriate; differences were considered significant at P < 0.05 where not stated 

otherwise. The data are presented as means ± (or +/-) S.E.M.  

4.11  Kinetic modeling and simulation 

 All kinetic modeling were performed using Copasi 4.22 (Mendes et al., 2009) 

with the use of the built-in genetic algorithm. The allosteric model with the gate and a 

voltage sensor was used to characterize the properties of hTRPA1 channels and F1020G 

mutation in publication V (Macikova et al., 2019). The equilibrium between the open 

and closed state C – O with both resting temperature and voltage sensors is defined by 

an equilibrium constant L. Changes in voltage lead to transitions between the resting 
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and active voltage states of the sensor (C1 – C2) with equilibrium constant 

K = K0·exp(zFV/RT), where K0 is the equilibrium constant for the transition at 0 mV, z is 

the apparent number of gating charges, V is the electric potential, and F, R, and T have 

their usual thermodynamic meanings. Note that in (Macikova et al., 2019), the voltage 

sensor equilibrium constants are called J and J0. The voltage sensor is coupled to the 

gate by the coupling constant D. By simultaneously fitting the normalized steady-state 

G–V data and the time course of the activation phase of normalized conductances 

induced by depolarization to +200 mV, the parameters D, L, and K0 were obtained for 

representative cells. 

 In publication VII, the allosteric model was adjusted by the introduction of the 

temperature sensor. Changes in temperature affect the transitions of the temperature 

sensor with equilibrium constant J = exp[-(ΔH°-TΔS°)/RT], where ΔH° and ΔS° are 

standard changes in enthalpy and entropy. The temperature sensor is coupled to gate by 

the coupling constant C, and also to the voltage sensor by a coupling constant E. To 

include the inverted coupling of the thermosensor (Jara-Oseguera and Islas, 2013) , the 

temperature dependence of the coupling constant C was introduced by non-zero change 

in enthalpy of the coupling: C = exp[-(ΔHc°-TΔSc°)/RT]. Further details are described 

in (Sinica et al., 2019). 

4.12  Stimulation of F11 cells by low-frequency high-induction 

electromagnetic field  

Three different systems for repetitive electromagnetic stimulation were used: 

EMF1 (VAS-07 STRONG, constructed by EMBITRON s.r.o., Plzen, Czech Republic), 

EMF2 (SALUTER MOTI, constructed by EMBITRON s.r.o., Plzen, Czech Republic) 

and EMF3 (DIPOL SETA-D I-100, constructed by NPF Dipol, Vitebsk, Belarus). In 

order to line the force of alternating magnetic field, the system was oriented so that the 

surface of the culture dish bottom was as perpendicular as possible. Changes of 

temperature around the recording area were measured by a sensitive digital thermometer 

before and after each recording. If the temperature changed more than ~1°C, the data 

were discarded. Parameters of the systems and stimulation protocols are in the Table 3 

on page 51. 
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Table 3: Parameters of used systems of high-induction low-frequency electromagnetic 

field. 

Magnetic field EMF1 EMF2 EMF3 

Model name VAS-07 STRONG SALUTER MOTI DIPOL SETA-D, 

I-100 

Magnetic field 

amplitude 

5 mT 2 T 1 T 

Intensity of the 

electrical field 

0.2–2 V·m-1 20–200 V·m-1 20 V·m-1 

Electrical 

current density 

0.1 – 1 A·m-2 10 – 100 A·m-2 10 A·m-2 

Stimulation Positive impulse of 

340 µs and negative 

part with lower 

amplitude of 4.5 ms, 

repetitive frequency  

10-s packet of pulses 

at frequency 1 to 25 

Hz, followed by 50 to 

2 s after-pause 

Rectangular pulses 

of 170 µs in pack 

of 6 bursts, delay 

between the pulses 

500 ms, 3.5 s pause 

after bursts  

Frequency 72 Hz 1 Hz / 25 Hz 6 pulses / 10 s 
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6. Summary of the results 

6.1  Regulation of TRPA1 by cellular pathways and phosphorylation 

6.1.1 Publication I - Acute exposure to high-induction electromagnetic 

field affects activity of model peripheral sensory neurons 

 Damaged, inflamed and injured neuronal tissue is a source of pain-sensation 

requiring pain-relief treatments. One of the approaches of pain treatment is the use of 

high-induction low-frequency electromagnetic field (LF-EMF). When applied 

peripherally over a muscle or spinal nerve roots, LF-EMF is capable of improving 

sensorimotor impairments and reducing acute and persistent pain (Smania et al., 2003, 

Lo et al., 2011, Khedr et al., 2012, Masse-Alarie et al., 2017). The understanding of the 

mechanisms underlying the biological effects and cellular targets of LF-EMF exposure 

is still limited. There is considerable evidence that LF-EMF effects are produced by the 

voltage-gated Ca2+ channels (Piacentini et al., 2008, Cui et al., 2014, Sun et al., 2016). 

However, LF-EMF also acts via upregulation of the components of inflammatory 

pathways, arachidonic acid (AA) and prostaglandin E2 (Ongaro et al., 2012), that 

further sensitize both the excitatory and inhibitory ion channels. These different 

mechanisms of action may underlie diverse effects of LF-EMF depending on the cell 

type and cell environment. In order to assure a rational and safe usage of 

electromagnetic stimulators in future clinical practice (Rossini et al., 2015), cellular 

processes affected by exposure to high-induction electromagnetic field have to be 

considered and appropriately characterized in a strictly cellular-specific context.  

In the publication I, we aimed at investigating the impact of three 

commercially-utilized LF-EMF (EMF 1-3, see Methods 3.12) systems on calcium 

responses induced in naïve and transfected cells by an inflammatory agent – bradykinin 

(BK). As a model of peripheral neurons, we used the cell culture of F11 cells, a somatic 

hybrid of a rat embryonic dorsal root ganglion (DRG) and mouse neuroblastoma cell 

line N18TG2. The systematic functional and transcriptomic characterization (Yin et al., 

2016) demonstrated that F11 cell line represents a convenient model to study the 

cellular mechanisms of sensory transduction and transmission in vitro – the cells 

endogenously express a range of receptors and ion channels with potential roles in 
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neuronal signaling and intracellular pathways: voltage-gated K+ and Na+ channels 

(particularly NaV1.6, NaV1.7 and Kv11.1) and also both B1 and B2 bradykinin receptors. 

We measured the membrane currents in response to repeatedly applied set of 

20-ms voltage pulses ranging from -40 mV to +60 mV in the absence and in the 

presence of 10 nM bradykinin (Figure 18). Bradykinin significantly increased the 

resting membrane current and decreased the inward currents, which are typical for 

voltage-gated Na+ channels. On the other hand, the outward currents mediated by 

voltage-dependent K+ channels were only slightly affected. 

We examined the effects of three distinct sources of repetitive LF-EMF (EMF1, 

EMF2, and EMF3) on endogenous Ca2+ responses of F11 cells to repeated applications 

of 10 nM BK (Figure 19 on page 57). We applied two subsequent BK exposures, each 

lasting 30 s and separated by 3 min. In the control experiments (without EMF1 or 

EMF2), both application of BK induced Ca2+ responses with the second response 

largely reduced. Continuous exposures to electromagnetic field affected the bradykinin 

responses: EMF1 and EMF2 markedly suppressed and delayed only the second BK 
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response, while EMF3 caused a significantly delayed onset and reduction of the first 

BK response (Figure 19).  

 Apart from BK-evoked currents, around 19 % of F11 cells also exhibit 

spontaneous Ca2+- activity (Figure 20.A on page 58). The spontaneous activity seems to 

be promoted by the presence of magnetic field; the EMF3 had most pronounced effects 

on F11 responses. We quantified the spontaneous activity evoked by EMF3 using Fast 

Fourier Transformation on the signal from 380 nm excitation length. The resulting 

average power spectra revealed a clear increase in power spectral density within the 

frequency range of ~0.03–0.3 Hz upon EMF3 stimulation (Figure 20.B on page 58).  

 Furthermore, we wanted to check, whether the LF-EMF itself would modulate 

TRPA1 channel’s activation. F11 cells transiently expressing TRPA1 channels and GFP 

already exhibited increased basal level of intracellular calcium. Prolonged application of 

EMF2 did not induce any response in TRPA1 and GFP- expressing cells. However, 
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calcium transients occurred after discontinuation of EMF2. The same cells were 

activated by the second EMF2 stimulation. The cells that did not respond to second 

EMF2 consistently responded to application of 50 mM KCl.  

 Overall, the results provide evidence that electromagnetic field may directly 

modulate the activity of sensory neurons, and that LF-EMF can inhibit bradykinin-

induced calcium responses in F11 cells. 
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6.1.2 Publication II - Molecular basis of TRPA1 regulation in nociceptive 

neurons. A review 

It is known, that stimulation of B1 or B2 receptors by bradykinin can initiate 

either the phospholipase C pathway or activation of the AC to produce cAMP. As a 

final product, Ca2+ influx as well as the activated PKC and PKA modulates the TRPA1 

channel via direct activation or inhibition (Ca2+) or phosphorylation. The effect of 

phosphorylation can therefore be masked by Ca2+-dependent modulation. Also the 

gradual agonist-induced sensitization of TRPA1 precludes from clearly differentiating 

the effects of kinase modulators (Meents et al., 2016). Furthermore, the use of 

phosphomimicking and phosphonull mutations in the investigation of phosphorylation 

also have some limitations (Hynkova et al., 2016). 

The publication II aims at reviewing of the available results of site-directed 

mutagenesis studies regarding the posttranslational modification of TRPA1. Special 

attention is brought on bradykinin-evoked pathways and phosphorylation by sarcoma 

kinase (Src), cyclin-dependent kinase (Cdk5) and casein kinase 2 (CK2). Although the 

publication II is a review, it contains our original experimental data as well. It provides 

the first experimental evidence of how the transient expression of TRPA1 influences the 

cellular responses to membrane depolarization. When the TRPA1 channels are 

relatively overexpressed in F11 cells, the voltage-gated Na+ currents were fully 

dampened (Figure 21.A-B). We also measured the endogenous Ca2+ responses of F11 
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cells expressing TRPA1 channels to repeated applications of 10 nM BK and AITC in 

order to clarify how the TRPA1 responses are modulated by the BK-mediated effects 

(Figure 22.A). TRPA1-expressing cells exhibited increased basal calcium levels likely 

due to constitutively opened TRPA1 channels. The response to BK slightly increased 

the second BK response, but the persistent increase in the basal level of intracellular 

calcium, which would be a sign of the TRPA1 sensitization by phosphorylation, was not 

present. The responses of cells preactivated by AITC were transient and partially 

additive (Figure 22.B). These results suggest that TRPA1 does not undergo long-term 

modulation induced by BK. It is possible that increased cellular Ca2+ due to the 

overexpression of TRPA1 makes the regulation more difficult.  
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6.1.3 Publication III – Phospho-Mimetic Mutation at Ser602 Inactivates 

Human TRPA1 Channel 

The new structural data coming from the cryo-EM structures of TRPA1 channel 

with bound electrophilic agonists suggest that the mechanism of electrophilic activation 

involves conformation rearrangements in the N-terminal coupling domain and the 

C-terminal TRPL helix (Suo et al., 2020, Zhao et al., 2020). These regions are 

structurally preceded by a serine residue S602, which has been predicted by various 

prediction servers to be a substrate for several protein kinases (the list of prediction 

servers is reviewed in (Savage and Zhang, 2020)). Because of the location, the 

phosphorylation of S602 may strongly impact the TRPA1 channel gating. In 

Publication III, we used site-directed mutagenesis, whole-cell electrophysiological 

measurements, confocal microscopy and molecular modeling in order to explore the 

role of this residue as a potential target of phosphorylation. 

 First, we measured the membrane currents of HEK293T cells expressing wild-

type or mutant hTRPA1 channels with a series of depolarization pulses from -80 mV to 

+140 mV, followed by a repeated stimulation by voltage ramps from -100 mV to 

+100 mV (Figure 23.A on page 62). Interestingly, while the phosphonull mutation 

S602G exhibited similar responses as WT, the phosphomimicking mutation S602D was 

non-functional. Both tGFP-tagged WT and S602D TRPA1 showed qualitatively similar 

colocalization with a membrane-visualizing dye CellBriteTM Fix 640, suggesting that 

the inactivity of S602D is not due to low surface-expression.  

 We then tested the structural role of S602 and the residues in its vicinity by the 

ramp stimulation in the presence of electrophilic AITC and the non-covalent agonist 

carvacrol (Carv). We chose K603 and R604 because of a potential salt-bridge formation 

with the S602D mutant, and also W605, which represents a putative consensus binding 

site for calmodulin and a possible phosphorylation site (Zimova et al., 2020). The 

S602D and both double-mutants S602D/K603 and S602D/R604 did not produce any 

response in the presence of agonists, while the S602N was not significantly different 

from WT TRPA1 channels (Figure 23.B on page 62). The data suggest that 

introduction of a negatively charged group of asparagine or the potential phosphate 

group may render the TRPA1 channel inactive to both chemicals and voltage. 
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 The conformational changes induced by modification of S602 were further 

investigated by running the 42-44 ns long MD simulations using the structure of 

hTRPA1 channel in the open state (PDB ID: 6V9X). The simulations were performed 

on the WT and structures with S602 substituted with aspartate, asparagine and 
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phosphoserine. WT and S602N the side chain at position 602 forms H-bonds with the 

carbonyl groups of T598 and I599 (Figure 24.A). In S602D and p-S602 the side chain 

is oriented to the aqueous environment (Figure 24.B). The cluster of bulky aromatic 

amino acids of W605, F640 and Y662 does not change their position in WT and S602N 

mutant, while the distance of F640 and Y662 is more pronounced in S602D and p-S602. 

Importantly, the distance between the important interacting residues K671 from the A-

loop and E987 from the TRPL helix was increasing during the MD simulation in S602D 

mutant and p-S602 TRPA1 (Figure 24.C,D). The possible transduction pathway of the 

effect of mutation/phosphorylation into the channel’s gating involves a cluster of bulky 

amino acids F640, W605 and Y662, which is in line with the impaired function of 

W605A mutant. These results suggest the possible structural mechanism of the 

inactivation of the TRPA1 channel by the modification of S602.  
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6.2   The putative binding sites of regulatory lipids  

6.2.1 Publication IV - Intracellular cavity of sensor domain controls 

allosteric gating of TRPA1 channel 

The activation of TRPA1 channel by electrophilic agonists involves an allosteric 

mechanism that couples the structural changes upon the binding of an electrophile into 

the channel’s gate. In such process, an important part is played by the intracellular 

cavity formed by the S1-S4 helices of the VSLD together with the TRPL helix. The 

comparative sequence analysis conducted on a large ensemble of Kv and TRP channel 

sequences shows that TRP channels differ from the Kv channels in the asymmetrical 

solvation of VSLD (Palovcak et al., 2015). The conserved polar residues of the TRPV1, 

TRPV2 and possibly TRPA1 inside of the intracellular cavity may facilitate the 

solvation of the region and the interaction with endogenous lipids (Liao et al., 2013, 

Palovcak et al., 2015, Paulsen et al., 2015, Huynh et al., 2016). In publication IV, we 

characterized the conserved polar residues facing the putative lower crevice of the 

sensor domain that were crucial determinants of the electrophilic, voltage, and calcium 

sensitivity of the TRPA1 channel. We also investigated the possibility of interaction 

with endogenous lipids within the VSLD cavity.  

First of all, we wanted to see whether the VSLD and the TRPL helix indeed may 

form a hydrated cavity. For this purpose, we constructed a model of hTRPA1 using the 

available cryo-EM structure (PDB ID: 3J9P). The missing S1-S2 loop and the S2-S3 

loop were modeled with the use of sequence homology with the TRPP2 channel. The 

model showed that the water molecules can permeate into the highly hydrophilic cavity 

with the polar residues facing inside (Figure 25.A,D on page 65). Because of the 

positive electrostatic potential in the bottom part of the cavity, we used the ligand 

docking and molecular dynamics (MD) simulations to test the binding of PIP2 into the 

cavity. Indeed, the inositol trisphosphate head group of PIP2 may adopt several 

conformations with contacts to H719, N722, K787, K796, R852 and K989 (Figure 

25.B,C,E on page 65). 

Next, we assessed the properties of polar amino acids that face the cavity 

according to the predicted model. We created the single point mutations of the selected 

polar residues and measured the voltage-dependent activation properties of the WT and 
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mutants expressed in HEK293T cells (Figure 26 on page 66). The voltage step protocol 

ranging from -80 mV to +200 mV revealed that five of six mutants of residues involved 

in PIP2 binding, namely H719A, N722A, K787A, K796A and R852A, had their voltage 

sensitivities shifted toward more positive voltage, and suppressed currents at both 

negative and positive potentials (Figure 26.B-D on page 66). On the other hand, the 

E788A, E788K, N805A, and E808A mutants exhibited significantly increased currents 

at positive membrane potentials and also low activity at basal currents, a feature that 

cannot be explained only by a shift of the voltage sensor sensitivity (Figure 26.E-I on 

page 66). The mutations of H719A, N722, K787, K796, E788 and E808 exhibited 
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extremely fast deactivation kinetics upon repolarization, which is probably due to the 

calcium-dependent blockage – the suppressed currents of the mutant E788I at negative 

potentials were greatly increased in the absence of external Ca2+ (Figure 26.I on page 

66). 

We tested the chemical sensitivity of the mutants to electrophilic agonists of 

different potency, allyl isothiocyanate (AITC) and cinnamaldehyde (Cin), using the 

repeated ramp protocol ranging from -80 mV to +80 mV (Figure 27 on page 68). We 

also investigated the potentiation and inactivation effects of 2mM Ca2+ on the 

electrophilic activation. In line with the previous measurements, mutations of residues 

H719, N722, K787 and R852 impaired the activation by AITC or Cin; the impairment 

was more pronounced at negative potentials (Figure 27.B,C on page 68). The gain-of-

function mutants E788A and E808A displayed robust responses to Cin, reaching more 

than twice the maximum currents obtained from the WT-TRPA1 at +80 mV (Figure 

27.E,F on page 68). Rapid inactivation induced by the external Ca2+ ions was present in 

the loss-of-function mutants of H719, N722, K787 and R852, but also in the gain-of-

function mutants E788A and E808A, in which the inhibition was again more 

pronounced at negative voltage.  

To further investigate the effects behind the mutations of the glutamates at 

positions 788 and 808, we created additional site-directed mutations at these positions, 

as well as the mutations of residues N805A and Y799A that according to the model of 

the cavity interact with those two glutamates. The charge-swapping mutation E788K 

displayed increased and more rapid activation by Cin equally at both negative and 

positive potentials, and identical responses to Ca2+ ions as in the WT hTRPA1. Similar 

results were also obtained for the E788I, N805A and Y799A mutants (Figure 27.E,H,I 

on page 68). Interestingly, the E808K and the double mutant E788A/E808A showed the 

contrary results – the identical activation by Cin as in WT and an immediate blockage 

by Ca2+ ions (Figure 27.F,G on page 68).  

These results suggest an important role of the polar residues inside of the 

intracellular cavity of the VSLD of TRPA1 in the voltage and electrophilic activation, 

as well as in the modulation by calcium ions. The distinctive effects of mutations 

indicate that some factor other that simple electrostatic interactions between the charged 

residues is required to maintain the proper allosteric regulation of TRPA1. We 

hypothesized, that the binding of a phospholipid (such as PIP2) inside of the cavity may 
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be such factor. The loss-of-function mutations may therefore prevent the stabilization 

by PIP2, while the gain-of-function mutations may stabilize PIP2 inside if the cavity by 

changing the electrostatic potential. Furthermore, the alterations within the cavity cause 

a calcium-dependent block. In order to examine the effects of PIP2 binding to the 

TRPA1 channel, we used three different approaches to manipulate the membrane PIP2 

levels and measured responses from WT TRPA1.  

First, we coexpressed TRPA1 with myristoylated alanine-rich C-kinase substrate 

(MARCKS), a protein that has basic domains capable of laterally sequestering 

membrane PIP2 when the Ca2+ ions are absent (Figure 28.A on page 70). We observed 

that the sequestration of PIP2 by MARCKS had detrimental effects on wild-type TRPA1 

functioning, resembling the phenotype of mutants H719A, K787A, N722I, and K796A 

with responses to voltage and Cin significantly smaller than WT. Moreover, 

coexpression of the gain-of-function mutant E808A with MARCKS decreased the 

cinnamaldehyde-evoked currents to the WT level, but also pronounced the blockage 

evoked by extracellular calcium, resembling the E788A/E808A phenotype (Figure 28.B 

on page 70). 

 In the second approach, we coexpressed TRPA1 with growth-associated protein 

43 (GAP43; also known as neuromodulin), which sequesters PIP2 when the cytoplasmic 

Ca2+ concentration is increased (Figure 28.C on page 70). Coexpression of WT TRPA1 

and GAP43 did not change the TRPA1 profiles of current responses induced by Cin in 

the absence of external calcium, as expected for these control measurements. We then 

coexpressed the WT TRPA1 with a mutant of GAP43 (R43A-GAP43) that sequestrates 

PIP2 regardless of the concentration of Ca2+ ions, resulting in reduced current 

amplitudes, practically identical to those obtained with the expression of MARCKS.  

In the third approach, we used a voltage-sensitive lipid 5-phosphatase from 

Danio rerio (Dr-VSP) that can be induced by depolarization greater than +50 mV and 

results in the hydrolysis of PIP2 into DAG and IP3 (Figure 28.D on page 70). We 

coexpressed Dr-VSP with TRPA1 and stimulated the cells with a 2-s depolarizing 

prepulse to +80 mV before each application of the standard voltage step protocol (Fig. 

7E). Cotransfecion of WT with Dr-VSP and stimulation by a 2-s depolarizing pulse 

before the measurement resulted in a rightward shift in the G-V curves was similar to 

the effects seen with MARCKS and R43A-GAP43. The Cin-induced currents were 
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selectively suppressed at negative membrane potentials. Interestingly, the Ca2+-

dependent potentiation was pronounced compared to WT. 

Overall, the results from the experiments with the modulators of PIP2 levels 

suggest that the decrease of available PIP2 in the membrane leads to a rightward shift in 

G-V characteristics. The effects of all PIP2 modulators were obscured by the presence of 

the Ca2+ ions, indicating that PIP2 may regulate the TRPA1 channel in a state-dependent 

manner and possibly compete with the Ca2+ ions to confer the potentiation of TRPA1. 
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6.2.2 Publication V - Putative interaction site for membrane phospholipids 

controls activation of TRPA1 channel at physiological membrane 

potentials 

The sites at which phospholipids may interact with TRPA1 are not resolved, but 

most likely involve the membrane proximal regions of the N- and C- termini and inter-

subunit regions near the inner leaflet of the membrane. We have previously shown, that 

the 29-residue peptide (I964-L992) corresponding to the TRPL helix from the 

C-terminus exhibits a high affinity to PIP2-containing membranes in comparison to 

other lipids, suggesting that important electrostatic interactions with the negatively 

charged lipid head groups occur (Witschas et al., 2015). In the study, a peptide Y1006-

Q1031 with even higher predicted affinity toward PIP2 was proposed. The peptide 

corresponds to a short α-helix between the TRPL helix and the CC helix. According to 

the electron density map of the TRPA1 channel in a closed state (PDB ID: 3J9P), the 

unresolved helix is partially embedded into the lower leaflet of the plasma membrane. 

Together with the adjacent subunit, the helix forms an intracellular vestibule that may 

possibly accommodate a phospholipid molecule. Moreover, a Ca2+ sensing protein 

calmodulin binds even under the resting concentrations of Ca2+ (~100 nM) to TRPA1 

within the neighboring region L992-N1008 and may compete for the same or 

overlapping binding site with PIP2 or other phosphoinositides. In publication V, we 

investigated the role of both regions in the binding of a PIP2 molecule using the 

electrophysiology, site-directed mutagenesis, biophysical approaches and computer 

modelling. 

 The biophysical techniques were utilized to characterize the interaction of two 

peptides of TRPA1 sequence (L992-N1008 and T1003-P1034) with lipids in terms of 

the affinity (PWR and MDS), effect in lipid membrane organization (PWR), membrane 

integrity (Rhodamine leakage), and peptide secondary structure (CD). All of these 

techniques were conducted by Mgr. Lucie Macikova in collaboration with Dr. Isabel 

Alves and her team at the University of Bordeaux, France. The techniques have shown 

that both peptides L992-N1008 and T1003-P1034 bind to the lipid membrane only in 

the presence of PIP2 with high affinities (300 nM and 700 nM, respectively). The 

binding of peptides to PIP2 induced weak perturbations in the lipid ordering. 
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 Using whole-cell electrophysiology, we characterized the functional 

involvement of the putative short α-helix by substituting the conserved F1020 with 

glycine to loosen the α-helix. We measured the effect of voltage, electrophile and 

calcium ions for both WT hTRPA1 and F1020G mutant expressed in HEK293T cells 

using the same voltage-step protocol and the ramp protocol as in publication IV 

(Figure 29). The currents mediated through the F1020G mutant evoked by Cin were 

significantly smaller only at negative membrane potential and in the absence of Ca2+ 

ions, while the modulation of Cin activation by Ca2+ ions was not different from the WT 

TRPA1 channel. 

 

 The voltage-step protocols revealed that the half maximum activation voltage V50 

was significantly shifted toward more positive voltages in F1020G mutant; this effect 

was more pronounced when the calcium ions were present in the extracellular solution 

(Figure 30.A-D on page 73). Also the double exponential fitting of the activation phase 

of voltage-induced responses and the decay of the tail currents showed significantly 

faster activation and deactivation kinetics of the F1020G mutant channels (Figure 30.E-

F on page 73). For further analysis of the WT- and F1020G-mediated currents, we fitted 

the representative responses from of WT and the F1020 mutant to an allosteric model 

composed of a voltage sensor coupled to the gate (Figure 31.A on page 74). The results 

of the fitting showed that the mutation F1020G did not affect the equilibrium constant 



 

73 

 



 

74 

 

of the gate L but significantly abolished the allosteric factor of coupling the voltage 

sensor into the gate D (Figure 31.B). The voltage sensor equilibrium J0 of F1020G 

mutant was significantly increased. The absence of the Ca2+ increased the gating 

equilibrium (L) and the voltage sensor equilibrium J0 only in the F1020G mutant, which 

favors the open state of the channel. The results indicate that the mutation F1020G 

induces conformation changes in a Ca2+-dependent manner. 

It has been shown that from nanomolar concentrations of intracellular Ca2+, the 

Ca2+/calmodulin complex binds to TRPA1 within the region L992-N1008 and 

potentiates the channel under resting conditions (Hasan et al., 2017). On the other hand, 

our results indicate that the same peptide interacts with lipid membranes if PIP2 is 
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present, and that the affinity of peptides to PIP2 tends to decrease in the presence of 

calcium ions. Therefore, by introducing peptides into the patch solution, we wanted to 

examine whether PIP2 and calmodulin would compete for the same binding site of 

TRPA1 transiently expressed in neuronal F11 cells. Using the same solutions as (Hasan 

et al., 2017), we measured the potentiation of the carvacrol-induced activation by 

calcium ions (Figure 32). It is known, that the binding of calmodulin to TRPA1 already 

occurs under the resting 100nM concentrations of Ca2+. Therefore, we prolonged the 
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time between the whole-cell formation and the actual measurement to completely 

perfuse the cell with the intracellular solution, yielding significantly slower onset of the 

initial carvacrol response in 0 Ca2+ and a lower Ca2+-mediated potentiation. Inclusion of 

the TRPA1-derived peptides L992-N1008 or T1003-P1034 in the intracellular solution 

prevented Ca2+-dependent potentiation similar as in (Hasan et al., 2017), suggesting that 

both PIP2 and Ca2+/calmodulin complex may compete for the same or overlapping 

binding site. 
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6.2.3  Publication VI - Proximal C-terminus serves as a signaling hub for 

TRPA1 channel regulation via its interacting molecules and 

supramolecular complexes 

The publications so far presented in this thesis were focused on two main topics 

regarding the regulation of TRPA1 channel: the regulation by phosphorylation 

pathways and the structural basis of the regulation by phospholipids. Publication VI 

addresses both of these topics and provides the evidence that further develop the 

findings obtained previously, as well as some perspective directions of the future 

research.  

Publications IV-V provided the evidence that phospholipids (particularly PIP2) 

may bind to at least two binding sites of TRPA1 channel – the intracellular cavity 

formed by the VSLD and the TRPL helix (Zimova et al., 2018), and the hydrophobic 

pocket formed by the interfacial helix and the adjacent pore segment of the S4-S5 linker 

and the pore domain (Macikova et al., 2019). This region possess a binding site for 

calmodulin (Hasan et al., 2017). Interestingly, a missense mutation H1018R at the IFH 

increases the responses to insoluble coal fly ash, suggesting its increased sensitivity to 

mechanic stimuli (Deering-Rice et al., 2015). We hypothesized, that H1018R mutation 

may alter the affinity of PIP2 to TRPA1. The lipid displacement from the protein 

binding sites was proposed to be one of the mechanisms of temperature sensation in 

TRPV channels (Gao et al., 2016, Singh et al., 2018). We decided to investigate the 

effects of PIP2 on the temperature dependence of TRPA1 channel using the ramp 

protocol stimulation and the non-electrophilic TRPA1 agonist carvacrol (Figure 33 on 

page 78). Agonist-evoked responses in WT of hTRPA1 were potentiated by cooling the 

temperature of external solution from 25°C to 15°C and suppressed by heating it to 

35°C. Depletion of PIP2 by the coexpression of hTRPA1 channels with voltage-

dependent phosphatase Dr-VSP used in publication V suppressed both basal currents 

and activation by carvacrol, but not the synergy between the temperature and carvacrol 

(Figure 33.A on page 78). The H1018R mutant exhibited significantly increased 

carvacrol responses upon cooling to 15°C (Figure 33.B on page 78). The voltage 

dependence of cold activation illustrates the opposite effects of the H1018R mutation 

and acute PIP2 depletion (Figure 33.C on page 78). This evidence supports the role C-

terminal linker in the PIP2-mediated regulation. 
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The proximal C-terminus is also involved in modulation by calcium ions via 

binding of calmodulin (CaM), a protein involved in Ca2+-dependent regulation of a 

large number of proteins. It does so in a bimodal manner so that it potentiates TRPA1 at 

low concentrations of cytosolic Ca2+ and inactivates the channel at higher Ca2+ 

concentrations. The CaM consists of two lobes – the C-lobe and N-lobe. The C-lobe of 

CaM binds to the C-terminal binding site of TRPA1 channel, whereas the N-lobe of 

CaM is capable of bridging different domains of TRPA1 or even link the channel with 

other target proteins. CaM may potentially act as a linker between the TRPA1 and 
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TRPV1 channels, as the N-lobe is also predicted to bind to the related TRPV1 channel 

and also to the Transmembrane protein 100 (Tmem100), which regulates the TRPA1-

TRPV1 interaction (Weng et al., 2015). Moreover, the C-lobe may bind a scaffolding 

protein AKAP79/150 that anchors TRPA1-senzitizing protein kinases A and C, 

ultimately anchoring the whole signaling complex directly at the surface of the N-

terminus of TRPA1 channel. 

 We tested the effect of AKAP79/150 on sensitization of the TRPA1 channel by 

voltage in HEK293T cells (Figure 34). In order to characterize the effect of 

AKAP79/150 on TRPA1 sensitization, we transiently expressed WT hTRPA1 with and 

without the AKAP79/150 in HEK293T cells and measured the voltage-dependence 

before and after the 3-minutes-long train of depolarizing pulses that sensitize the 

channel over time. While the train of pulses sensitized the WT currents at negative 

potentials, WT coexpressed with AKAP79/150 already exhibited sensitization of basal 

currents before the pulses. These results indicate the positive regulation of TRPA1 

channels by AKAP79/150. 
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6.3  Regulation of heat and cold dependence of TRPA1  

6.3.1 Publication VII - Human and mouse TRPA1 are heat and cold 

sensors differentially tuned by voltage 

TRPA1 has been shown to act as a receptor of heat in many species, including 

insects, amphibians, reptiles and birds (reviewed in (Hoffstaetter et al., 2018)). 

Intriguingly, the same receptor in rodent and human is activated by the opposite 

stimulus – cold. The activation by cold is still a matter of debate, as the studies present 

provide evidence either supporting (Story et al., 2003, Sawada et al., 2007, Karashima 

et al., 2009, del Camino et al., 2010) or denying (Jordt et al., 2004, Zurborg et al., 2007, 

Knowlton et al., 2010, Cordero-Morales et al., 2011, Chen et al., 2013) the activation of 

TRPA1 by cold or its involvement in cold perception. The sensitivity of TRPA1 to cold 

differs between primate and rodent species, and a single residue G878 of mTRPA1 

(analogous to V875 in hTRPA1) within the S5 helix of the pore domain was proposed 

to account for the observed differences (Chen et al., 2013). The region around V875 is 

involved in the sensitivity to several TRPA1 agonists (Xiao et al., 2008) and antagonists 

(Paulsen et al., 2015). In addition, the region co-creates an intracellular vestibule 

together with the short C-terminal α-helix that was proposed to bind lipids (Macikova et 

al., 2019). These findings suggest that the region denoting cold sensitivity is a part of an 

important allosteric coupling domain. Moreover, there is evidence that the hTRPA1 can 

sense both heat and cold (Moparthi et al., 2016), further supported by the fact that 

mouse TRPA1 is one of the three TRP channels essential for in vivo detection of 

noxious heat (Vandewauw et al., 2018). In publication VII, we characterized and 

compared the temperature- and voltage-dependent properties of human and mouse 

TRPA1 with the aim to decipher the fundamental differences between their mechanisms 

of gating.  

First, we compared the temperature-dependence of the voltage activation for 

hTRPA1 and mTRPA1 in HEK293T cells using the same voltage-step protocol as in 

(Karashima et al., 2009), where the authors successfully used a two-state model to 

describe the cold activation of mTRPA1 (Figure 35 on page 81). The obtained G-V 

characteristics at 15°C, 25°C and 35°C under Ca2+-free solution reveal that both cold 

and warm temperatures increased the activity of hTRPA1 and mTRPA1 at basal 
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 (negative) membrane potentials. The mouse orthologue exhibited more pronounced 

increase of basal currents than hTRPA1 while maintaining similar activity at 

depolarizing +100 mV voltage, suggesting that mTRPA1 has the gating equilibrium 

more shifted toward the open state of the channel. The half-maximum activation voltage 

V50 was slightly yet significantly shifted by transition from 25°C to 35°C in hTRPA1 

but not in mTRPA1, indicating the differences in the temperature-dependence of the 

activation and deactivation kinetics.  

To address this issue, we determined the time constants of the activation and 

deactivation kinetics by mono- or bi-exponential fitting of the onset currents at 
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+100 mV and the inward tail current at -100 mV for different temperatures (Figure 36). 

While both onset and offset of mTRPA1 could be successfully fitted by one 

exponential, currents through hTRPA1 required at least two exponential functions, 

where the faster component was predominant. We constructed the Arrhenius plot for 

both hTRPA1 and mTRPA1 to analyze the effect of temperature on the rates of 

activation/deactivation. Compared to hTRPA1, the mTRPA1 channel had higher 

activation rates and slower deactivation rates, confirming the shifted gating equilibrium 

of mTRPA1 toward the open state. The linear regression fits of the Arrhenius plot 

yielded the slopes ΔH and corresponding temperature coefficients Q10 (Table 4), 

indicating that the voltage-dependent activation and deactivation processes of both 

orthologues exhibited only mild temperature dependencies over the temperature range 

of 12–35°C.  

Table 4: Parameters of the activation and deactivation kinetics of hTRPA1 and 

mTRPA1. 
 

rate constant mTRPA1 hTRPA1 fast hTRPA1 slow 

value ΔH [kJ·mol-1] Q10 ΔH [kJ·mol-1] Q10 ΔH [kJ·mol-1] Q10 

activation 87.6 3.3 95.1 3.7 77.9 2.9 

deactivation 81.3 3.1 67.2 2.5 - - 
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Next, we applied the same procedure and experimental conditions on HEK cells 

expressing hTRPA-V875G and mTRPA1-G878V to see, to what extent this residue 

could contribute to the temperature dependence of the voltage-induced gating. (Figure 

37). The temperature dependence of the fast component of the deactivation rate of 

hTRPA1-V875G became steeper, thus resembling that of mTRPA1 (83.6 kJ·mol-1; 

Figure 37.D). Likewise, the reverse mutation mTRPA1-G878V decreased the slope of 

the temperature dependence of the deactivation rate the less steep slope of wild-type 

hTRPA1 (69.6 kJ·mol-1; Figure 37.E). However, both hTRPA1-V875G and mTRPA1-



 

84 

 

G878V exhibited decreased currents, suggesting that the equilibrium of the gating was 

impaired (Figure 37.A,B on page 83). These results complement those obtained by 

Chen et al. (Chen et al., 2013) and emphasize the possible species-specific role of the 

residue V875/G878 in S5 in allosteric gating. 

 We wondered how the temperature signal might be conveyed to the gate and 

how is the allosteric coupling or gating of primate and rodent orthologues adjusted by 

the vicinity of V875/G878. We mapped all residues that are non-conserved between the 

mouse and human TRPA1 and further focused on 1) the inner part of the S1-S4 and the 

S4-S5 linker located close to S5 and 2) the proximal C-terminal loop that contains a 

hydrophobic α-helical segment (Figure 38 on page 85; see also publication IV, V and 

VI described in this thesis).  

We constructed and functionally analyzed a set of reverse mutants between the 

mouse and human orthologues (M801L, S804N, V806A, I803Y/L867F) located in the 

S1-S4 sensor domain. Among them, the S804N had the largest impact on the function 

of TRPA1, exhibiting large basal currents, significantly leftward shift of the voltage 

dependence and very slow activation and deactivation kinetics along with a strong 

voltage-independent component (Figure 37.C,E on page 83). The deactivation rate of 

S804N exhibited a steeper temperature dependence (103.8 kJ·mol-1; Q10 = 4.2) 

compared to WT channels. The neutralizing mutation S804A rendered the channel 

non-functional, whereas the charge-introducing S804D mutant resulted in a similar 

phenotype as seen in S804N. To further explore the possible mechanism of such 

functional impacts of mutations at S804, we performed MD simulations using the 

structure of hTRPA1 structure (PDB code 3J9P; (Paulsen et al., 2015)) completed with 

the S1-S2 and S2-S3 linkers (Zimova et al., 2018) and the S804N/D single-point 

mutations. According to the results from the simulations, S804 in the WT channel 

formed rather loose contacts with R852 or N845, while aspartate and asparagine formed 

tight contacts with either R852 or N845. The results reinforce the importance of the S1-

S4 intracellular cavity as a regulatory and transductory site of the TRPA1 channel.  

In order to explore the role of the proximal C-terminal loop (Y1006-Q1031), we 

used the molecular dynamics flexible fitting (MDFF) approach to refine fitting of the 

atomic structure into the electron density map of the hTRPA1 channel. The refined 

model revealed interactions between the V875 residue and the region of the interfacial 

helix I1019-F1022. Based on the comparison of hTRPA1 and mTRPA1 primary 
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sequences in the context of the refined model, we constructed and analyzed three 

human-to-mouse mutations, H1018R, ΔG1013 and G1027Q. Out of these, ΔG1013 and 

H1018R mutants had significantly faster deactivation kinetics; the latter mutant 

exhibited slightly less steep temperature dependence. The results indicate that these 

residues are not key determinants of the temperature sensitivity under the experimental 

conditions.  

The results indicate that both human and mouse TRPA1 channels might at 

negative membrane potentials possess so-called “U-shape” thermosensitivity, a dual 

cold and warm sensitivity. The fact that the kinetics of the human TRPA1 was 

successfully fitted by two exponential functions suggests an allosteric coupling 

processes rather than a simple two-state model. To explore the significance of the 

coupling between the voltage sensor and the temperature sensor in a wider range of 

temperatures, we measured the currents at the depolarizing potential of +80 mV using 

the 3-s temperature steps from 11°C to ~50°C (Figure 39.A on page 86). Both TRPA1 

orthologues exhibited U-shaped outward currents with a saddle point around the room 
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temperature and a potential of exhibiting the properties of a heat-activated channel at 

even higher temperatures. Therefore, we measured currents from hTRPA1 and 

mTRPA1 at both -80 mV and +80 mV using temperature ramps from 25°C up to 60°C 

(Figure 39.B). Indeed, we observed specific heat-induced currents at negative and 

positive membrane potentials that were rapidly reversible and exhibited steep 

temperature dependence over the high temperature range of 53 – 59°C for mTRPA1 and 

55 – 57°C for hTRPA1. These findings provide the evidence of heat activation of both 
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human and mouse TRPA1 in HEK293T cells, suggesting that both mammalian 

orthologues possess an intrinsic heat-sensing domain.  

The heat-induced currents were greater at positive potentials, suggesting an 

allosteric mechanism of action. We further explored the existence of allosteric coupling 

between the sensors. To allow the channels to fully activate and relax back to 

equilibrium, we applied 10-s long depolarization pulses from 70 mV to +80 mV at a 

constant cold temperature (~5-10°C) and then tested the effects of exposure to noxious 

(~ 60°C) heat (Figure 40 on page 88). The application of noxious heat led to a strong 

reduction of the subsequent response to +80 mV; the reduction correlated with the 

maximum temperature applied, suggesting that excessive heat irreversibly impedes 

either the activation of voltage-sensor or its effective coupling to the gate. We also 

examined the concurrent stimulation by heat and the depolarization pulse. Most 

interestingly, when the channels were after concurrent stimulation first cooled down to 

5°C and then repolarized back to -70 mV, we observed highly pronounced inward 

currents (Figure 40.A-D on page 88). The effect of cold-sensitized inward currents was 

not dependent on the order of applied stimuli (heat and voltage; Figure 40.A,B,E on 

page 88), but it was not seen when the reverse repolarization occurred in the presence of 

noxious heat (Figure 40.F on page 88). These striking findings indicate that noxious 

heat above 60°C induces substantial structural rearrangements within the channel 

leading to strong inward rectification at cold temperatures. 

The phenomenon of the ‘heat-induced cold activation’ can be addressed by the 

inverted coupling hypothesis, according to which the activation of a TRP channel may 

be mediated by a heat sensor that promotes the closing of the pore gates. We applied 

this theory on our data and performed simulations using the eight-state allosteric kinetic 

model. Using the parameters ΔH° = 91 kcal·mol-1 and ΔS° = 0.317 kcal·mol-1·K-1 

published for TRPM8 (Jara-Oseguera and Islas, 2013) as the initial values, we estimated 

the K0, L, D, E, z, ΔH°C and ΔS°C by fitting the average G-V curves obtained for 

hTRPA1 at 25°C and 12°C, assuming that the allosteric coupling factor of the 

temperature sensor C = exp[-(ΔHc°-TΔSc°)/RT] (Figure 41.A-C on page 89). A 

representative recording of the hTRPA1 channel was normalized to Gmax characterized 

by three states: ground state 1 with mild temperature-dependent activation by voltage 

and activation by noxious heat, state 2 with impaired responses to depolarizing 

potentials by the exposure to excessive heat, and state 3 with strong inward rectification 
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after concurrent activation of voltage and heat sensors and their subsequent 

deactivation. The obtained parameters were refitted to each state individually. With 

these three states, we successfully recreated the time course of the experiment in the 

Figure 40.A (Figure 41.D on page 89), preserving the heat-dependent suppression, 

heat-induced cold activation and also current transients that were occurring during the 

temperature change (Figure 41.E on page 89). This further supports the modular 

allosteric model (rather than the two-state model) as an appropriate approximation of 

TRPA1 activation.  

The data presented in this study demonstrate that both human and mouse TRPA1 

orthologues are able to respond to noxious heat, and that their kinetics enables the 

activation by cold. Most importantly, our results reveal a specific mode of TRPA1 

activation that can be viewed as a ‘heat-induced cold sensitivity’.  

 

 



 

91 

 

7. Discussion 

7.1  Regulation of TRPA1 by cellular pathways and phosphorylation 

In the publication I, we examined the effects of LF-EMF on the F11 cell line 

under the normal and inflammatory conditions induced by the potent mediator of 

inflammation bradykinin (BK). The measure of the activity of the F11 cells was the 

intracellular level of calcium, which is an important intracellular messenger and its 

release from the intracellular reservoirs is mediated by the PLC-dependent pathway 

triggered by bradykinin. The repeated application of 10 nM BK increased the levels of 

intracellular Ca2+, confirming the efficient expression of B1 receptors in the F11 cell 

line. The second response to BK applied after 3 minutes was significantly reduced. This 

was potentially due to the chosen interval between the BK applications, since previous 

publication (Ambrosino et al., 2013) did not describe any desensitization of Ca2+ 

responses to BK at concentration 250 nM and with 20-min intervals between the BK 

applications in F11 cells. BK reduced Na+ inward currents and increased the resting 

membrane current, indicating alterations in neuronal excitability. The effect of BK is 

mediated by increase in the intracellular Ca2+ and by cleavage of PIP2, an important 

cofactor for maintaining the activity of many ion channels. Thus, further experiments 

will be needed to distinguish between these mechanisms of BK action in F11 cells.  

Exposure to LM-EMF significantly delayed and suppressed BK-induced 

responses and significantly potentiated the spontaneous activity of naïve F11 cells, 

demonstrating that LF-EMF has acute effects on calcium responses in a model of 

peripheral sensory neurons. In our experiments, the F11 cell line was proved to be a 

suitable model to study the effects of magnetic field at the cellular level. Two of three 

LF-EMFs impacted the second response to BK, suggesting that the LF-EMF may be 

involved in the desensitization process. We also examined whether TRPA1 channels 

could be involved in the LF-EMF-mediated responses. Transient expression of TRPA1 

channels increased the sensitivity of F11 cells, most likely because of the increased 

basal level of intracellular Ca2+. 

The effect of TRPA1 expression on the cellular responses in F11 cells was 

further studied in publication II. Transient expression of TRPA1 fully dampened the 

Na+ currents, raising the possibility that both BK and TRPA1 overexpression might 
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affect the Na+ currents by increasing the levels of basal calcium. BK did not further 

increase the persistent basal levels of Ca2+ in F11 cells expressing TRPA1 channels, and 

also did not affect the AITC-induced responses, suggesting that TRPA1 does not 

undergo long-term modulation (such as phosphorylation) induced by BK. BK-induced 

cellular pathways trigger the activity of kinases PKA and PKC that further sensitize the 

TRPA1 channel (Brackley et al., 2017). It is possible, that increased intracellular 

concentration of Ca2+ due to the overexpression of TRPA1 renders the regulation more 

difficult. Another possibility is that other factors ensuring the PKA- and PKC-

dependent modulation, such as the AKAP79/150, needs to be present (Brackley et al., 

2017).  

The results from the publication VI support the involvement of AKAP79/150 in 

the sensitization of TRPA1 channel, as the currents of HEK293T cells expressing 

TRPA1 and AKAP already exhibited elevated basal currents before the train of 

depolarizing ramps. These results can be interpreted as 1) increased trafficking of 

TRPA1 protein into the plasma membrane, 2) increased activity of TRPA1 by 

phosphorylation, or 3) direct interaction of AKAP with TRPA1, which makes the 

opening of the channel easier. 

The structural importance of the residue S602 predicted to be prone to 

phosphorylation by several kinases, including PKC, PKA and others, was examined in 

the publication III. Phosphomimicking mutation S602D rendered the TRPA1 channel 

inactive to depolarizing voltage and the presence of both electrophilic and non-covalent 

agonists of TRPA1 channel, while the mutations S602G and S602N functionally did not 

differ from the wild-type. Therefore, the effect of the phosphomimicking S602D mutant 

is probably not caused by structural changes due to the mutation of S602. The 

expression of S602D mutant at the surface of the cell implies that the expression and 

trafficking of the channels were also not structurally impaired. These results strengthen 

the possibility of the inhibition-causing phosphorylation of S602D. The W605A 

mutation in the proximity of S602 exhibited reduced activation by TRPA1 agonists. It is 

possible that the conformational changes with respect to the relative position of W605 

and Y662 in the S602D and p-S602 MD simulations could ultimately lead to a broader 

conformational transition that could promote channel closure. The phosphorylation of 

S602 is most likely not mediated by PKA or PKC kinases, as both were previously 

shown to mediate sensitization of the TRPA1 channel. We predict the involvement of 
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some other kinase(s) with the inhibitory effects on TRPA1 channel, similarly to Src 

kinase (Morgan et al., 2014). 

7.2  The putative binding sites of regulatory lipids 

The changes in solvent accessibility during the transitions from the closed to 

open state were proposed to be a key thermodynamic factor that could underlie the 

unique bidirectional temperature dependence of the TRPA1 channel, as well as both 

heat- and cold- induced sensitization of TRPA1-mediated responses to chemical 

agonists. The structural changes occurring within the periphery of TRPA1 can be 

transduced into the gating movements through a putative allosteric nexus encompassing 

the TRPL helix, pre-S1 helix and the S4-S5 linker. The inner cavity of the VSLD is an 

integral part of this important region; therefore it may undergo gating-associated 

transitions altering the occupancy by water.  

The results from publication IV show that the intracellular cavity can be 

occupied both by water or PIP2 in state-dependent manner. Docking simulations 

indicate the involvement of positively charged polar residues of the lower part of the 

cavity in the binding of the inositol head group of PIP2. Neutralization of the residues 

H719, N722, K787 and R852 contacting the inositol head group of PIP2 impaired the 

voltage- and agonist-driven activation of TRPA1 channel, suggesting that hydration of 

these residues and/or PIP2 binding may provide the energy required to open the channel. 

On the other hand, the effects of gain-of-function mutations E788A and E808A may be 

addressed for the enhancement of PIP2 binding due to the increase of positive potential 

inside of the cavity.  

Importantly, the presence of Ca2+ ions could bias the mutants H719A, N722 and 

K787, but also the gain-of-function mutants E788A and E808A toward the closed state 

at negative membrane potentials. The region proximal to E788 and E808 appears to be 

determining for the effects of the electrophilic agonists and Ca2+. Mutations E788I, 

E788K and the proximal mutations N805A and Y799A were robustly active at both 

positive and negative voltages and still maintained the Ca2+-dependent effects, similarly 

to wild-type TRPA1. In contrary, E808K and, surprisingly, the double mutation 

E788A/E808A resulted into an immediate inhibition of Cin-induced currents upon Ca2+ 

application, while the agonist-induced currents were similar to wild-type TRPA1. These 

data indicate that the intracellular cavity of TRPA1 functions as a molecular switch that 



 

94 

 

functions in a state-dependent manner. Any alteration to the polarity balance deep in the 

cavity causes a Ca2+-dependent block of currents elicited by electrophilic agonists. 

Our experiments with PIP2 modulators further strengthen these conclusions. We 

found that depletion of membrane PIP2 downregulates the wild-type TRPA1 channels in 

the absence of external Ca2+. Most notably, depletion of PIP2 transformed the gain-of-

function mutant E808A into an identical phenotype as the E808K and E808A/E788A 

mutants, supporting the role of the internal sensor cavity in TRPA1 regulation. When 

the channel is weakly activated by depolarization or cinnamaldehyde, the intracellular 

cavity of the sensor domain can bind PIP2 and then release it in response to a local 

increase in Ca2+.  

Two years after publishing of our publication IV, three new structural studies 

on TRPA1 channel emerged. One of the studies revealed a Ca2+ ion residing inside of 

the VSLD intracellular cavity, coordinated to residues E788, E808, N805, Y799 and 

Q791 (Zhao et al., 2020). The authors demonstrated that the regulatory actions of 

calcium converge on a single residue E788. These findings are fully in agreement with 

our results. Another study presented a structure of a closed state of TRPA1 in lipid 

nanodiscs and found no lipid inside of the VSLD cavity (Suo et al., 2020). This finding 

is not contradictory to our study, since the lipid may bind inside of the cavity in a state-

dependent manner. Also the peptide I964-L992 corresponding to the TRPL helix was 

predicted by the AntiBP Server (http://crdd.osdd.net/raghava/antibp/index.html) to 

interact with negatively charged lipids; the strong interaction with membranes 

containing negative lipids was confirmed by subsequent biophysical studies (Witschas 

et al., 2015). This finding further supports the hypothesis of PIP2 binding inside of the 

VSLD cavity.  

TRPA1 may also possess other PIP2 binding sites. The predicted candidate is the 

intersubunit crevice formed by the C-terminal interfacial helix (IFH) and the S5 helix 

and S4-S5 linker of the adjacent subunit. The sequence of the involved part of the 

C-terminus was covered by the two peptides L992-N1008 and T1003-P1034, both of 

which were predicted to bind anionic lipids with even higher score than the TRPL helix. 

In the publication V, we aimed to determine the extent to which this putative 

interaction site is involved in TRPA1 regulation. Biophysical methods showed that both 

peptides bind to the lipid membrane only when PIP2 was present, exhibiting affinities of 
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300 nM and 700 nM. The binding is strong and superficial, inducing only small 

perturbation in the lipid. 

 Inclusion of the T1003-P1034 peptide in the pipette solution during the whole-

cell experiments prevented Ca2+-dependent potentiation of carvacrol-induced responses 

of TRPA1, similarly as previously seen in (Hasan et al., 2017). These results suggest 

that the T1003-P1034 region is important for Ca2+-dependent potentiation, raising the 

possibility that calmodulin may compete with PIP2 for the same binding site.  

 The mutations of a conserved residue located at the unresolved interfacial α-

helix of the C-terminus of TRPA1 channel, F1020G, led to faster kinetics and rightward 

shift of the half-maximal activation voltage, probably due to an impaired allosteric 

coupling of the voltage sensor to the channel’s gate. The absence of Ca2+ ions affected 

the basal-open gate equilibrium L in F1020G but not in wild-type channels, indicating 

Ca2+ dependence of conformational changes caused by mutation. The altered gating 

equilibrium of F1020G may account for the suppression of Cin-induced currents 

specifically at negative membrane potentials, while the Ca2+-dependent potentiation 

remained intact. The PIP2 depletion caused by the activity of Dr-VSP impaired the Cin-

induced currents selectively at negative potentials, similarly to F1020G mutant (Zimova 

et al., 2018). Therefore, the TRPA1 channel may possess two PIP2 binding sites, which, 

in the absence of external calcium, could modulate the electrophilic activation in a 

similar fashion.  

 In 2020, the structures of the TRPA1-C621S channel and TRPA1 with the bound 

agonist JT010 revealed a phospholipid residing in the intersubunit crevice, interacting 

with the residues W711 in the pre-S1 and E854 in the S4-S5 linker (Figure 42 on page 

96). Intriguingly, the lipid was not present in the TRPA1-BITC structure (PDB ID: 

6PQP), most probably because the IFH was positioned closer to the transmembrane 

domain and narrowed the crevice. The IFH without lipids established contacts between 

the backbone of C1024 and N855 in the S4-S5 linker. These findings confirm our 

conclusions. The residue F1020 might play an important role in the stabilization of the 

closed IFH conformation as it is proximal to W711.  

The channelopathy-related mutation of TRPA1 N855S induced a ~5-fold 

increase in inward currents upon activation by cold compared with wild-type hTRPA1 

(Kremeyer et al., 2010). Thus, lipids bound inside of the intersubunit crevice might be 

directly involved in the activation by cold. In this context, the polymorphism mutation 
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H1018R studied in publication VI was found to play an important role in mediating the 

cold potentiation of carvacrol-induced responses, possibly by increasing the positive 

electrostatic potential that would ease the binding of PIP2. 

7.3  Regulation of the heat and cold dependence of TRPA1 

The publication VII aimed at the comparison of human and mouse orthologues 

in terms of their temperature activation in order to elucidate the possibility of 

bidirectional temperature dependence of TRPA1 in both species. Our findings confirm 

that both human and mouse orthologues are activated by both cold and heat. The 

electrophysiological measurements indicate that both human and mouse orthologues 

exhibit qualitatively similar temperature- and voltage-dependent characteristics. The 

main difference between the orthologues may lie in the gating equilibrium, which is in 

mTRPA1 more shifted toward the open state. This shift in the gating equilibrium itself 

may account for the pronounced activation of mTRPA1 by both cold and heat. Our 

findings suggest a conserved molecular logic for the gating of TRPA1 across different 

species. According to available literature data, the majority of the TRPA1 orthologues 

are temperature sensitive with different thresholds. The species differences might lie not 

in the temperature- or voltage-sensing domains of TRPA1orthologues but rather in the 

mechanisms by which they are coupled to the channel gate and/or to each other. 

Furthermore, human TRPA1 exhibits faster deactivation kinetics that consists of 

two exponential components, one of which has comparable temperature dependence as 
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mTRPA1. In cold-activated channels, the activation is driven by the steepness of the 

temperature dependence of the deactivation kinetics (as reviewed in (Voets, 2014)). The 

slower voltage-dependent relaxation kinetics seen in mTRPA1 and in some hTRPA1 

mutants (S804D, S804N) allows these channels to dwell longer in the open state at cold 

temperature, producing persistent currents. These findings support the role of S804 and 

the VSLD as a whole in the transitions related to the channel’s opening.  

The excessive heat impairs the channel’s voltage dependence. We cannot 

exclude the irreversible damage of a voltage sensor caused by excessive heat exposure. 

Most importantly, we have revealed a specific ‘heat-induced cold sensitivity’ mode of 

TRPA1 activation. This transition occurs after the channels are activated simultaneously 

by depolarizing voltage and high noxious heat and then are subsequently repolarized to 

the resting membrane potential at cold temperatures. This effect was shown to be 

reversible by another application of heat at resting membrane potential. Our simulations 

predict that the concurrent activation of the voltage- and heat-sensors can induce a 

conformational switch that leads to an increase in their energetic crosstalk, an increase 

in the gating equilibrium constant, and a drastic (~30,000-fold) decrease in the coupling 

of the voltage sensor to the channel gate. The channel becomes inward-rectifying, being 

opened by hyperpolarized voltage. Such effect was achieved by mutating the L906 in 

the first pore helix of mTRPA1 channel (corresponding to L903 in hTRPA1), creating 

an inward-rectifying phenotype with reduced sensitivity to TRPA1 inhibitor HC-030031 

(Wan et al., 2014). The residue 903 is extremely sensitive to substitutions, thus, it is 

possible that the excessive heat and voltage would affect the arrangement of the pore 

helix. The pore helix is functionally interconnected with the S4-S5 linker, as they both 

undergo substantial transitions related to the channel gating. 

An alternative explanation for the ‘heat-induced cold sensitivity’ phenomenon is 

an involvement of lipids, particularly the “lipid 5” residing above the S4-S5 linker in 

between of the subunits. The thermal displacement of the PIP2 at the identical position 

in related TRPV1 channel was proposed as a mechanism of channel opening (Gao et al., 

2016). In TRPA1, the E864W mutation that would clash with the residing lipid 5 

resulted in a constitutively-open channel (Liu et al., 2020). It is possible, that heating 

and/or depolarizing voltage could displace the lipid 5 from its position. The subsequent 

cooling to 5°C, while still resting at the +80 mV membrane potential, would prevent the 

re-entry of the lipid back to its binding site, leaving the channel open after the 
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subsequent repolarization to -70 mV. The lipid might then slowly diffuse back to its 

binding site, potentially explaining why the additional heating of the channels in the 

‘heat-induced, cold sensitized’ state was capable of switching back the outward 

rectification.  

Interestingly, in experiments described by (Moparthi et al., 2016), the cold 

potentiation of carvacrol-induced currents in hTRPA1 was observed only when 

channels were pre-exposed to warm temperatures. Thus, various sources of energy, such 

as these derived from agonist binding or depolarization, could drive the channel opening 

by cooling. 
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8.  Conclusions 

• The LF-EMF has an immediate and reversible potentiating effect on neuronal 

spontaneous activity. TRPA1 may contribute to the LF-EMF-induced changes in 

the excitability of sensory neurons. The exposure of F11 cells to LF-EMF 

reduces calcium transients in response to bradykinin.  

• The phosphomimetic mutation S602D completely abrogated channel activation 

by voltage and agonists, while preserving its surface expression. We propose 

that the phosphorylation at S602 may dampen the channel through the cluster of 

residues F640, W605 and Y662. 

• The presence of AKAP79/150 sensitizes the TRPA1 channel at basal membrane 

potentials. TRPA1 can interact with AKAP79/150 to prime the channel for 

opening. 

• The conserved polar residues inside of the VSLD intracellular cavity are crucial 

determinants of the electrophilic, voltage, and calcium sensitivity of TRPA1. 

The cavity may comprise a binding site of membrane phosphoinositides that 

might regulate the TRPA1 channel in a Ca2+ and state-dependent manner.  

• The TRPA1-derived peptides L992-N1008 and T1003-P1034 strongly interact 

with the lipid membrane only if PIP2 is present. The mutation F1020G inside of 

the C-terminal IFH exhibits faster kinetics by altering the allosteric constant that 

couples voltage sensing to the pore opening. Mutation H1018R affects the cold 

sensitivity of TRPA1. We propose that both PIP2 and Ca2+/calmodulin complex 

may compete for the same C-terminal site of the TRPA1 channel. 

• We demonstrate that both human and mouse TRPA1 are activated by both cold 

and heat. The orthologues differ in their kinetical components of their voltage-

dependent gating. Both orthologues can be strongly activated by cold after the 

concurrent application of voltage and heat. 
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