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Abstract 

Transient receptor potential ankyrin 1 (TRPA1) is a non-selective cation channel 

expressed predominantly in the primary afferent sensory neurons, and is a detector 

of chemical, mechanical and thermal stimuli. TRPA1 is involved in pain, itch, 

inflammatory and respiratory diseases. The important roles of TRPA1 makes it an 

exciting target for drug development, but to develop drug-like antagonists it is vital 

to understand its mechanisms of activation and/or blocking. One known activation 

mechanism is through covalent modification of either cysteine or lysine residues 

at the TRPA1 N-terminus by reactive electrophilic compounds. However, the 

mechanism(s) of TRPA1 modulation by non-reactive compounds have not yet 

been completely resolved. 

In this study, it was hypothesised that the functional groups present on the 

chemicals could be responsible for TRPA1 channel modulation by a non-covalent 

mechanism. Consequently, to investigate the structure-activity relationship (SAR), 

and thereby the pharmacology of non-reactive modulators, twenty-two N-

cinnamoylanthranilate derivatives (CADs) and eighteen aryl sulfonamide 

derivatives (ASDs) were synthesised, characterised, and screened for agonism and 

antagonism in HEK293 cells stably transfected with human (h)TRPA1, where the 

transient elevations of [Ca2+]i were measured using fluorescence-based calcium 

signalling assays. 

The CADs with different functional groups exhibited different responses, 

including agonism, partial agonism, antagonism and desensitising effects in 

hTRPA1, in a concentration-dependent manner. The CADs with inductive 

electron-withdrawing groups were agonists with desensitising effects (e.g. p-Cl 

CAD-AC17c, EC50 10 and IC50 4 µM), and electron-donating groups were either 

partial agonists or antagonists (e.g. p-OH CAD-AC30d, IC50 43 µM). The SAR 

study on the ASDs showed that replacement of the fluoro group in an antagonist 

(AC51b, IC50 10 µM) to a carboxylic acid group (AC56d) completely eliminates 

its antagonism. In addition, site-directed mutagenesis studies revealed that F944 is 

a key residue involved in the non-covalent modulation of TRPA1 by structurally 

distinct non-reactive TRPA1 ligands. As hypothesised, minor alterations in the 

functional groups demonstrated substantial changes in activities. Overall, this 

would lead to a better understanding of the activation mechanism and potentially 

aid in the development of TRPA1 specific modulators.  
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CHAPTER 1: Introduction 

1.1 Transient receptor potential (TRP) 

Transient receptor potential (TRP) channels are ligand-gated cation channels, 

permeable to monovalent and divalent cations. TRP channels act as biological 

sensors that detect variation in the environment and have a key role in sensing 

and transmitting physical stimuli. TRP channels were first discovered in a 

mutant strain (termed trp) of Drosophila melanogaster while determining the 

elements of the light-induced current in their photoreceptors, in which, 

mutation of the gene caused blindness to bright light and was identified as the 

consequence of a disruption in the calcium entry mediated by TRP channels.1,2 

Since then, various types of TRP channels are found to be expressed in nearly 

every type of mammalian cells and tissues, and are known to be involved in 

regulation of numerous cellular functions.3,4 TRP channels are stimulated by 

diverse stimuli, including extracellular and intracellular messengers, 

chemicals, mechanical pressure (osmotic) and to temperature changes, via 

various mechanisms.5-9  

Based on the amino acid sequence (structural) homology, the mammalian TRP 

superfamily has been divided into six subfamilies, including TRP Canonical 

(TRPC), TRP Vanilloid (TRPV), TRP Ankyrin (TRPA), TRP Melastatin 

(TRPM), TRP Polycystin (TRPP) and TRP MucoLipin (TRPML) (Figure 

1.1).8,10,11 There are twenty-eight members of the mammalian TRP channels 

identified under the six main subfamilies, including TRPC1 - 7, TRPV1 - 6, 

TRPA1, TRPM1 - 8, TRPP2, 3, 5 and TRPML1 - 3 (Figure 1.1),4 which are 

briefly described in Sections 1.1.1 - 1.1.6 with a detailed review on TRPA1 

channel. The seventh subfamily, TRP No Mechanoreceptor Potential C 

(NOMPC, TRPN) consists of only one member, TRPN1, has been detected 

only in fruit fly (Drosophila), zebrafish (Danio rerio) and worm 

(Caenorhabditis elegans), and not currently in mammals. TRPN1 is 

homologous to TRPA1 with twenty-nine ankyrin repeats at the N-

terminus.4,12,13 

 



23 
 

 

Figure 1.1: Phylogenetic tree of the mammalian transient receptor potential (TRP) channels. 

Each superfamily of TRPC, TRPV, TRPA, TRPM, TRPP and TRPML consists of seven, six, 

one, eight, three and three different mammalian members, respectively.  

  

Each subunit of a TRP channel contains six putative transmembrane spanning 

segments, S1 - S6, with -NH2 and -COOH termini located intracellularly, and 

a pore loop between S5 and S6 (Figure 1.2a). Homo- or hetero-tetramer 

arrangement of the subunits forms the cation-selective (selectivity filter) 

channels (Figure 1.2b).4 Despite the fact that there are structural similarities 

between TRP and voltage-gated channels, TRP channels are grouped as a 

separate family of channels since several of them are only weakly voltage 

dependent and do not possess the characteristics of voltage-gated channels.9 

However, mammalian TRP channels are permeable to cations with similar 

general membrane topology to that of voltage-gated channels.14  

 

              

Figure 1.2: The general structure of a TRP channel, (a) transmembrane topology of a subunit 

and (b) tetramer arrangement of four subunits, adapted from reference 15.15 
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Almost all TRP channels are non-selectively permeable to Ca2+, and are 

therefore implicated in numerous Ca2+ dependent cellular roles such as gene 

transcription, transmitter release, muscle contraction, cell proliferation and cell 

death.4 However, TRPM4 and TRPM5 are selectively permeable to only singly 

charged cations. Usually, most TRP channels have poor selectivity for Ca2+ 

relative to Na+ (PCa/PNa = 0.3 - 10), but TRPV5 and TRPV6 are highly Ca2+ 

selective (PCa/PNa >100). Similarly, TRPM6 and TRPM7 are greatly Mg2+ 

selective, whereas TRPV1, TRPML1 and TRPP3 are vastly H+ selective. 

Hence, TRP channels also function as “gatekeepers” in numerous homeostatic 

processes such as (re)absorption of Ca2+ and Mg2+.4 

Since most TRP channels have a role in calcium signalling, and as they can 

function as gatekeepers in homeostatic processes, dysfunction of these 

channels could have an impact on several cellular and systemic processes. 

Considering the unique prominence of calcium signalling in all types of cells, 

malfunction of the Ca2+ channels results in pathogenesis of various diseases 

directly or indirectly.4 It is also known that the malfunction of TRP channels 

expressed on intracellular membranes might disrupt organelle function. For 

instance, mutations in TRPML1 dysregulates the function of the lysosome.16 

As TRP channels have a role in regulating cell growth and proliferation, 

dysfunctions of these channels could lead to altered growth, cancer and 

organogenesis. These channels also have the potential to modulate the activity 

of electrically excitable cells in the heart and the brain.4 However, the 

consequences associated with the malfunction of TRP channels remains an 

important area for future research.  

In general, due to the polymodal nature and the diversity of functions the TRP 

channels participate in, malfunction of TRP channels can lead to complicated 

pathophysiological mechanisms resulting in development and progression of 

several diseases in respiratory, cardiovascular, intestinal, renal and urogenital 

systems, and furthermore in neuronal and neurodegenerative disorders.4 The 

participation of TRP channels in diseases have been known from gain- or loss-

of-function-, correlation-, chromosomal location- and phenotype-based 

evidences, and channelopathies (e.g. mutations in TRP channel encoding 

genes).4 Genetic defects in TRPC6, TRPM6, TRPML1 and TRPP2 had been 
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recognised to have a direct link in causing the hereditary diseases focal 

segmental glomerulosclerosis, hypomagnesemia with secondary 

hypocalcemia, mucolipidosis type IV and autosomal dominant polycystic 

kidney disease, respectively. Additionally, variation in TRPM7 has been 

related to two neurodegenerative diseases; Guamanian amyotrophic lateral 

sclerosis (ALS) and Guamian Parkinsonism dementia.4 Though most of the 

TRP family members are known to be involved in channelopathies, the 

knowledge on the complete mechanisms of how TRP channels function is yet 

rudimentary. This hinders the understanding of the roles of TRP channels in 

diseases and thereby the development of drugs targeting these channels.  

 

1.1.1 Transient receptor potential canonical (TRPC) 

Among the mammalian TRP superfamily, TRPC channels are known to be 

closely related to that of Drosophila. The mammalian TRPC channels share a 

common TRP channel structural motif (Figure 1.3), with the invariant 

sequence EWKFAR in the C-terminal tail, and three or four ankyrin repeats at 

the N-terminus.17,18 TRPC channels are non-selective cation channels, 

permeable to Ca2+, with significantly different permeability ratios (PCa/PNa) 

between different subfamily members.17,19,20 TRPC channels have also been 

considered as store-operated channels, and are known to be activated following 

a stimulation in phospholipase C (PLC) activating receptors. However, the 

activation mechanism of TRPC allied with PLC is not yet resolved.21-23 On the 

other hand, a study reported that TRPC1 is activated directly by membrane 

stretch.24  

 

Figure 1.3: Topology model and main interaction sites of TRPC1 - 7 channels.8 



26 
 

1.1.2 Transient receptor potential vanilloid (TRPV) 

Along with the six mammalian TRPV members, there is also Nan from 

Drosophila25 and Osm-9 from Caenorhabditis elegans26. TRPV members 

contain three to five ankyrin repeats at the N-terminus and other main 

interaction sites as in TRPC (Figure 1.4). TRPV1 - V4 are non-selective cation 

channels, sensitive to heat and are activated by a broad range of endogenous 

and exogenous (natural and synthetic) ligands, functioning as thermo- and 

chemo-sensors.27-36 The members, TRPV5 and V6 have distinct properties to 

TRPV1 - V4. TRPV5 and V6 channels are only Ca2+ selective and are strongly 

controlled by intracellular calcium ions ([Ca2+]i).
37-39 These channels under 

physiological conditions solely conduct Ca2+, but monovalent cations permeate 

readily in the absence of extracellular Ca2+, allowing TRPV5 and V6 to 

function as gatekeepers in epithelial calcium transport, and as selective calcium 

entry pathways in non-excitable cells.37-41  

 

 

Figure 1.4: Topology model and main interaction sites of TRPV1 - 6 channels.8 

 

 

1.1.3 Transient receptor potential melastatin (TRPM) 

Based on the sequence homology, the members of TRPM are subdivided into 

three groups: TRPM1/M3, TRPM4/M5, and TRPM6/M7, where TRPM2 and 

M8 are structurally distinct channels. TRPM channels do not have ankyrin 

repeats at the N-termini, but some members possess distinctive functional 

enzymes in their C-termini.4,8 For example, TRPM2 contain NUDT9 domain 

for ADP-ribose activation,42,43 and TRPM6 and M7 contain α-kinase44,45 

(Figure 1.5). TRPM channels show varying levels of permeability to Ca2+ and 

Mg2+. TRPM4 and M5 are impermeable to Ca2+, whereas TRPM6, M7 and 

some M3 variants are highly permeable to Ca2+ and Mg2+.46-54 The gating 
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mechanisms within members of the TRPM channels also vary. For instance, 

TRPM2 is stimulated by intracellular ADP-ribose,55 heat and hydrogen 

peroxide (H2O2), whereas TRPM3 is activated by sphingosine56 and cell 

swelling. TRPM4 and M5 channels are triggered by a rise in [Ca2+]i
50,57,58 and 

heat,59,60 where TRPM6 and M7 gating mechanisms are controlled by the levels 

of intracellular magnesium ions ([Mg2+]i) and Mg-ATP.45,54 TRPM8 is 

activated by cold temperatures and cooling agents like icilin and menthol.61,62 

TRPM1 has not yet been functionally characterised. 

 

 

Figure 1.5: Topology model and main interaction sites of TRPM1 - 8 channels.8 

 

 

1.1.4 Transient receptor potential polycystin (TRPP) 

TRPP2 (PKD2), TRPP3 (PKD2L1) and TRPP5 (PKD2L2) contain a coiled-

coil domain, and additionally TRPP2 and TRPP3 possess a Ca2+ binding EF-

hand motif within the C-terminus (Figure 1.6).63-65 TRPP2 and TRPP3 are 

cation-selective channels permeable to Ca2+,66,67 in which TRPP3 show high 

selectivity for divalent cations.68 TRPP1 contains eleven transmembrane 

domains, a complex lengthy extracellular domain (~3000 amino acid), and an 

intracellular C-terminus interacting with the C-termini of TRPP2 via a coiled-

coil domain.63-65 However, the last six transmembrane domains of TRPP1 have 

structural similarity to TRPP2 channel that has structural resemblance to other 

TRP channels.68 TRPP1 also contains several structural motifs, including a 

number of adhesive domains, within the N-terminal tail that could participate 

in cell-matrix and cell-cell interactions. The large intracellular loop between 

S6 and S7 contains polycystin motifs of undetermined function.68,69 There is a 

significant evidence that TRPP1 and TRPP2 together form a signalling 

complex on the plasma membrane by physically interacting with each other, in 
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which TRPP2 is employed by TRPP1.70,71 Recently, TRPP3 has been 

recognised in mammals as a potential sour taste sensor.72,73 At present, the 

inclusion of TRPP1 (also known as PKD1) under the TRP superfamily is being 

somewhat tentative due to lack of homogeneity between TRPP1 and other TRP 

channels.68,69 

 
Figure 1.6: Topology model and main interaction sites of TRPP2, 3 and 5 channels.8 

 

 

1.1.5 Transient receptor potential mucolipin (TRPML) 

In comparison to other TRP channels, TRPML1 - ML3 are small proteins with 

less than 600 amino acid residues. TRPML1 is predominantly expressed in late 

endosomes and lysosomes, and it contains a functionally uncharacterised lipase 

domain between the S1 and S2 loop (Figure 1.7).16,74,75 TRPML1 is reported 

as a H+ channel, which could prevent excess acidification by acting as a proton 

leak in lysosomes.76,77 TRPML2 and ML3 are not yet been functionally 

characterised. 

 

 

Figure 1.7: Topology model and main interaction sites of TRPML1 - 3 channels.8 
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1.1.6 Transient receptor potential ankyrin (TRPA) 

Discovery 

TRPA1 was first discovered in 1999 in cultured human fibroblasts as an 

overexpressed protein.78 It was described as a protein with 1119 amino acids 

comprising eighteen ankyrin repeats at the N-terminal tail and six 

transmembrane segments in the C-terminus similar to TRP-like proteins in 

overall structure, with a molecular weight of 130 kDa, and the corresponding 

gene containing twenty-seven exons located on human chromosome 8 (8q13). 

It also included that this novel protein was expressed at a low level in human 

fibroblasts, and at a moderate level in liposarcoma cells.78 

 

Expression 

The TRPA subfamily consists of only one mammalian member, TRPA1 

(previously known as ANKTM1).79 The human TRPA1 (hTRPA1) channel is 

predominantly expressed in the primary afferent (sensory) neurons79 including 

trigeminal80, dorsal root81 and nodose82,83 ganglia. It is also found in epithelial 

cells (in airway, skin, gastrointestinal tract and bladder), smooth muscle cells, 

mast cells, islets of Langerhans β-cells, mucosal enterochromaffin cells, 

epidermal melanocytes, fibroblasts, odontoblasts and in the inner ear.84-92 In 

addition, it has been reported that TRPA1 may possibly be present in the central 

nervous system (CNS).93   

 

Structure 

One key structural feature of TRPA1 is the presence of fourteen to eighteen 

ankyrin repeats at the N-terminus (Figure 1.8). The ankyrin repeats which are 

of half the size of TRPA1 are thought to play a role as a mechanosensor, and 

essential for protein-protein interactions and for the insertion of the channel 

into the plasma membrane.94,95 The presence of many cysteine residues at the 

N-terminus leads to the formation of disulfide bridges between and within some 

cysteine monomers (Figure 1.9).94,96,97 The homotetrameric arrangement of the 

protein monomers forms the cation-selective channel. At physiological 

membrane potentials, the channel allows Ca2+ and Na+ to flow into the cell and 

K+ to flow outward through the pore loop between S5 and S6, in which D918 

in the pore loop is said to be crucial for the selectivity of Ca2+.94,95 Also, it has 
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been suggested that the N- and C-termini of TRPA1 possess Ca2+ binding sites 

capable of both sensitising and desensitising the channel.98-102 

        
Figure 1.8: Topology model of TRPA1 channel, adapted from reference 8.8 

 

 

 

            

Figure 1.9: (a) Illustration of a mouse TRPA1 dimer in two-dimension (red arrows denote the 

six transmembrane helices, blue circles are the cysteine residues and grey box at the N-

terminus represents the ankyrin repeats domain), and (b) three-dimensional electron 

microscopy density model representing the cysteine residues of TRPA1 involved in disulfide 

bonding (the cysteines are indicated in orange, and the N-terminus as blue ribbon).97     

 

Recently, the three-dimensional structure of the hTRPA1 was determined to a 

resolution of ~4 Å using a single-particle cryo-electron microscopy (cryo-

EM).103 The structure of the hTRPA1 homotetramer captured at different views 

and the key structural features of a TRPA1 subunit are shown in Figure 1.10. 

  

14 - 18 

(a) 
(b) 
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Figure 1.10: The structure of hTRPA1 determined using a cryo-EM, (a) three-dimensional 

density map showing the side, top and bottom views of hTRPA1 in the presence of a TRPA1 

agonist, allyl isothiocyanate, filtered to 3.5 Å resolution, (b) diagram illustrating the major 

domains in a single subunit, (c) ribbon diagrams of a subunit viewed at different angles, and 

(d) densities of the domains S4 to coiled-coil showing only two diagonally faced subunits of 

the tetramer for clarity.103 

(b) 

(c) 

(d) 

(a) 
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Role 

TRPA1 is a non-selective cation channel, permeable to both monovalent (Na+, 

K+) and divalent (Ca2+) cations.88,95 TRPA1 channels act as a detector of 

chemical,104,105 mechanical,94,106 and thermal stimuli.79,107,108 This polymodal 

receptor is known to be involved in pain, itch, inflammatory109,110 diseases like 

arthritis,111 chronic obstructive pulmonary disease (COPD), and other 

respiratory diseases including chronic cough and asthma.112-114 Furthermore, 

TRPA1 present in mast cells, enterochromaffin cells and melanocytes, could 

perhaps have a crucial role in the innate immunity, gastrointestinal motility 

regulation and in pigmentation induced by UV radiation, respectively.83-91 

These important roles of TRPA1 in the body have attracted much attention in 

recent years as a target for drug development, and there are numerous 

investigations ongoing in understanding the detailed activation and/or blocking 

mechanisms of TRPA1. 

In primary neurons, the flow of Ca2+ and Na+ into cells via TPRA1 channels 

leads to depolarisation of the membrane, action-potential discharge, and release 

of neurotransmitters at central and peripheral neural projections.9 At 

hyperpolarising voltages, TRPA1 channels get inactivated indicating intrinsic 

voltage dependence for the function of the channel.8 The property of TRPA1 

channel to close in response to hyperpolarisation induced by voltage-dependent 

Ca2+ binding and reopening during depolarisation is known to be an important 

feature for its function, as it can deactivate the channel during harmless 

stimulation and activate during painful stimulation.9  

 

1.1.6.1 TRPA1 in chemosensation 

TRPA1 was initially identified as ionotropic cannabinoid receptors and later as 

a target for electrophilic and non-electrophilic compounds (Figure 

1.11).98,104,115 Further, it has been shown that TRPA1 is activated by certain 

thiol-reactive compounds (garlic-derived).116,117 Targeted gene mutation 

studies revealed cysteine residues (C621, C641 and C665 in human, and C415, 

C422 and C622 in mouse) located at the N-terminus of TRPA1 to be crucial 

for the activation of TRPA1 by electrophilic compounds.118,119 The exact 

locations and spatial distribution of these key cysteine residues in hTRPA1 
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structure were resolved recently using a cryo-EM (Figure 1.12).103 The residue 

C621 is shown to be located in the helix-turn-helix 1, C641 in the putative β-

strand, and C665 is reported to be in the flexible loop linking the β-strand to 

the helix-turn-helix 2 (Figure 1.12).103 Nevertheless, lysine residues in the N-

terminus and cysteine residues in other regions of TRPA1 are also considered 

as potential targets for electrophiles and oxidants (Figure 1.11).97,120,121 

Generally, TRPA1 is described as a channel triggered by endogenous and 

exogenous cysteine-reactive electrophiles and oxidants, and also by non-

electrophilic compounds.  

 

 

Figure 1.11: Chemical structures of the key TRPA1 activators, which initially revealed the 

chemosensation property of TRPA1. The compounds on the left panel are electrophilic 

compounds those bind to cysteine residues at the N-termini through a covalent mechanism, in 

the middle panel are weak electrophiles and oxidants that can stimulate the formation of 

disulfide bonding within TRPA1, and on the right panel are non-electrophilic compounds that 

could activate the channel via a non-covalent mechanism.83  

 

The covalent mechanism by which electrophilic compounds activate TRPA1 

through modification of cysteine residues differs even though the chemical 

structures of the activators are closely related.122-124 For instance, 
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methylglyoxal, an electrophilic ketoaldehyde activates TRPA1 by irreversible 

binding to the lysine residue K710 located in the pre-S1 helix (Figure 1.12) 

and by promoting disulfide formation of the cysteine residues at the N-terminus 

(Figure 1.9).125 Whereas, umbellulone, a monoterpene ketone activates by 

reacting covalently with the N-termini cysteines, as well as by interacting non-

covalently.126  

 

 

Figure 1.12: Spatial distribution of key reactive cysteine and lysine residues located in the 

cytoplasmic N-terminus of hTRPA1 and the interactions with other domains, determined using 

a cryo-EM. The C621 residue is located in the helix-turn-helix 1, C641 in the putative β-strand, 

C665 in the flexible loop linking the β-strand to the helix-turn-helix 2, and K710 in the pre-S1 

helix.103  

 

 

Today, there are many natural and synthetic compounds found to activate 

mammalian TRPA1.83 In particular, TRPA1 channels can be activated by 

pungent chemicals like allyl isothiocyanate (AITC, present in wasabi, mustard 

oil and horse radish),98,104 allicin (in garlic), diallyl disulfide (in onions and 

garlic),116,117 cinnamaldehyde (in cinnamon), eugenol (in clove oil), methyl 

salicylate (in wintergreen),104 ∆9-tetrahydrocannabinol (∆9-THC, in 

marijuana),98 menthol (in mint),127 thymol (in thyme),127,128 carvacrol (in 

oregano and thyme),129, acrolein (from cigarette smoke, tear gas and vehicle 

exhaust fumes),109 and inflammatory mediators,87,130 which as a result 

generates acute painful burning and pricking sensation.14  
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The endogenous TRPA1 activators including inflammatory mediators such as 

15-deoxy-∆12,14-prostaglandin J2, 4-hydroxy-2-nonenal and H2O2 act directly 

on TRPA1, while bradykinin, histamine, prostaglandins and trypsin act 

indirectly on TRPA1 by binding to TRPA1 regulating G-protein-coupled 

receptors (GPCRs) via PLC signalling pathway [phosphatidylinositol 4,5-

biphosphate (PIP2) depletion, H+ production, Ca2+ release, and protein kinase 

A (PKA)-mediated phosphorylation, Figure 1.13].87,88,112,131-133 TRP channels 

can be sensitised or desensitised due to an increase in [Ca2+]i, as a result of Ca2+ 

release from the endoplasmic reticulum (ER) when the inflammatory mediators 

including bradykinin, serotonin, prostaglandin E2 (PGE2), nerve growth factor 

(NGF) and adenosine triphosphate (ATP) bind to either GPCRs or receptor 

tyrosine kinases (RTK) to activate PLC, Ca2+/calmodulin-dependent kinase II 

(CAMKII), P13 kinase (P13K), and protein kinases A and C (PKA and PKC).14 

Since GPCR can activate phospholipase A2 (PLA2) too, it triggers the release 

of arachidonic acid (AA) metabolites, 5,6-epoxyeicosatrienoic acid (5,6-EET) 

and 5-hydroperoxyeicosatetraenoic acid (HPETE), which are TRP channel 

agonists (Figure 1.13). The sensitisation by a particular inflammatory mediator 

differs depending on the type of TRP channels expressed in the sensory 

neuron.14  

Zn2+ is a potent TRPA1 activator that probably binds to cysteines and histidines 

at the C-terminus.134,135 Hydrogen sulfide (H2S), a mild reducing agent, and 

sodium hydrosulfide, a donor of the H2S gasotransmitter, have shown to 

activate TRPA1.136 A suggested mechanism for the activation of TRPA1 by 

H2S is through sulfhydration of thiols directly or indirectly by H2S.137-139  

TRPA1 also plays a part in oxygen homeostasis, in which TRPA1 is activated 

by hyperoxia condition directly and by mild hypoxia condition indirectly, 

indicating that TRPA1 expressed on perivascular sensory neurons might have 

an important role in rectifying hypoxia by releasing vasodilator peptides.83,121 

hTRPA1 is also activated at acidic pH (pH below 7).140,141 Conversely, due to 

species differences, the sensitivity of TRPA1 to extracellular proton is not seen 

in TRPA1 orthologues found in rodent and rhesus monkey. It has been reported 

that the amino acid residues C621 in the N-terminus, and V942 and S943 in the 

transmembrane S6 are responsible for the sensitivity of hTRPA1 to 
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extracellular acidosis.140,141 However, the role of C621 residue in proton-

sensing role seems to be inscrutable as this residue is present in both rodent and 

rhesus TRPA1 too.141 Since extracellular acidification could lead to 

inflammation, ischaemia, development of cancer, conditions related to pain and 

nociceptive primary afferents sensitisation, the proton-sensing property of 

TRPA1 is understood to have a great importance.83 Though rodent TRPA1 is 

insensitive to extracellular acidic pH, it has the ability to sense intracellular 

acid-base environment with a U-shaped link in the pH effect.142-144 It was also 

found that mutations of the N-termini cysteines, C422 and C622, caused 

disruption in the activation of the channel stimulated by intracellular 

alkalisation.142-144  

 

 

Figure 1.13: TRP channel regulation in sensory neurons via phosphorylation. Arrow lines in 

blue, orange, green and purple represent TRPA1, TRPV1, TRPV4 and TRPM8 channel 

regulation signalling pathways, respectively.14 

  

Activation of TRPA1 by electrophilic paracetamol metabolites (N-acetyl-p-

benzoquinone imine and p-benzoquinone) and non-electrophilic cannabinoids 

leads to spinal anti-nociception.145 Hence it is suggested that non-tissue-

damaging TRPA1 agonists have hope in the treatment of pain.83,145 It was 

shown that TRPA1 is also activated by non-steroidal anti-inflammatory drugs 

RTK 
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(NSAIDs),146,147 and other non-covalent activators including clotrimazole and 

dihydropyridines.148,149 Thus, it is anticipated that these might serve as 

prototypes in the development of TRPA1 activating analgesics.83  

The ability of TRPA1 to respond to several non-electrophilic compounds with 

a wide range of chemical structures remains interesting. Mutagenesis and 

chimeric approaches have demonstrated that non-electrophilic activators such 

as menthol interact directly with TRPA1 by binding to S5 residues S873 and 

T874.150 Similarly, multiple binding sites including S873, T874, F909, F944, 

T945, V948 and I950 residues have been reported in the pore loop of S5 and 

S6 linker for the potent TRPA1 specific antagonist A967079 [(1E,3E)-1-(4-

fluorophenyl)-2-methylpent-1-en-3-one oxime].103,151,152 The interaction of 

A967079 with F909 residue in hTRPA1103 is shown in a three-dimensional 

structural view in Figure 1.14. Moreover, patch-clamp recordings have 

indicated that ∆9-THC also directly interact with TRPA1, signifying that 

cannabinoids activate TRPA1 in a distinct way to other electrophilic and non-

electrophilic TRPA1 activators such as allicin, cinnamaldehyde, AITC, methyl 

salicylate, trinitrophenol, N-ethylmaleimide, 2-aminoethyl 

methanethiosulfonate, 2-aminoethoxydiphenyl borate and also Ca2+, as these 

require a cytosolic component to stimulate TRPA1.132,153  

 

 

Figure 1.14: Cryo-EM density map showing the interactions of the potent TRPA1 specific 

antagonist A967079 with multiple residues, including S873, T874, F909, F944, T945, V948 

and I950, those reside in the pocket formed by S5, pore-helix 1, and S6 in hTRPA1.103 
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Compounds including cinnamaldehyde, camphor,154 menthol,127 

apomorphine,155 nicotine,156 umbellulone126 and ligustilide157 (Figures 1.11 

and 1.15) were found to activate TRPA1 at low concentrations and inactivate 

at high concentrations, that is, they showed bimodal activity on heterologously 

expressed TRPA1. Some of these activators were found to be species 

dependent. Though there is an extensive list of TRPA1 activators, only a few 

natural inhibitors have been found.158-161 Resolvin D2 is an example, which 

inhibits TRPA1 and TRPV1 at nanomolar concentration range. Since the 

effects of resolvin D2 was pertussis toxin-sensitive, it is thought that resolvin 

D2 might interact indirectly with the TRP channels.160 

 

 

Figure 1.15: Chemical structures of TRPA1 modulators. 

 

As most of the TRPA1 activators are known to intervene with other TRP 

channels and membrane receptors involved in sensory signalling,162,163 further 

pharmacological studies on the bimodal action and non-covalent activators 

against TRPA1 are essential for better understanding of the function of the 

channel. Moreover, understanding how these compounds have cross channel 

activity and how they actually bind to the individual receptors could aid in the 

development of novel TRPA1 activators and inhibitors, which are specific to 

TRPA1. Though inhibiting the action of TRPA1 seems to be a rational 

treatment method to relieve pain associated with neuropathic and inflammatory 

diseases, the intervention of TRPA1 activators in anti-nociceptive signalling is 

also of interest. Hence based on the action site and intrinsic properties of 

chemicals, both agonists and antagonists could be useful in treating different 

conditions of pain, as with TRPV1.  
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1.1.6.2 TRPA1 in thermosensation 

There is an ambiguous statement that noxious cold (<17 °C) could activate 

TRPA1 channels, but the role of TRPA1 in cold sensation remains debated 

since it was first suggested.8,79 However, so far, many in vitro and in vivo 

behavioural model studies in mouse and rat species have revealed that TRPA1 

is involved in noxious cold sensation and in cold allodynia evoked by 

peripheral neuropathy, inflammation, nerve injury, diabetic neuropathy, and 

iatrogenic.108,164-168 There is a considerable amount of evidence that rodent 

TRPA1 is involved in cold sensation. However, the absence of the role in 

hTRPA1 in vitro studies is still being reasoned.98,100,104,169 It has been recently 

suggested that due to species differences the human variant is unresponsive to 

cold, contrary to rodent TRPA1.170 Moreover, the gating mechanism by which 

cold stimulates TRPA1 is still undetermined.83 

 

1.1.6.3 TRPA1 in mechanosensation 

Studies have shown that an orthologue form of TRPA1 exists in 

mechanosensory and nociceptive neurons of the worm (C. elegans), suggesting 

an ancestral form of the method for mechanotransduction.9,171 Also, there is an 

unproven prediction that the large ankyrin repeats in TRPA1 could have spring-

like mechanical function to enable mechanosensing in the auditory signal 

transduction function of the inner ear hair cells.106 Furthermore, it was shown 

that TRPA1, a mechanogated transduction channel, which functions in 

response to mechanical forces/stress, is necessary for the auditory response in 

mammals.8,9 In later studies performed on TRPA1 gene knockout mice, 

TRPA1 contribution in hearing could not be observed.109,164 However, the 

participation of TRPA1 in noxious mechanosensation such as in 

hypersensitivity and mechanical allodynia have gained more support with time 

based on the findings from different behavioural studies using either mouse or 

rat pain and inflammatory models.83,134,172 Moreover, TRPA1 has also been 

shown as a main element in the nociceptive somatosensory neuron 

mechanotransduction pathway.165,173-175  

  



40 
 

1.1.6.4 TRPA1 in disorders/diseases 

Itch and Pain 

Itch is an uncomfortable psychophysical sensation that usually leads to scratch. 

Itch and pain are mediated by different sets of primary afferents.176 However, 

mechanical stimulation of pain could inhibit itch response at spinal cord level 

and result in itch-induced injury.177 Mechano-sensitive and mechano-

insensitive fibres are two sets of primary afferent C-fibres that can be 

selectively activated by histamine and cowhage spicules (5-hydroxy 

tryptamine), respectively.178,179 It has been recently revealed that TRPA1 is 

essential for itch-induced scratch reaction in response to pruritogens like 

substance P, leukotriene B4, cowhage spicules, chloroquine and reactive 

oxygen species (ROS),89,110,180 but not histamine.181  

Administration of TRPA1 agonist AITC in mouse cheek was shown to activate 

pruritogen-sensitive trigeminal second-order neurons.182 Whereas, 

administration of AITC or cinnamaldehyde in the skin and nasal mucosa of 

man resulted in pain sensation, and the observation was regarded as a cross-

modality of itch inhibition.183,184 The cross-modality interaction between pain 

and itch neural pathways was also observed while testing to silence capsaicin-

sensitive nerve fibres using AITC, which produced itch.179 

It was recently identified that TRPA1 is vital for mediating non-histaminergic 

itch, and when itch-encoding histamine-insensitive primary afferents are 

overactive, it could result in atopic and allergic contact dermatitis of chronic 

itch.90,110,181,185,186 A dramatic raise in TRPA1 immunoreactivity was observed 

in biopsies of atopic dermatitis patients, and also surprisingly in keratinocytes 

and mast cells that barely express TRPA1.90 Hence, TRPA1 is budding as a 

hopeful target for novel anti-pruritic drugs targeted for allergic and atopic 

contact dermatitis. It is suggested that pharmacological inhibition of TRPA1 

could break the vicious cycle produced by intense scratching in dermatological 

diseases, whereas non-inhibition of itch-encoding neurons could possibly 

increase TRPA1-independent itch pathways.83 
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Inflammatory diseases 

As known from animal studies, TRPA1 is involved in inflammation-induced 

thermal and mechanical sensitisation.87,187 Endogenous chemicals, including 

ROS, α,β-unsaturated aldehydes (e.g. 4-hydroxy-2-nonenal and methyl 

glyoxal) and H2S, formed during bacterial infection and inflammation, activate 

and maintain inflammation by activating TRPA1 on non-neuronal cells and 

sensory nerve fibres.130,131,138 Moreover, inflammatory mediators, including 

nerve growth factor, bradykinin and trypsin, can sensitise TRPA1 or increase 

its expression level and leads to symptoms like itch, hyperalgesia and 

allodynia.188-194 TRPA1 was also shown to be involved in sensory 

hyperactivity, pain perception and progression of inflammatory diseases 

including dermatitis, pancreatitis, inflammatory bowel disease, asthma and 

arthritis.112,131,162,195,196 

Cyclophosphamide-induced haemorrhagic cystitis is a commonly used animal 

model for the chronic disease interstitial cystitis/bladder pain syndrome. The 

metabolism of cyclophosphamide and its analogue ifosfamide produces 

urotoxic acrolein, a TRPA1 activator, which causes mucosal injury on 

accumulation in the urine.109 It was found that the overactivity of the bladder 

triggered by cyclophosphamide in pre-treated rats is effectively reduced 

through systemic administration of HC030031 [2-(1,3-dimethyl-2,6-dioxo-1,2, 

3,6-tetrahydro-7H-purin-7-yl)-N-(4-isopropylphenyl)acetamide], a TRPA1 

blocker.197 

 

Respiratory diseases 

Chronic respiratory diseases are complex malfunctions that results from airway 

damage. TRPA1, a chemosensor expressed in the airway primary sensory 

neurons, is known to be activated by airway irritants, including acrolein, 

chlorine, tear gas and isothiocyanate. Activation of TRPA1 on the airways by 

these irritants leads to pain, cough and sneezing, and thereby safeguard the 

lungs from being exposed to high levels of irritants.122,198,199 In rodent lungs 

and guinea pig, activation of TRPA1 led to stimulation of the vagal 

bronchopulmonary C-fibres.200,201 It was also shown that isolated guinea pig 

vagus nerve gets activated and inhibited by the TRPA1 selective agonists 



42 
 

(cinnamaldehyde and acrolein) and antagonists (HC030031 and AP18 (4-(4-

chlorophenyl)-3-methylbut-3-en-2-oxime)), respectively.202 In particular, the 

antagonists were able to inhibit acrolein-induced activation in a concentration-

dependent manner. In isolated human vagus nerve, depolarisation caused by 

acrolein was inhibited by AP18.202 Moreover, coughing was induced by 

cinnamaldehyde and acrolein in human volunteers and guinea pigs, 

respectively, in which the role of TRPA1 was further confirmed using TRPA1 

antagonists.203 The identification of TRPA1 as a pro-tussive receptor and the 

ability to selectively block the triggered responses by TRPA1 selective 

antagonists are considered as important findings, as this link could be utilised 

to research anti-tussive remedies capable of alleviating normal or chronic 

cough.203 

TRPA1 ligands could also be involved in cough hypersensitisation.114 The 

environmental toxins, toluene diisocyanate and ozone are TRPA1 activators 

known to induce wheezing, cough and dyspnea on exposure.204-207 Reactive 

airways dysfunction syndrome is caused by excessive amount of exposure to 

irritant chemicals like aldehydes and chlorine, which are TRPA1 agonists, and 

is mostly characterised by cough like symptom.208-210 TRPA1 also has an 

important role in allergic airway inflammation. In an ovalbumin-induced 

airway inflammation models, the airway hyperresponsiveness and eosinophilia 

were shown to be inhibited by the antagonist HC030031, and the role of 

TRPA1 in this was later confirmed.211  

An increase in Ca2+ influx and increased release of neuropeptide were observed 

in TRPA1 transfected-human embryonic kidney 293 (HEK293) cells and 

isolated guinea pig airway tissue, respectively, when exposed to cigarette 

smoke extract or aldehydes.198 In addition, it was shown that isolated guinea 

pig bronchial rings contract on exposure to cigarette smoke extract, acrolein or 

crotonaldehyde, and the contraction was inhibited by HC030031. These 

observations suggested that TRPA1 could be used as a target to treat diseases 

like COPD that is caused by cigarette smoke.198   
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Peripheral neuropathy 

Allodynia caused by mechanical and cold stimuli are usually observed in 

individuals with peripheral neuropathy. It was observed that TRPA1 is usually 

overexpressed in healthy neurons closer to the site of damage, which could 

probably indicate neuroinflammatory cues linked to adaptive 

responses.188,189,192 Moreover, the symptoms associated with mechanical and 

cold allodynia were reduced by downregulation of the channel. It has been 

reported that endogenous electrophilic chemicals could contribute to diabetic 

neuropathy and related mechanical sensitisation, in which, a potent activator of 

TRPA1, methylglyoxal generated under hyperglycaemic conditions was shown 

as a mediator of diabetic neuropathy.212 The chemicals in tumour 

microenvironment during neuronal development in cancer could also give rise 

to TRPA1 expression and activation.213,214 Thermal and mechanical allodynia 

are caused by the neurotoxic nature of cancer chemotherapies. In animal 

models, it was shown that TRPA1, TRPV1 and TRPM8 lead to such allodynic 

effects in the presence of chemotherapeutic agents such as clioquinol,134 

cisplatin, oxaliplatin,167 paclitaxel215,216 and bortezomib217.  

Bladder overactivity is often linked with conditions like diabetes, infections, 

outflow hindrance, and neurological conditions such as multiple sclerosis and 

spinal cord injury.218-220 It was shown that intravesical administration of 

TRPA1 agonists could mimic bladder overactivity condition.136,221 Bladder 

overactivity produced as a result of spinal cord injury in a rat model was found 

to reduce through downregulation of TRPA1 expression and administration of 

HC030031.222 Malfunction of TRPA1 also have a key role in irritable bowel 

syndrome, a condition diagnosed with symptoms such as pain, diarrhoea and/or 

obstructive constipation, which is associated with peripheral neuropathy.223-225 

 

Central nervous system 

TRPA1 can be activated by environmental irritants, mechanical stress and 

noxious cold in the periphery, but since the CNS is barely exposed to 

mechanical stress or noxious cold, the physiological role of TRPA1 on primary 

afferents of the CNS is unclear. However, endogenous molecules such as ROS, 

cytochrome P450 (CYP450) epoxygenase- and 12-lipoxygenase-derived 
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metabolites formed in the spinal cord during nerve injury, nociceptive 

stimulation, and neuroinflammation were known to activate TRPA1.226-229 

Using immunohistochemistry it had been shown that the outer regions of the 

dorsal horn are heavily innervated by TRPA1-expressing nerve termini.145,230 

However, in the rat and mouse spinal cords no transcripts encoding TRPA1 

were found, thus suggesting nearly all of the TRPA1-containing nerve endings 

are from the primary sensory neurons.79,145,230 In addition, TRPA1 was 

identified at transcriptional and translational levels in the human brain.93,231 

Whole-cell patch-clamp recordings have shown that TRPA1 is present on 

glutamatergic neurons in the rat supraoptic nucleus.232 TRPA1 expression was 

also found in the rodent trigeminal caudal nucleus and hippocampus, where it 

could possibly regulate long-term potentiation, neuronal survival and 

interneuron inhibitory synaptic efficacy.233-235 

The role of TRPA1 on central projections of primary afferents is not 

completely known. The TRPA1 activators cinnamaldehyde and AITC are 

known to amplify the rate of spontaneous excitatory and inhibitory 

postsynaptic currents in substantia gelatinosa neurons from the trigeminal 

sensory nuclei and the spinal dorsal horn.236-239 TRPA1 activators administered 

intrathecally caused tactile allodynia and sometimes heat 

hyperalgesia.227,228,240-242 However, electrophilic and non-electrophilic 

activators of spinal TRPA1 are capable of inhibiting mechanical and acute 

thermal pain, and therefore the analgesic effects of acetaminophen could be the 

result of the formation of electrophilic metabolites in the spinal cord.145 This 

pharmacological effect was recognised as a Ca2+-dependent presynaptic 

inhibition of voltage-gated Ca2+ and Na+ channels,145 and was in agreement 

with studies that showed inhibition of the C-fibre- and Aδ-evoked excitatory 

postsynaptic currents in the spinal cord slices by TRPA1 activators.238,243,244 

The function of spinal TRPA1 had been shown in several studies via intrathecal 

administration of TRPA1 blockers in neuropathic pain and inflammatory 

models.165,172,175,245-247 The findings clearly identified that spinal TRPA1 is 

involved in mechanical allodynia or hypersensitivity, and administration of 

AITC or capsaicin at peripherals led to secondary mechanical 
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hyperalgesia.165,172,175,245-247 Thus, it is known that spinal TRPA1 plays an 

important role in central sensitisation. However, when the ion channel is 

activated pharmacologically it causes interruption to nociceptive 

neurotransmission in the spine.145 Additional studies are essential in order to 

understand this dual action of the channel and its impact on drug development 

based on TRPA1. 

 

Hereditary disease 

It has been shown that topical administration of TRPA1 activators on the skin 

causes burning sensation, pain, neurogenic inflammation, and thermal and 

mechanical hypersensitivity.184,248,249 In addition, an autosomal dominant 

familial episodic pain syndrome (FEPS) caused by a gain-of-function mutation 

in TRPA1 emphasised the role of TRPA1 in pain perception.250 The mutation 

of transmembrane domain S4 localised N885S residue led to modification of 

the channel voltage dependency, and at resting membrane potentials made the 

channel hyperresponsive to cold and electrophilic compounds.250 Recently, 

inconsistency in thermosensation was also correlated to a single nucleotide 

polymorphism, and the cold-sensitive wild-type hTRPA1 was compared 

against HEK293T/17 cells transfected with hTRPA1 containing the mutant 

E179K at the N-terminus of TRPA1, in which the TRPA1 mutant failed to 

respond to cold.169,251 

 

1.1.6.5 TRPA1 knockout studies 

In order to understand the physiological and pathophysiological role of TRPA1 

channel, and its potential as a drug target for pain and sensory dysfunction, 

TRPA1 lacking transgenic mice have been used.252 In several studies, the role 

of TRPA1 in chemosensation has been validated using TRPA1 knockout 

mice.109,120,164,253 The main concerns in using knockout mice are the resulting 

functional damages to TRPA1 linked receptors and channels, and the variations 

between mouse strains,252 which could be the reason behind disagreement in 

the role of TRPA1 in mechanosensation and thermosensation.83 TRPA1 

knockout mice based several recent studies have shown that the channel is 

involved in mechanical hypersensitivity and noxious cold, and was further 

supported using the TRPA1 antagonists, HC030031 and its analogue 
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Chembridge-5861528 [2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-

purin-7-yl)-N-(4-(1-methylpropyl)phenyl)acetamide]. However, HC030031 

has off-target effects that need to be considered when using HC030031 and 

related compounds in the study of their physiological role.168,254 The use of 

non-human in vitro and in vivo TRPA1 models to develop drugs for human is 

also of a concern due to TRPA1 species differences.170,255 A review pointed out 

that knocked out transgenic mouse models were utilised in about 50 % of the 

hundred high selling molecular target based drugs, and hence, in most cases, 

knockout models will be useful in validating targets for drug development.252
 

 

1.1.6.6 TRPA1 species differences 

Modulation of TRPA1 by chemical ligands and cold has shown to be species-

specific. Originally, the existence of species differences between orthologues 

of TRPA1 was revealed in a study that reported trichloro(sulfanyl)ethyl 

benzamides as hTRPA1 antagonists (Figure 1.16).256 Though these 

compounds were found to potently inhibit hTRPA1, they were found to either 

activate (AMG5445 and AMG9090) or ineffective (AMG2504 and AMG7160) 

in rat TRPA1.256 In another study, analogues of thioaminals which inhibit 

hTRPA1 (CMP1, CMP2 and CMP3, Figure 1.16) were found to activate rat 

TRPA1.257 Species-specific effects were also demonstrated by menthol. 

Menthol, which activates and blocks mouse TRPA1 at lower (0.1 - 100 µM) 

and higher (10 - 1000 µM) concentrations, respectively, had only agonism in 

the hTRPA1 (1 - 1000 µM).150 Moreover, caffeine, an inhibitor of hTRPA1 

activates mouse TRPA1.258 Though there is an ambiguous statement that 

TRPA1 is involved in thermosenstation,259-262 there is sufficient evidence that 

noxious cold (<17 °C) activates mouse TRPA1.79,108,263 However, hTRPA1 

was unaffected by cold.98 It was then stated that due to species differences, the 

human variant could be unresponsive to cold contrary to rodent TRPA1.264 

Conversely, TRPA1 of Drosophila melanogaster was reported to be activated 

by heat, and not cold.265 

In addition, a low sequence homology was found between TRPA1 orthologues 

that could possibly lead to variation in responses. There was only 79 % identity 

in sequence homology between human and rodent TRPA1, which was 
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relatively low compared to the match found in other TRP channels, for 

example, TRPM8 94 %, TRPV1 86 %, TRPV3 93 %, and TRPV4 94 %.264 

However, chimpanzee and monkey were found to have 99.7 and 97.1 % 

identical sequence homology with that of hTRPA1, respectively.264  

 

 
 

Figure 1.16: Chemical structures of some species-specific modulators of TRPA1.  

 

The species differences remain as a challenge in the field of drug development 

for TRPA1, as this needs to be considered before extending any findings in a 

species like a rodent to a human.264 However, the species-specific effects had 

been used as a valuable tool in identifying molecular determinants of TRPA1 

and thus in understanding TRPA1 modulation.150,257
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1.1.7 Calcium signalling 

TRP channels can cause changes to the concentration of cytosolic free Ca2+ 

either by functioning as calcium entry pathways in the plasma membrane or 

through membrane polarisation. These channels also form intracellular 

pathways for the release of Ca2+ from various cellular organelles.266 As TRP 

channels are involved in calcium signalling, the influx of Ca2+ caused via 

stimulation of the channel by an agonist can be measured using Ca2+-sensitive 

fluorescent probes such as Fluo-3 or Fluo-4 (Scheme 1.1), in which changes in 

fluorescence intensity of the Ca2+ indicator corresponds to changes in 

[Ca2+]i.
266,267 In Ca2+-permeable ion channels targeted drug discovery 

programs, this type of Ca2+ indicators based calcium imaging assays are 

routinely used for high-throughput screening.268-270  

 

 

Scheme 1.1: Mechanism of the Ca2+-sensitive fluorescent probe, Fluo, in detecting changes in 

the level of [Ca2+]i.  
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Calcium ionophore, also known as A23187, calcimycin, or calimycin (Figure 

1.17), is an antibiotic produced during fermentation of Streptomyces 

chartreusensis.271 It plays a role as a mobile ion carrier to cross biological 

membranes, that is, it acts as an ionophore by stably forming complexes with 

divalent cations such as Ca2+. Hence it is utilised as a tool to study the divalent 

cations in biological systems.271  

 

Figure 1.17: Chemical structure of calcium ionophore A23187 (calcimycin). 

 

1.1.8 Conclusion 

TRP channels are involved in several important cellular functions and in the 

pathogenesis of various human diseases, and thus have been considered as 

novel targets for drug development. However, knowledge on the complete 

mechanisms of how TRP channels function and the link associated with 

diseases are as yet rudimentary, and this hinders the development of drugs 

targeting these channels. In addition, certain members of the TRP channels 

have specific functions, for example, TRPA1, TRPM8 and TRPV1 - V4 

expressed in primary afferent neurons, function as thermo-, mechano-, and 

chemo-receptors. The chemosensing ability of TRPA1 in detecting noxious 

chemicals, and the covalent activation mechanism, specifically discriminate 

the receptor from other members of TRP channel superfamily. The therapeutic 

ability of TRPA1 antagonist in treating itch, pain, inflammatory and respiratory 

diseases have been supported in various studies, but the capabilities of TRPA1 

antagonists to reverse disease development remains to be recognised. There is 

a clear advancement in the field, but there are several more unknown facts to 

be understood to utilise the physiological function of TRPA1 in drug 

development.  
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1.2 Biological activities of N-cinnamoylanthranilates 

In numerous studies, derivatives of N-cinnamoylanthranilic acid (1, Figure 

1.18) have shown a wide range of biological activities, including anti-allergic, 

anti-histamine, anti-genotoxic, anti-inflammatory, anti-asthmatic, anti-oxidant, 

anti-fibrotic, anti-proliferative, anti-neoplastic, anti-cancer, anti-tubulin, anti-

apoptotic, anti-platelet and anti-coagulant, and are under several medicinal 

application studies. The overall aim of this review is to summarise the 

biological activities of N-cinnamoylanthranilate derivatives (CADs) 

chronologically along with their applications in different experimental models, 

and wherever possible their structure-activity relationships (SARs) have been 

correlated.  

Natural N-cinnamoylanthranilic acid amides are present in certain plants such 

as Avena sativa (oats) and Nandina domestica (sacred bamboo). In oats, they 

are commonly known as avenanthramides (Avn) and act as phytoalexins, 

which are secondary metabolites synthesised by plants as a measure of defence 

mechanism against microbial invasion. Oat extracts contain more than thirty 

Avn, and have been used in traditional medicine to relieve itch and skin 

reddening reactions.272  

It has been found that more than twenty-five and twenty different types of Avn 

are present in the extracts of oat groats and hulls, respectively, where fifteen of 

them being common in both. The hydroxycinnamic acid phenolics extracted 

from these grains were structurally dependent in a wide range of biochemical 

and nutritional processes. Hence, in order to improve the oat based food 

ingredients, to evaluate nutrition dietary intake data, and to understand the 

mechanisms involved in resistance against diseases, studies were undertaken 

to gain knowledge on the types and amounts present, and to determine the 

structural binding relationships of these phenolics.273    

The derivative N-(3,4-dimethoxycinnamoyl)anthranilic acid (2, Figure 1.18), 

which is known by the names Tranilast™ and Rizaben™ is found in Nandina 

domestica.272,274 The compound 2 is a Kissei Pharmaceutical Co. (Japan) 

marketed anti-inflammatory drug in South Korea and Japan for more than 

twenty years, and is used to treat several allergic diseases such as bronchial 
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asthma, allergic rhinitis, hypertrophic scars and scleroderma.275-277 However, 

to optimise the potency and efficacy, and to minimise the toxicity at higher 

doses of 2, novel CADs with enhanced biological activities and metabolism 

were considered to utilise in therapeutic and cosmetic compositions.  

 

Figure 1.18: Chemical structures of N-cinnamoylanthranilic acid (1) and N-(3,4-dimethoxy 

cinnamoyl)anthranilic acid (2). 

 

The R groups those are not defined in the chemical structures of the compounds 

provided below in some Sections as examples denote incorporation of a broad 

range of variable substituents, and the exact details can be found in the 

corresponding references.  

 

1.2.1 Anti-allergic  

Ring A and/or B (1, Figure 1.18) substituted cinnamoyl or dihydrocinnamoyl 

anthranilate derivatives have exhibited strong anti-allergic activity when 

delivered orally to mammals including human, with a reasonable therapeutic 

effect. In mammals, on oral administration, the derivatives have shown to 

antagonise model anaphylaxis such as skin inflammation triggered by an 

antigen-antibody reaction. As these derivatives had a remarkable impact on 

antigen-antibody reaction, they were found to be suitable to incorporate in the 

medicaments for treating allergic diseases such as bronchial asthma, hay fever, 

urticaria (nettle rash) and atopic dermatitis (eczema).278-280 The SAR studies 

have shown that depending on different substituents and substitution patterns 

on the core compound 1, there were significant changes to the levels of 

biological activities observed.272,278,279,281 Generally, the presence of 

substituents such as a halogen atom, an alkyl, an alkoxy, an acetoxy or a 

hydroxyl group on compound 1 showed increased anti-allergic action relative 

to its unsubstituted form. In particular, the derivatives of compound 1 with 

halogen atoms (bromine, fluorine or chlorine) or alkoxy groups (e.g. 

methylenedioxy, 3, Figure 1.19) as their substituents showed strong anti-
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allergic effect, whereas the ones with hydrophilic groups like carboxymethoxy 

and 2,3-dihydroxypropoxy showed considerably weak activity or were 

inactive.278,279 Also, increased pharmacological activity was observed either 

with an increased number of substituents on compound 1 or with their 

corresponding carboxylate alkali metal salts. However, with ester based 

derivatives (-COOR instead of -COOH, where R is a small alkyl group) the 

activity dropped, but still had the ability to inhibit histamine secretion.278-280,282  

Mast cells are commonly found in mucous membranes of gastrointestinal and 

respiratory tracts, and in the skin, that is, in the parts of the body which directly 

interact with the external environment. They have various pathological and 

physiological roles via the release of histamine, immunoregulatory cytokines, 

mast cell specific proteases such as chymase and tryptase, neutrophil 

chemoattractants and heparin.283 These cells can be activated by different 

mediators like immunoglobulins (IgE) and neuropeptides (substance P).272,281  

Mast cells are well-known to play a crucial role in allergic and inflammatory 

reactions,272,281 and further contribute to metabolic syndrome, cardiovascular 

problems and also known to participate in type 2 diabetes and insulin 

resistance.284 Several studies have shown that the neuropeptide substance P 

released by the nerve terminals in the skin causes mast cells to degranulate, 

which leads to release of excess mediators including histamine from the storage 

vessel granula, and results in serious inflammatory and allergic reactions.272,281 

Excess release of histamine leads to several conditions including psoriasis, 

infections, pruritus, nickel allergy, healing injuries and minor burns. It was also 

reported that in several kidney diseases, mast cells contribute to the 

development of tubulointerstitial fibrosis.283  

Compound 2 at ~10-4 M and ~10-3 M concentrations have shown to inhibit 50 

% of antigen-monoclonal IgE antibody (with 2,4-dinitrophenyl specificity) and 

substance P induced histamine release from mast cells, respectively. The 

derivative, N-(4-hydroxy-3-methoxycinnamoyl)anthranilic acid (4, Figure 

1.19) also had equivalent anti-allergic effect as compound 2.272,281 Hence, the 

property of CADs to specifically inhibit the release of histamine from mast 

cells induced by neuropeptide substance P promotes anti-allergic effects. With 

respect to SAR, derivatives with a free hydroxyl group substituent at position 
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4 of the cinnamic or dihydrocinnamic, or position 5′ of the anthranilic acid ring 

have shown considerably high inhibitory effects. Under the same test 

conditions, oral administration of monosubstituted N-(4-hydroxycinnamoyl) 

anthranilic acid (200 mg/kg, 5, Figure 1.19) inhibited 37 % of antigen-induced 

histamine release in rat mast cells, whereas disubstituted compound 2 showed 

relatively higher blocking effect (46 %). CADs 6 and 7 (Figure 1.19) with 

vicinal hydroxyl groups showed the highest activity at 50 ppm by completely 

inhibiting the release of histamine, whereas compound 2 inhibited only 21 % 

at the same dose. However, addition of more hydroxyl groups to the anthranilic 

acid ring did not enhance the activity, and in general, with more substituents 

there were no significant improvement in the activity.272,281 

 

Figure 1.19: Structures of anti-allergic compounds (3 - 12). 

 

It was found that the derivatives of Avn from oat extract involved in the 

inhibition of histamine release induced by the neuropeptide substance P from 

mast cells were N-(3,4-dihydroxycinnamoyl)-5′-hydroxyanthranilic acid (7), 
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N-(4-hydroxycinnamoyl)-5′-hydroxyanthranilic acid (8) and N-(4-hydroxy-3-

methoxycinnamoyl)-5′-hydroxyanthranilic acid (9), Figure 1.19.272,281 

In addition, N-(3,4,5-trimethoxycinnamoyl)anthranilic acid (10, Figure 1.19) 

has shown to significantly inhibit passive and reverse cutaneous anaphylaxis, 

and reduce histamine and serotonin (5-hydroxytryptamine, 5-HT) induced 

capillary permeability in rats.285 The derivative at a dose of 80 µl ml-1 

significantly blocked (78 ± 12 % of BaCl2) antigen-induced contraction in an 

isolated agonised guinea pig ileum, and at 25 and 50 µg ml-1 inhibited 

degranulation induced by homocytotropic antibody in rat mesentery (48 ± 3 

and 36 ± 7 % degranulation) and anaphylactic histamine release from mast cells 

in rat peritoneal (34 ± 4 and 30 ± 5 % histamine release).285 

Degranulation of mast cells and release of histamine are also known to be 

involved in the mediation and regulation of post-operative ileus. The anti-

histamine agent and/or mast cell degranulation blocker 2 was utilised as a 

bioactive constituent in the pharmaceutical composition for preventing or 

alleviating the post-operative ileus and gastric stasis (paralytic ileus) in 

mammals following abdominal surgeries, which prevents the decline in gastric 

emptying and gastrointestinal motility. Derivatives and analogues of 2 have 

also been suggested as a suitable bioactive constituent for the above. It was 

anticipated that the effect of compound 2 on post-operative ileus could be via 

inhibition of transforming growth factor-β (TGF-β), cytokines and free radicals 

produced from inflammatory cells.286 

Moreover, compound 2 and its salt form were proposed to be used as an active 

ingredient in the eye and nose drops for treating allergic conjunctivitis and 

rhinitis.287 Initially, only oral administration of compound 2 was applied due to 

its insoluble nature in water, but later as the need arose for topical application 

to use in the eye or nasal drops, aqueous formulations of 2 were 

developed.287,288 Compounds based on the structure 11 (Figure 1.19) were also 

considered as therapeutic agents for treating respiratory, dermatological, 

rheumatic, ophthalmological (corneopathies) and cardiovascular disorders in 

human and veterinary, and in cosmetic products as hair and body hygienic 

agents.289 
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As there are chances for allergic reactions and minor injuries to arise with the 

use of cosmetics and after shaving, application of itch relieving formulations 

in cosmetics provides an optimum condition for skin protection and 

maintenance. Hence, CADs are under investigation for incorporation in 

cosmetics and perfumes to prevent histamine release, and thereby the allergic 

reactions and other related symptoms.272,281
 In addition, CADs were found to 

be suitable for use in hair and scalp care products for reducing or preventing 

scalp damages or diseases linked with pruritus (itch). It has been demonstrated 

that combining anti-dandruff agents with anthranilic acid amides intensifies the 

itch alleviating property. For example, the itch-relieving compound, N-(4-

hydroxydihydrocinnamoyl)anthranilic acid (or dihydroavenanthramide D, 12, 

Figure 1.19) combined with an anti-dandruff agent showed enhanced efficacy 

against the shampoo formulation contained anti-dandruff agent alone. 

Furthermore, the essential general characteristics of active substances, 

including toxicity free concentration range, good skin tolerability, stability, 

odourless and low cost, were all met.290   

 

1.2.2 Anti-collagen, Anti-fibrotic, Anti-proliferative, Anti-cancer and 

Anti-tubulin 

The main element of connective tissue, collagen has an important role in the 

pathogenesis of fibrotic diseases. The production of collagen is rigorously 

controlled by several humoral factors, such as TGF-β, epidermal growth factor 

(EGF), tumour necrosis factor-α (TNF-α), interferon-γ (IFN-γ) and interleukin-

1 (IL-1).291 TGF-β1 is a hormone-like polypeptide that regulates differentiation 

and proliferation of cells, and triggers the formation of extracellular matrix 

proteins like fibronectin and collagen.291 It is known that TGF-β has a major 

role in fibrosis and may cause malfunction of organs leading to pathological 

fibrotic diseases like fibrotic skin disorders (keloids, hypertrophic scars, 

scleroderma), pulmonary fibrosis, heart diseases (ischaemic/valvular/ 

hypertensive heart disease, diabetic cardiomyopathy and hypertension), kidney 

disease (progressive kidney disease resulting from diabetic nephropathy and 

glomerulonephritis), liver disease (cirrhosis)277 and lung fibrosis.292 Pro-

fibrotic growth factors, including TGF-β, connective tissue growth factor 
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(CTGF) and platelet-derived growth factor (PDGF) also have a function of 

stimulating fibrosis in the mesangium leading to development and progression 

of renal diseases.276 Angiotensin II, which is linked to left ventricular fibrosis 

also employs TGF-β1 and attenuation in TGF-β expression reduces the 

increase in weight of the left ventricle (left ventricular hypertrophy) and 

collagen accumulation (fibrosis).293 Therefore, inhibiting TGF-β expression is 

a crucial therapeutic target, and anti-fibrotic drugs will possibly be an approach 

for treating disorders linked with pathological fibrosis.277 It is emphasised that 

in the developed world 45 % of total death may involve pathology of abnormal 

fibrosis, and there are no optimised anti-fibrotic drugs in clinical use.276 

Compound 2 is one of the promising anti-fibrotic agents with the potential to 

block TGF-β, CTGF and PDGF.276 In addition, halogenated derivatives of 

CADs were also considered to be used as novel anti-fibrotic agent, where the 

majority of the derivatives were based on the chemical structure 13 (Figure 

1.20).274 CADs are also being studied to use in the prophylaxis of connective 

tissue degenerative diseases, chronological skin ageing or ageing induced by 

light, and in cicatrisation (scar formation) disorders.289  

 

Figure 1.20: Structure of an anti-fibrotic agent (13).  

 

1.2.2.1 Fibroblasts 

Inflammatory cells, including mast cells, lymphocytes, macrophages and 

monocytes, are known to produce several chemical mediators such as 

cytokines, which mainly contribute to the progression of hypertrophic scars 

and keloids, caused by excess collagen deposition and proliferation of 

connective tissue.294 As compound 2 is free of toxicity, non-specificity and 

cellular uptake obstacles, and being a clinically accepted anti-allergic drug with 

reduced side effects, it is considered to be a useful clinical drug in the treatment 

of keloids.291  
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In cultured human skin fibroblasts, compound 2 (3 - 300 µM) has shown to 

block lipopolysaccharide (1 mg ml-1) induced monocytes-macrophages 

producing chemical mediators, including TGF-β1 and PGE2 responsible for 

collagen synthesis, and IL-1β contributing in the proliferation of fibroblasts. 

Likewise, compound 2 is also known to inhibit the release of IL-1 and IL-2 

from human T-cells and macrophages, and the chemical mediators released 

from antigen-antibody reactions in mast cells and basophils, including 

histamine, prostaglandins, platelet-activating factor and leukotrienes.294 

Compound 2 (300 µM) also inhibited 55 % of type I and type III collagen 

synthesis in pre-treated (48 hours) cultured human skin fibroblasts, and 

selectively reduced the effect of collagen synthesis triggering factor (TGF-β1, 

2.5 ng ml-1), at a pre-translational level and had no effect on other non-collagen 

protein synthesis. Collagen synthesis in scleroderma and keloid fibroblasts was 

inhibited to an equal and higher level, correspondingly, in comparison to 

normal skin fibroblasts. It was reported that compound 2 at 300 µM showed no 

signs of toxicity and did not affect the non-collagen protein synthesis or the β-

actin mRNA content under the conditions tested, and the synthesis of collagen 

was reinstated to its normal level on removal of the drug.291 

Importantly, selective inhibition of the synthesis of collagen by CAD 2 was 

observed only in high passages (8 to 10) of normal, keloid and scleroderma 

skin fibroblasts. Whereas, with initial passages (1 to 2) there were no 

significant influence and were resistant to compound 2. The result suggested 

that collagen inhibition was dependent on cellular ageing, and as the number 

of passages increased compound 2 resistant cell phenotype was lost. In vitro, 

cells lose several phenotypes during ageing, for example, superoxide dismutase 

(SOD) enzyme is linked with cellular ageing. Compound 2 (100 µg ml-1) has 

also been reported to inhibit generation of ROS. Hence from these evidences, 

it was theorised that anti-fibrotic activity of 2 is via its anti-oxidant property, 

since the high-passaged fibroblasts those lacking anti-oxidant properties turned 

out to be responsive to the drug. Synthesis of collagen in hepatocytes and skin 

fibroblasts is stimulated two-three fold by the superoxide anion produced by 

dihydroxyfumarate.292 CAD 2 has also been described to inhibit proliferation 

of several other fibroblasts, including oral squamous cell carcinoma in mice 



58 
 

fibrous tissue, gastric fibroblasts in mouse, pterygium-derived fibroblasts in 

human and dermal fibroblasts in rabbits.295  

 

1.2.2.2 Diabetic cardiac disease and Gilbert's syndrome 

In an experimental model it was shown that CAD 2 attenuates collagen 

synthesis induced by TGF-β in cardiac fibroblasts in diabetic cardiac disease. 

Compound 2 and its metabolite N3 (4-desmethyl-tranilast) inhibits uridine 5′-

diphospho-glucuronosyltransferase family 1 member A1 (UGT1A1, a gene 

related to Gilbert's syndrome) that results in abnormal metabolism of bilirubin 

and its deposition.274,277 Even though the exact mechanisms and action of 2 are 

not completely known, its capability to block the major intermediate, 

extracellular-signal regulated kinase (ERK) phosphorylation in the TGF-β 

signalling pathway is probably due to its anti-fibrotic activity, which is known 

from its ability to inhibit extracellular matrix production induced by TGF-β in 

various types of cells.277  

 

1.2.2.3 Mesenteric vascular hypertrophy and Diabetic nephropathy 

In diabetic rats, CAD 2 (200 mg/kg per day) has shown to prevent mesenteric 

vascular hypertrophy.296 Diabetic rats administered with CAD 2 (400 mg/kg 

per day) have also shown to significantly lessen the mesenteric vessel fibrosis 

and chymase mast cells, induced by diabetes. A mechanism accompanying the 

action of compound 2, in this case was by stabilisation of mast cells that results 

in reduction of TGF-β and proteases (tryptase and chymase proteolytic 

enzymes). It has been stated that there are correlations between the number of 

mast cells and the development of vascular hypertrophy and diabetic 

nephropathy.297 CAD 2 possesses potential therapeutic value for treating 

advanced and possibly early-stage diabetic nephropathy by reducing collagen 

deposition in renal tissues.298  

It has been found that, reducing fibrosis in kidneys of diabetes patients by 

intake of 2 could delay and/or prevent kidney dysfunction. Various novel 

derivatives of 2 with higher potency and lower toxicity were examined for 

TGF-β inhibition properties in renal mesangial cells. Among several CADs 

evaluated, N-(3-methoxy-4-propargyloxycinnamoyl)anthranilic acid (14, 
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Figure 1.21) has shown to significantly reduce albuminuria in rats with 

hypertensive diabetes, and hence this derivative was considered as a lead 

compound in anti-fibrotic drug discovery for the treatment of diabetic 

nephropathy. This compound also had exceptional metabolic stability and 

enhanced in vivo activity relative to compound 2. The compound 14 at 30 and 

100 µM inhibited collagen synthesis induced by TGF-β by 55-70 % and 80-

100 %, whereas only inhibitions of 40 and 70 % were observed with compound 

2, respectively.276 With respect to SAR, the carboxylic acid and α,β-unsaturated 

bond were identified as essential functional groups required to exhibit 

increased inhibition activity. The activity was reduced in the absence of 

carboxylic acid group or in the presence of alternative groups such as a primary 

amide (-CONH2), and similarly compounds without an α,β-unsaturated bond 

were inactive in the study.276   

 

Figure 1.21: Structure of a collagen synthesis inhibitor (14). 

 

Among several CADs tested, compound 14 was also found to possess strong 

therapeutic effect for treating or preventing fibrotic diseases characterised by 

neoplastic (benign or malignant) and inflammatory diseases or conditions such 

as bronchial asthma, rheumatoid arthritis, allergic rhinitis, multiple sclerosis, 

inflammatory bowel syndrome, type I and type II diabetes, transplant rejection 

and systemic lupus erythematosus.277     

 

1.2.2.4 Glomerulonephritis  

Monocyte chemoattractant protein-1 (MCP-1) mainly stimulates and employs 

macrophages and monocytes at the inflammatory sites, and plays an important 

part in glomerulonephritis progression. Jun N-terminal kinase (JNK), p38 

kinase and ERK are the three subgroups of mitogen-activated protein (MAP) 

kinases. In mesangial cells, IL-1β stimulates MAP kinases, and only p38 kinase 

is said to be essential for the expression of MCP-1, whereas in other types of 
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cells all three MAP kinases participate in the stimulation of the transcriptional 

regulator nuclear factor-κB (NF-κB) of MCP-1.299 Compound 2 (30 - 300 µM) 

attenuated IL-1β cytokine mediated (0.2 nM) NF-κB dependent transcription 

and inhibited JNK stimulation specifically among other MAP kinases, in a 

dose-dependent manner, and thereby led to partial inhibition of MCP-1 in rat 

mesangial cells. This study concluded that the anti-chemokine property of 

compound 2 may lead it to act as a potential glomerulonephritis therapeutic 

agent.299  

 

1.2.2.5 Restenosis 

It has been reported that CAD 2 is likely to prevent the occurrence of 

angiographic restenosis following percutaneous transluminal coronary 

angioplasty (PTCA) revascularisation, based on the findings that it has 

significantly reduced the restenosis after coronary stenting, directional 

coronary atherectomy and conventional balloon-angioplasty. Clinical trials are 

ongoing in order to measure the clinical activity of the compound on 

angiographic and intravascular ultrasound results of restenosis.300-302 

It was revealed from an in vitro study conducted on vascular smooth muscle 

cells (VSMC) of spontaneously hypertensive rats that compound 2 (30 - 300 

µM) inhibits proliferation provoked by fetal bovine serum (FBS) and the 

growth factors PDGF-BB and TGF-β1. It also inhibited spontaneous and TGF-

β1 induced collagen synthesis, and the synthesis of glycosaminoglycan. 

Overall, these findings proposed that occurrence of restenosis followed by 

PTCA could be prevented with the use of compound 2.303  

PTCA is a treatment given to patients with coronary artery disease/disorder. 

Within three to six months following PTCA, restenosis develop from VSMC 

proliferation and excess production of extracellular matrix. Several cytokines 

and growth factors, mainly TGF-β1 and PDGF, are known to participate in the 

mechanism of restenosis development.303 As proposed, in a double blind trial 

CAD 2 (600 mg per day for three months) has proven to be effective (potent) 

in blocking occurrence of restenosis following PTCA.304 Compound 2 

decreased the occurrence of restenosis following angioplasty in human clinical 

trials.305   
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It has been demonstrated on a rat carotid artery after balloon injury, that the 

injury-induced rise in mRNAs encoding (transcriptional mechanisms) TGF-β 

isoforms (TGF-β1, TGF-β3), its receptors (type I: activin receptor-like kinases 

ALK-2 and ALK-5; and type II: TβRII) and integrins (αv and β3) linked 

upregulation can be inhibited by compound 2 in a dose-dependent manner and 

the effect of the compound was found to be reversible.305  

In restenosis and development of atherosclerosis, migration and proliferation 

of smooth muscle cells play a crucial role. Following an arterial injury, smooth 

muscle cells migrate into the innermost layer (intima) of the arterial wall, and 

proliferate and produce extracellular matrix constituents. Since selective 

inhibitions of smooth muscle and endothelial cells proliferation are necessary 

to treat restenosis, CADs with anti-proliferative activity were evaluated against 

proliferation induced by PDGF-BB (20 ng ml-1) and FBS (5 %) in human 

coronary artery endothelial and smooth muscle cells, correspondingly. Among 

a series of derivatives, compound 15 (Figure 1.22) had greater potency and 

cell selectivity compared to 2. The IC50 values obtained for smooth muscle cells 

and endothelial cells with 15 were 1 and 4 µM, whereas with 2 the values were 

25 and 19 µM, respectively.306 CAD 2 also inhibits intimal hyperplasia on 

femoral artery following endothelial injury induced photochemically in 

spontaneously hypertensive rats,303 and  significantly antagonised the 

formation of neointimal hyperplasia at 300 mg/kg per day.300 

 

 

Figure 1.22: Structure of an anti-proliferative compound (15).   

 

1.2.2.6 Coronary arteriosclerosis  

CAD 2, on oral administration, significantly attenuated the progression of 

coronary arteriosclerosis in a cardiac transplanted mouse model. In the model 

pre-treated with 2, the cyclin-dependent kinase inhibitor p21 was observed to 

be upregulated in cardiac allografts along with a decrease in the number of cells 
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proliferated. It also inhibited the expression of TGF-β on cardiac allografts of 

murine and demonstrated its anti-inflammatory property. These findings 

suggested that the anti-proliferative and anti-inflammatory properties of 2 

could prevent arteriosclerosis resulting from transplantation, and thereby be 

useful in the prophylaxis of allograft vasculopathy.300   

 

1.2.2.7 Nifedipine induced proliferation  

Nifedipine is a Ca2+ channel antagonist. It causes excess growth of gingival 

cells as a side effect due to increased [Ca2+]i levels, excess formation of type 1 

collagen and secretion of basic fibroblast growth factor (bFGF) cytokine. 

Nifedipine (10 µM) triggered proliferation of human gingival fibroblasts in 

vitro was significantly inhibited by compound 2 (100 µM) through 

antagonising the secretion of bFGF.295   

 

1.2.2.8 Cancer and Tubulin 

Reduction of TGF-β expression in glioma cells together with inhibition of 

chemotactic responses, invasiveness and migration by compound 2 revealed its 

therapeutic benefits for treating human malignant glioma.307 CADs have been 

reported to be of potent antagonists of FMS-like tyrosine kinase 3 (FLT3), 

which is expected to participate in the maintenance of haematopoietic 

progenitor cell proliferation and survival. Stimulation or unusual expression of 

FLT3 is known to be linked with various haematopoietic conditions like 

myelogenous leukaemia, for which CADs could be therapeutically 

beneficial.288,308    

A new series of CADs have been discovered as anti-tubulin agents from the 

anti-proliferative activity exhibited on various types of cancer cells, in vitro. 

From a series of compounds evaluated initially in human chronic myelogenous 

leukaemia K562 cell line for anti-leukaemic activity, compounds 16a - 16e 

(Figure 1.23) showed effective anti-proliferative activity. Further, these 

compounds were particularly chosen and evaluated by the National Cancer 

Institute (NCI) in approximately sixty different human cancer cell lines from 

seven different types of cancer: leukaemia, melanoma, brain, colon, ovarian, 

renal and lung. In all cell lines, compounds 16a - 16e inhibited 50 % growth at 
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micromolar concentrations (Figure 1.23). Among the substituents (R1) at 5′ 

position on benzamido of 16, iodo-substituted derivative (16d) was found to be 

the most potent (IC50 0.57 µM).309   

 

Figure 1.23: Compounds 16a - 16e with anti-proliferative activity against cancer cells. 

 

In a further study to understand the SAR, new classes of CADs of structures 

17 (Figure 1.24) were evaluated in vitro for anti-proliferative activity in five 

different human tumour cell lines of four cancer types: human chronic 

myelogenous leukaemia (K562), colon (HT29 and HCT116), non-small cell 

lung (NCI H460) and breast (MCF-7). Among which, compound 17a (Figure 

1.24) showed the greatest anti-proliferative activity in all five cell lines (K562 

80.0 ± 0.2, HT29 85.0 ± 0.3, HCT116 49.9 ± 0.6, NCI H460 40 ± 4 and MCF-

7 45 ± 4 % growth inhibition). In general, substituting the α,β-double bond with 

a single or a triple bond had only slight difference in the inhibitory effect, where 

on average, single bond substitution had the lowest (38 % at 10 µM) and triple 

bond substitution had the highest (48 % at 10 µM) inhibitions of cell growth 

(K562 cells). Regardless of the substituent groups, substitution at 4′ position 

on benzamido of 17 with α,β-double bond lowered the growth of K562 cells. 

Unsubstituted saturated (single bond) compound 17 showed lowest activity, 

while derivatives with methoxy or chloro substituent at 5′ position on 

benzamido ring showed the most inhibition against K562.310  

 

Figure 1.24: Derivatives of compound 17 with anti-proliferative activity against cancer cells. 
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1.2.3 Anti-inflammatory  

NF-κB is a proinflammatory transcription factor required for the generation of 

many proinflammatory genes, including cytokines (immunological mediators, 

viral enhancers, TNF-α, TNF-β, IFN-β, IL-2, IL-6, IL-8, etc.) and endothelial 

adhesion molecules (vascular cell adhesion molecule-1 (VCAM-1), 

intercellular adhesion molecule-1 (ICAM-1) and E-selectin). When adhesion 

molecules are expressed, they induce adhesion of lymphocytes, granulocytes 

and monocytes onto endothelium.311 

CAD 2 prevents vascular inflammation by inhibiting NF-κB mediated 

transcriptional stimulation of endothelial cell adhesion molecules. The 

compound at a concentration of 100 µg ml-1 inhibited the expression of 

endothelial adhesion molecules (VCAM-1 38 ± 7 %, ICAM-1 32 ± 2 %, and 

E-selectin 32 ± 2 %) induced by TNF-α, and the activities of ICAM-1-κB and 

E-selectin-κB reporter genes. Secretion of IL-6 was also blocked by the 

compound. The expression of cyclic adenosine monophosphate (cAMP) 

response element-binding protein (CREB) transcriptional coactivator was 

antagonised by compound 2 (50 µg ml-1), which resulted in suppression of 

interaction between CREB and NF-κB. Therefore, it was proposed that the anti-

inflammatory property of 2 was due to inhibition of endothelial cell adhesion 

molecules expression and inhibition of IL-6 secretion.311  

CAD 2 has also shown to significantly decrease post-surgical adhesion 

formation (post-operative peritoneal adhesions) in rabbit models when applied 

topically, but was ineffective on oral administration. Whereas, in a double 

uterine horn model it has shown to be effective on controlled slow 

intraperitoneal release using biodegradable fibres, in which the efficacy of the 

compound was improved. Among several delivery systems, this approach was 

specified as an appropriate method of administration for clinical testing, and 

was also reported to be free of safety issues. It was reported that the 

contribution of 2 on the reduction of post-surgical adhesion formations was 

through the inhibition of TGF-β.312  
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1.2.4 Anti-oxidant 

There are suggestions that the inhibitory effects of CAD 2 on fibrosis could 

possibly be due to suppression of stimulated macrophages which liberate nitric 

oxide (•NO) or alternatively through regulation of inducible nitric oxide 

synthase (iNOS). Later it was found that the activity and expression of 

microglial iNOS induced by bacterial endotoxin lipopolysaccharide and IFN-γ 

were reduced by the compound.288 Taken together, this shows that compound 

2 has a role as a protecting mediator against excess production of ROS 

including NO.288,313 

In addition, the anti-oxidant property of CAD 2 was revealed in experimental 

studies using xanthine-xanthine oxidase system and zymosan-induced 

polymorphonuclear leukocytes, in vitro. In both systems, the compound (100 

µg ml-1) significantly reduced the production of ROS such as hydroxyl radical 

(•OH) and H2O2. It was anticipated that this newly identified effect of 2 could 

be through direct inhibitions of xanthine oxidase and/or nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase activities.313 

 

1.2.5 Anti-angiogenesis 

Though the growth factors, TGF-β, FGF and hepatocyte growth factor (HGF) 

were determined to control angiogenesis, vascular endothelial growth factor 

(VEGF) has been reported as a specific and potent angiogenic factor.314 CAD 

2 (200 and 400 mg/kg) potently inhibited angiogenesis induced by vascular 

permeability factor (VPF) or VEGF, and increased the vascular permeability, 

in a dose-dependent manner in rats. In addition to improving excess 

angiogenesis, the compound could also participate in antagonising 

VEGF/VPF-induced excess exudate production and tissue oedema. It is also 

known to inhibit increases in vascular permeability induced by bradykinin, 

carrageenin and xanthine oxidase.315 Hence, CADs could be potentially used 

in the treatment of diseases linked with angiogenesis such as rheumatoid 

arthritis, diabetic retinopathy, tumour metaplasia, psoriasis and age-related 

macular degeneration.314,315  

Compound 2 non-competitively inhibited the angiotensin II-stimulated 

contraction in aortic strips of rabbit (IC50 212 µM) and the binding of 125I-
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labelled angiotensin II radioligand to the angiotensin AT1 receptor sites in the 

membranes of rat liver (IC50 289 µM). The compound (100 and 300 µM) 

antagonised the Ca2+ efflux induced by angiotensin II (10-8 M) and had no 

effect on inositol triphosphates (IP3) formed via PDGF inducement that results 

in increased [Ca2+]i in human VSMC. These outcomes revealed the non-

competitive insurmountable weak antagonism of compound 2 on angiotensin 

AT1 receptors.304  

 

1.2.6 Anti-microbial 

Bad breath (foetor oris or halitosis) is produced by the breakdown of food 

particles and dead cells of mucous membrane, by the normal human oral 

microflora in the mucous membrane in the mouth and pharynx. The harmless 

non-pathogenic microorganisms present in the oral cavity protect against 

pathogenic organisms. However, the anaerobic Gram-negative bacteria are 

known to be the important cause for halitosis. CADs have been under 

investigations as anti-microbial agents against Gram-negative and Gram-

positive bacteria for potential use in oral hygienic products to inhibit/prevent 

the growth and/or to destroy such microorganisms, and thereby to cure bad 

breath.316  

In particular, CADs were capable of diminishing and/or abolishing the growth 

of the Gram-negative organisms, which include Fusobacterium nucleatum, 

Porphyromonas endodontalis, Porphyromonas gingivalis, Prevotella 

intermedia, Prevotella loeschii, Treponema denticola and Veillonella parvula. 

CADs effectively diminished or abolished the evolution of bad breath or 

blocked its formation, and were very effective against morning bad breath, 

probably by inhibiting or preventing the growth of microorganisms in the oral 

cavity and pharynx. Hence, CADs could be utilised for enhancing dental and 

oral hygiene, including controlling or preventing formation of plaque, tartar, 

dental decay and bad breath.316 

In the study,316 methoxy- and hydroxy- substituents at different positions on 

the biaromatic rings of compound 1 were considered. However, the 

unsubstituted compound 1 on its own showed the highest activity at the lowest 

minimum effective concentration (10 ppm) at which smell could not be 
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detected. Physiological oral- and pharynx-microflora were not noticeably 

harmed by the use of these compounds in the oral hygienic products. The 

maximum concentration (10000 ppm) at which these compounds were used for 

the preparation of the oral hygienic products had a neutral taste, and hence did 

not alter the overall inherent taste of the products, thus making them suitable 

for the purpose.316  

 

1.2.7 Insulin secretion inhibitor 

N-(4-Amylcinnamoyl)anthranilic acid (ACA, 18, Figure 1.25) was capable of 

inhibiting glucose-, glyceraldehyde- and α-ketoisocaproic-induced insulin 

secretion. CAD 18 completely abolishes glucose-induced accumulation of 

arachidonate in islets without affecting PLC, and expressing its specificity for 

PLA2. Arachidonate is known to regulate voltage-dependent Ca2+ channels 

present in the islet cell membrane. A rise in arachidonate concentration 

depolarises Ca2+ channels and results in an influx of extracellular Ca2+. The 

compound dose-dependently inhibited glucose-induced secretion of insulin 

without any signs of toxicity. The effective concentrations of 18 to antagonise 

insulin secretion induced by glucose (28 mM) was 100 µM, and glyceraldehyde 

(15 mM) and α-ketoisocaproic (15 mM) were 75 µM.317 It was reported that 18 

blocks glucose-induced insulin secretion in islets via stimulation of K+ efflux 

resulting in opening of ATP-sensitive K+ channels.318 

 

Figure 1.25: N-(4-Amylcinnamoyl)anthranilic acid (ACA, 18) - an insulin secretion and PLA2 

inhibitor. 

 

In addition, the anti-angiogenesis and anti-inflammatory activities via 

inhibition of inflammatory cytokines, and the anti-oxidant activity of 

compound 2 are considered to be a possible therapeutic agent for inhibiting 

insulin resistance, as overexpression of inflammatory markers (TGF-β, TNF-

α, IL-2, IL-6, IL-1β, MCP-1 and plasminogen activator inhibitor 1 (PAI-1)) 

and oxidative stress are known to be involved in insulin resistance 

inflammatory disease.319  
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1.2.8 Smooth muscle contraction inhibitor 

CADs having pharmacological properties are under investigation for treating 

disorders linked with contraction of smooth muscle, including contraction of 

the urinary tract, gastrointestinal tract, congestive heart failure, peripheral 

vascular disease, cerebrovascular disease, neurodegenerative disease, etc., via 

modulation of K+ and Cl‾ channels. K+ channel modulators are essential in 

treating cardiovascular, metabolic and the CNS disorders. Diseases such as 

bronchial asthma, cystic fibrosis, renal disease and cardiac dysrhythmia, 

however, can be controlled by modulating the Cl‾ channels.320  

The effect of CAD 2 on the mobilisation of Ca2+ and contraction of the 

coronary arteries and vascular smooth muscles were investigated on coronary 

artery strips of porcine smooth muscle and on aortic strips of rat, in vitro, 

respectively. Compound 2 (0 - 500 µM) significantly antagonised the 

contraction of coronary artery smooth muscle mediated by the vasoactive agent 

histamine (300 mM) and increased K+ (30 mM). Similarly, the compound 

antagonised the elevated Ca2+ and thereby the contraction (increased tension) 

of vascular smooth muscle induced by endothelin-1 and increased K+, in a 

dose-dependent manner.321,322 The tonic and phasic rises in [Ca2+]i mediated by 

histamine, and the tonic rise in [Ca2+]i caused by elevated levels of K+ in 

smooth muscle were significantly inhibited by compound 2.321  

At 100 and 500 µM doses of compound 2, histamine (1 mM) induced 

contraction was reduced by 25 and 65 %, and the increase in K+ induced 

contraction was reduced to 68 ± 7 and 10 ± 2 %, respectively.321 Aortic strips 

pre-treated with 100 µM of compound 2 significantly attenuated, the 

endothelin-1 (300 µM) induced contraction by 34 %, and the increased K+ 

(KCl, 50 mM) induced tension caused by direct depolarisation of smooth 

muscle.322 The normal state of the coronary artery was regained once the 

compound was removed, and the effect was proven to be a specific 

pharmacological activity and not due to cytotoxic effects. These findings 

demonstrated that inhibition of both influx and efflux of Ca2+ from extracellular 

environment and intracellular Ca2+ stores by compound 2 prevents contraction 

of coronary arteries, and which may also be linked to the prevention of 

restenosis after PTCA.321,322 
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The compounds of formula 19 (Figure 1.26) and their corresponding salts were 

reported to act as smooth muscle relaxants by activating the K+ channels and 

blocking the Cl‾ channels. Among several compounds tested, compound 19a 

(30 mg/kg, Figure 1.26) was identified to be more effective in decreasing 

spontaneous contractions in a rat bladder hypertrophy in vivo model. The IC50 

values obtained with compound 19a in bladder and aorta were 0.5 ± 0.2 and 3 

± 2 µM, whereas compound 2 was neither potent nor a selective muscle 

relaxant and its IC50 were 14 ± 5 and 16 ± 9 µM, correspondingly.320 Though 

the compounds were characterised to be of potent smooth muscle relaxants in 

vitro, it was postulated that some of the modulators to be active in vivo too from 

the activity seen in a rat bladder hypertrophy model. This series of distinctive 

compounds were selective for bladder than vascular tissue. It was also found 

that compound 19b (Figure 1.26) had the ability to activate the maxi K+ 

channel in rat bladder cells along with the capability to block the contractions 

induced by potassium chloride (KCl) on tissues, in vitro. Thereby these 

compounds have shown a pronounced effect on inducing smooth muscle 

relaxation.320 

 

Figure 1.26: Smooth muscle relaxants (19, 19a and 19b). 

 

In order to evaluate the blocking effects on cystic fibrosis transregulatory 

(CFTR) chloride channel and swelling, derivatives of compound 19 were also 

screened in normal human bronchiolar epithelial cells and in guinea pig bladder 

cells, from which compound 19b was identified to have 85 and 71 % inhibitions 

at 20 µM, respectively, and the effects were reversible.320 
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1.2.9 Multinucleated giant cell inhibitor 

Histologically multinucleated giant cells (MGCs) are a cell type generated in 

granulomatous lesions. Granulomatous diseases include cutaneous sarcoidosis, 

granuloma annulare and cheilitis granulomatosis. In vitro studies were 

undertaken to examine the activity of CAD 2 on the formation of MGCs from 

human peripheral monocytes. Compound 2 (10 and 100 µg ml-1) significantly 

reduced the formation of total MGCs (fusion index = 86 ± 3 and 65 ± 6 %) and 

the foreign body-type MGCs (fusion index = 56 ± 4 and 29 ± 8 %), and slightly 

increased the Langhans-type MGCs (fusion index = 30 ± 6 and 37 ± 6 %) from 

human mononuclear cells activated by concanavalin A-stimulated lymphocyte 

supernatants. The compound raised the number of MGCs with three-five nuclei 

and lowered the MGCs with more than sixteen nuclei. Also monocytes treated 

with the compound showed reduced expressions of ICAM-1, which is known 

to play a pivotal role in the generation of MGCs. These results indicated 

compound 2 to have a direct effect on monocyte macrophage-lineage cells.323  

 

1.2.10 Telomerase inhibitor 

Telomers are the endings of the eukaryotic chromosomes that have repetitive 

nucleotide sequences, which is required for the structure and function of 

chromosomes. During each turn of DNA replication, a definite length of 

telomers is lost from linear chromosomes. As a cell undergoes several cell 

divisions there will be an abundant reduction in telomeric DNA, which limits 

the replication of somatic cells. However, in greater than 85 % of human 

tumours, the telomerase enzyme is reactivated to compensate the telomers loss, 

which results in infinite replication. The carboxylic acid amides 20 and 21 

(Figure 1.27) are some examples of telomerase inhibitors being useful as a 

therapeutic agent for treating diseases characterised with increased telomerase 

levels, for example, sarcomas, leukaemia and carcinomas.324 The derivatives 

20 and 21 were also suitable for treating diseases caused by parasites (worm 

and fungal) and protozoan (Ciliata, Rhizopoda, Sporozoa, Zooflagellata, etc.) 

pathogens in human and animals.324 
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Figure 1.27: Telomerase inhibitors (20 and 21).    

 

1.2.11 Matrixins inhibitor 

Matrix metalloproteases (matrixins or MMPs) are zinc-dependent proteases 

involved in the degradation/regulation of extracellular matrix, and matrix 

metalloprotease 13 (MMP-13) is a collagenase. These enzymes are 

overexpressed in cancer cells and are believed to participate in metastasis and 

proliferation. In rheumatoid arthritis and osteoarthritis, the imbalance between 

MMP and endogenous metalloproteases tissue inhibitor results in excess MMP 

causing damage to cartilage and bone. Hence it is anticipated that inhibiting 

excess MMPs may prevent progression of diseases such as cancer, rheumatoid 

arthritis and osteoarthritis. In osteoarthritis, the levels of IL-1 and TNF-α also 

rise, and cause degradation of the extracellular matrix. On the other hand, the 

production of MMP is increased by type II collagen and fibronectin 

degradation products resulting in progressive matrix degradation in the joints. 

It is known that MMP-13 plays an important part in the type II collagen 

cleavage. Derivatives of compound 22 (Figure 1.28) possess antagonising 

effect on MMP-13 production and are under investigation for use in the 

treatment of diseases, such as osteoarthritis, articular rheumatism, cancer, etc., 

those related to MMP-13 production.325    

 

Figure 1.28: Matrix metalloproteases inhibitor (22).  
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1.2.12 PLA2 and TRP channel blocker 

TRP channels are involved in cellular calcium signalling, and thus participate 

in contraction of smooth muscle, release of transmitters, cell proliferation and 

gene transcription. Compound 23 (ONO-RS-082, Figure 1.29) was utilised as 

a PLA2 inhibitor to examine the signalling cascades triggered by epinephrine 

in human platelets,326 where a rise in thromboxane B2 and phosphatidic acid 

production was attenuated by the compound (3.5 µM). The compound also 

attenuated the receptor-induced [Ca2+]i and the resulting myosin light chains 

phosphorylation in vascular smooth muscle cells.  

 

Figure 1.29: A PLA2 inhibitor (23). 

 

Compound 18 is also used as a broad-spectrum PLA2 blocker to study AA 

mediated modulation of the TRPM2 cation channel and was characterised as a 

novel TRPM2 inhibitor (IC50 4.5 μM) from electrophysiological 

measurements. Compound 18 not only inhibited TRPM2, but also directly 

blocked other TRP channels, including TRPM8 (IC50 3.9 μM), TRPC3 (IC 20 

μM), TRPC6 (IC50 2.3 μM) and TRPV1 (IC >20 μM).327  

AA is an omnipresent cellular mediator released by PLA2 enzymes from 

phospholipids. The activities of a range of proteins including GPCRs are 

modulated by AA and the resulting metabolites from cyclooxygenase (COX), 

lipoxygenase (LOX) or CYP450 enzyme reactions. PLA2 enzymes are 

categorised by their intra- (cytosolic) and extra- (secreted) forms, their 

specificity to PLA2 blockers, and calcium-dependent regulation. 

As compounds 18 and 23 were characterised as PLA2 antagonist, the observed 

biological effects of the compounds were deduced to be the responses triggered 

by PLA2. It was suggested that the effects of these two compounds were the 

result of blocking TRP channels, as both TRPC6 and TRPM4 channels are 

known to be involved in smooth muscle contraction and since compound 18 

had shown to inhibit TRP channels. Compounds 18 and 23 also antagonised 

histamine release induced by substance P from mast cells,328 PGE2 production 
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induced by endothelin 1 in mesangial cells,329 and secretion of lung 

surfactant327,330 

It is known that vanilloid receptor 1 (VR1 or TRPV1) maintain efferent and 

afferent functions of sensory nerves, and therefore it is anticipated that diseases 

involving sensory nerves in the pain pathway can be treated by modulating 

TRPV1. The majority of derivatives based on the compound structure 24 

(Figure 1.30) were tested as TRPV1 modulators (ligands) for treating TRPV1 

triggered disorders. These TRPV1 modulators (agonists and antagonists) could 

be used as anaesthetics and anti-inflammatory agents for treating 

neuropathic/inflammatory/acute pain (allodynia and hyperalgesia) and chronic 

inflammatory disorders.331    

 

Figure 1.30: The core structure of TRPV1 modulators (24). 

 

1.2.13 Niacin receptor agonists  

Nicotinic acid (niacin, vitamin B3) is a drug used clinically for more than 40 

years for the treatment of various dyslipidaemia. Nicotinic acid alters 

lipoprotein levels in a favourable way by inhibiting the hormone-sensitive 

triglyceride lipase (HSL) that lowers the non-esterified fatty acids (NEFA) in 

plasma, thereby reducing the very low- and low density lipoproteins (VLDL 

and LDL) while increasing the high density lipoproteins (HDL).  

CADs 3 and 25 - 28 (Figure 1.31) are used as active compounds in 

pharmaceutical compositions for treating diseases associated with deactivation 

of the activity of G-protein coupled nicotinic acid receptors HM74A, where 

activation of receptors is advantageous. These HM74A agonists were reported 

to be useful in both veterinary and human medicaments.332 In further studies, 

the majority of derivatives possessing the core structures 29333 and 30334 

(Figure 1.31) were revealed to be of effective serum lipid levels regulating 

niacin receptor agonists. 
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Figure 1.31: Niacin receptor agonists (25 - 30). 

 

1.2.14 Apolipoprotein enhancer 

Lipoproteins contain predominantly lipids and proteins known as apoprotein. 

Apolipoprotein A1 (apoA1) is an apoprotein of HDL. The level of good 

cholesterol, HDL, in plasma increases with increase in apoA1 production in 

serum by enhanced expression of the apoA1 gene. In an experimental study, 

CADs were shown to be effective in improving apoA1 expression, which 

stimulates the activity of HDL reverse cholesterol transport system, and the 

anti-inflammatory and anti-coagulant activities. Hence, CADs have 

pharmaceutical benefits in compositions of medicaments for treating or 

preventing various diseases related to HDL such as dyslipidaemia (lower level 

of serum HDL, hypertriglyceridemia and hypocholesteraemia) and 

arteriosclerotic diseases (arteriosclerosis, cardiac incompetence, myocardial 

infarction and several other cardiovascular diseases).335   

 

1.2.15 B-cell and T-cell modulators 

Rheumatoid arthritis is an inflammatory disease classified by the attack of 

immune response/complexes, which triggers and intensifies the inflammatory 

response. As a result, damages to the synovial membrane and connective 

tissues mostly in the joints occur. Inflammation is known to be the consequence 
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of accumulation of immune molecules and cells at a target site. Hence as 

inflammation exacerbates, B cells and T cells are detected at the site, where 

they interact and produce immunoglobulins, persisting the immune-complex 

syndrome.336 TH1 and TH2 cells are immune cells those express T cell receptor 

along with CD4. TH cells those produce particularly TNF-α, IFN-γ, IL-2 and 

triggers cell induced/inflammatory immune responses are known as TH1, and 

those particularly produce IL-4, IL-5, IL-10 and triggers humoral responses are 

known as TH2.337 

CAD 2 and derivatives of general formula 31 (Figure 1.32) were reported to 

downregulate the harmful B cell (B lymphocyte) functioning particularly in 

autoimmune conditions like rheumatoid arthritis (synovial inflammation) and 

B cell proliferation, and the TH1 cell functioning. Compound 2 effectively 

downregulates the response of TH1 by skewing the TH1 autoimmune responses 

to TH2 response by upregulating the production of TH2 cytokine. These 

findings appear to be of great importance, as CADs provides selective 

controlling towards the immune responses of B cells and TH1 cells, where the 

conventional immunosuppression related side-effects that downregulate the 

function of all immune cells can be avoided.336,337 

 

 

Figure 1.32: The core structure of B-cell and T-cell modulators (31). 

 

Compound 2 (100 - 400 mg/kg per day given for 10 days) has attenuated type 

II collagen-induced arthritis in a mouse model (swelling of mice paw) in a 

concentration-dependent manner, by reducing synovitis level, loss of cartilage 

and erosion of bone. Compound 2 (100 µg ml-1) has also revealed its potent 

anti-proliferative activity in vitro by inhibiting the B cell proliferation induced 

by lipopolysaccharide, anti-CD40 or anti-IgM antibody. In vitro, it has shown 

to inhibit the anti-CD40 and anti-CD3/CD28 induced proliferation of B cells 
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(IC50 73 µM) and T cells (IC50 28 µM), and the production of anti-type II 

collagen IgG1 antibody in mice.336  

 

1.2.16 Neuroregeneration and neuroprotection 

Analogues of N-cinnamoylanthranilates have been considered as therapeutic 

agents in the treatment or prevention of motor neuron and neurodegenerative 

diseases, including ALS and Parkinson's disease, that is caused by the loss of 

motoneurons and/or dopaminergic neurons, or due to general tissue loss from 

the substantia nigra.338 CADs were also considered for use in the prophylaxis 

of neuroregeneration and neuroprotection by improving or stimulating 

neurogenesis, and moreover in stem cell therapy using in vitro treated 

differentiated stem cells.288   

Surprisingly, the derivatives 1 - 3 and analogues of CADs have shown to 

improve or trigger neurogenesis by producing new neurons from neuronal stem 

cells and by preventing neurodegeneration. These derivatives have also 

revealed their valuable anti-apoptotic neuroprotective action in treating 

progressive neuronal loss at later stage, by reversing the loss that has already 

happened and thereby improving the survival of neurons. All these compounds 

have also shown to significantly activate the differentiation of neuronal stem 

cells and anti-apoptotic effects, and were found to be of valuable in the 

treatment of neurological conditions.288  

 

1.2.17 Biosynthesis of N-cinnamoylanthranilates 

Biosynthesis of medicaments using microbes is an alternative eco-friendly 

synthetic approach to the common conventional chemical synthesis. It is 

known that in plants like oats, a few analogues of N-cinnamoylanthranilates 

are made naturally via amine condensation on coupling of anthranilic acid with 

different hydroxycinnamoyl-coenzyme A conjugates. With this knowledge, 

potential biosynthesis strategy for producing CADs by enzymatic reactions in 

engineered yeast strain has been demonstrated, by which natural and non-

natural compounds could be synthesised as shown in Scheme 1.2.339-342  
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Scheme 1.2: Biosynthesis of N-cinnamoylanthranilates. The genes encoding enzymes 4-

coumaroyl:CoA ligase 5 (4CL5) and hydroxycinnamoyl/benzoyl-CoA/anthranilate N-

hydroxycinnamoylbenzoyltransferase (HCBT) from plant species, Arabidopsis thaliana and 

Dianthus caryophyllus were engineered into the microbial yeast, Saccharomyces cerevisiae, 

and various mixtures of anthranilates and cinnamic acid derivatives were supplied 

exogenously, and incubated at 30 °C with agitation (200 rpm) for 24 hours to produce different 

defined CADs. During the incubation period, cinnamic acids (donors) are converted into 

coumaryl-CoA thioesters by 4CL5 and coupled to anthranilic acids (acceptors) by HCBT. 

Using this approach more than seventy cinnamoyl and dihydrocinnamoyl anthranilate 

derivatives have been reported to be synthesised.339-342 

 

On the other hand, biosynthetic pathway for producing hydroxycinnamoyl 

anthranilates (Avn) and possibly other derivatives, from glucose in Escherichia 

coli (E. coli) microbes was reported. In this case, 4-hydroxycinnamoyl and 3,4-

dihydroxycinnamoyl anthranilic acid (Avn D and Avn F) were synthesised 

when a pre-characterised anthranilate-accumulating E. coli strain coexpressing 

N-hydroxycinnamoylbenzoyltransferase (HCBT) and Nt4CL1 (from tobacco) 

grown in the culture medium was added with p-coumarate and caffeate, 

correspondingly.340   

 

1.2.18 Conclusion 

In various experimental studies undertaken both in vivo and in vitro, several 

promising compounds as potential lead have been identified at concentrations 

suitable for clinical use specific to the diseases. Overall, these small organic 

molecules have shown a wide range of biological activities in several studies 

as described, and it is revealed that they have several potential therapeutic 

applications in treating and/or preventing numerous disorders/diseases, and 

thereby being a great value in the field of medicinal chemistry. As CADs have 

shown to inhibit TRP channels, for example compound 18 (ACA)330 was 
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characterised as a novel TRPM2 (IC50 4.5 μM), TRPM8 (IC50 3.9 μM), TRPC3 

(IC 20 μM), TRPC6 (IC50 2.3 μM) and TRPV1 (IC >20 μM) channel blocker,327 

it is anticipated that TRPA1 cation channel specific modulators could be 

attained by incorporating different substituents and substitution patterns in the 

N-cinnamoylanthranilic acid core structure (1). 

 

 

1.3 Biological activities of aryl sulfonamides 

1.3.1 Probenecid 

Probenecid [p-(dipropylsulfamyl)benzoic acid] was first synthesised in 1949343 

based on the chemical structure (Figure 1.33) of the compound 

carinamide344,345 [p-(benzylsulfonamido)benzoic acid], and initially it was 

recognised by its brand name as Benemid.345 The compound was originally 

introduced for the purpose of reducing renal excretion of the antibiotic 

penicillin.345 In later studies, its effectiveness to improve withholding of other 

antibiotics was also identified.346,347 Over the past years, probenecid had been 

utilised in several fundamental and clinical researches, such as in the 

prevention of calcium-sensitive dye (e.g. Fura-2) leakage in Ca2+ transient 

studies,348,349 and its potential use to treat depression.347,350,351 Recently, 

probenecid has been reported as a potent TRPV1 agonist (EC50 31.9 µM),352 

pannexin 1 inhibitor (IC50 ~150 µM),353 and also as a TRPA1 agonist (EC50 4.2 

mM).354   

 

Figure 1.33: Chemical structures of probenecid and carinamide. 

 

1.3.1.1 Gout 

Gout is a type of inflammatory arthritis that develops as a result of increased 

uric acid or urate in the bloodstream, which crystallises at high concentrations 

(uric acid stones) due to its partial water solubility. While studying 

probenecid's activity to reduce excretion of antibiotics, it was recognised by 

chance that probenecid inhibits tubular reabsorption of urate and thereby 
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improves its renal excretion, and hence it was used to treat gout.355,356 

Particularly, probenecid is known to inhibit the organic anion transporter 

(OAT)-mediated reabsorption of uric acid from urine by acting as a competitive 

blocker of OAT.357 The effectiveness of probenecid in lowering the levels of 

serum uric acid and improving gout symptoms had been tested clinically.358 

Though the toxicity of the compound was considered to be insignificant, 

several side-effects including fever, nausea, abdominal cramps, headaches, 

vomiting, shortness of breath and gastrointestinal symptoms had been reported 

with the use of probenecid in treatments. These regular side effects were 

observed only at a dose of 3 g per day, and when the dose was decreased to 2 

g per day several symptoms declined.358 The uricosuric properties of the 

compound was utilised to treat gout only for some time, and it is no longer used 

to treat both renal excretion of antibiotics and gout due to the availability of 

more advanced treatments nowadays.359  

 

1.3.1.2 Depression 

Probenecid had shown to block the release of serotonin and dopamine 

metabolites, 5-hydroxyindoleacetic acid (5-HIAA) and homovanillic acid 

(HVA), from the CNS.350,360 Therefore, it has been suggested that probenecid 

could be used as a tool to study the levels of neurotransmitters in the brain and 

cerebrospinal fluid.347,351 Similarly, it was found that probenecid has an effect 

on other monoamine metabolites, such as norepinephrine, that are associated 

with neuropsychiatric diseases.361 Administration of probenecid led to 

increased level of norepinephrine in the cerebrospinal fluid and plasma,361 and 

reduced levels of tyrosine and tryptophan in the serum.362 A decrease in 

dopamine levels causes Parkinson's disease, and since probenecid can block 

the acid metabolites of dopamine, the compound has a new consideration in the 

neurology field. In addition, probenecid administered in conjunction with L-

kynurenine have shown protective effects on the dopaminergic affected 

areas.363    

 

1.3.1.3 Dye retention   

Fluorescent indicators, such as Fura-2, are being used in [Ca2+]i in vitro studies 

for more than 25 years.364,365 When Fura-2 was initially used, dye leaking 
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through cell membrane was observed. However, with the use of probenecid at 

a concentration of 2.5 mM in the cell culture medium, it was shown that the 

leaking is blocked via competitive inhibition of the OAT.366 Since then, 

probenecid has been regularly used with Ca2+ fluorescent dyes in various types 

of cells,367 including astrocytoma349, macrophages348 and smooth muscle 

cells368. In isolated cardiac myocytes, Fura-2 or Fluo-4 with probenecid had 

been utilised to measure Ca2+ transients and sparks. However, it was found that 

probenecid leads to an increased contractility and calcium sparks in isolated 

myocytes.359  

 

1.3.1.4 TRP channel modulator  

Probenecid has been used in several TRPV2 studies with dyes,369-371 without 

knowing that it has an agonistic effect on the channel. Probenecid selectivity 

for the channel was revealed by a dose-dependent increase in [Ca2+]i influx in 

exogenous TRPV2 expressing HEK293T cells (EC50 31.9 µM).352 In their 

study, TRPA1, TRPM8, TRPV1, TRPV3 and TRPV4 examined under similar 

sets of conditions did not show any responses to probenecid.352 Since TRPV 

channels are involved in diseases, it is anticipated that probenecid could be 

utilised within the research fields of cardiology and neurology as a useful 

pharmacological tool.359 

In contrast to the above observation that probenecid was inactive in TRPA1 

channels, in a more recent study, activation of TRPA1 (EC50 4.2 mM) had been 

observed.354 In addition, it has been shown that prolonged incubation of 

probenecid together with fluorescent indicators during dye-loading process 

desensitises TRPA1 channels, and consequently decreases the potency of other 

agonists evaluated in the study.354 For instance, when hTRPA1 expressing 

Chinese Hamster Ovary (CHO) cells were dye-loaded with probenecid (2 mM), 

the EC50 obtained for the TRPA1 agonist AITC significantly (p < 0.01) 

increased from 1.5 to 7.3 µM.354  
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1.3.2 4-Fluoroarylsulfonamides 

1.3.2.1 TRPA1 channel blocker 

Several pharmaceutical companies have claimed aryl sulfonamide derivatives 

containing a 4-fluoroarylsulfonamide motif as potent TRPA1 antagonists 

(Figure 1.34). In 2010, the company Janssen Pharmaceuticals reported a series 

of heterocyclic amides as TRPA1 modulators, among which the aryl 

sulfonamide moiety containing compounds, A (IC50 2 nM) and B (IC50 7 nM) 

shown in Figure 1.34 were found as potent TRPA1 antagonists.372 In 2012, 

Orion Corporation disclosed a series of compounds analogous to the reported  

 

 

Figure 1.34: Examples of aryl sulfonamide derivatives claimed as potent TRPA1 antagonists 

by the pharmaceutical companies, Janssen Pharmaceuticals,372 Orion Corporation,373 

Pharmeste,374 and Hoffmann-La Roche375,376. 
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Janssen Pharmaceuticals' sulfonamides as TRPA1 antagonists.373 For example, 

derivative C (Figure 1.34) was shown to antagonise the agonism of AITC in 

human (IC50 15 µM) and rat (IC50 22 µM) TRPA1,373 but it was less potent 

compared to the Janssen's sulfonamides. Recently, in 2014, Pharmeste374 and 

Hoffmann-La Roche375,376 have also claimed novel aryl sulfonamides similar 

to the Janssen Pharmaceuticals' compounds as antagonists of TRPA1. An 

example of a derivative disclosed by Pharmeste, D (Figure 1.34) was shown 

to block both human (IC50 15 nM) and rat TRPA1 (IC50 14 nM) with similar 

potency.374 Similarly, the compounds E (IC50 13 nM) and F (IC50 12 nM) with 

2-(4-fluoro-N-isopropylphenylsulfonamido)acetamide moiety (Figure 1.34) 

were found as potent TRPA1 antagonists from the Hoffmann-La Roche 

series.375,376 

 

1.3.3 Conclusion 

Probenecid, a competitive inhibitor of OAT, was recently found to activate 

TRPA1 and desensitise the channel on prolonged incubation during dye-

loading process, when it was used to prevent leakage of Ca2+ sensitive 

fluorescent dyes from cells. In addition, several aryl sulfonamide derivatives 

with 4-fluorobenzenesulfonamide motif claimed by different pharmaceutical 

companies were found to inhibit the channel. Therefore, it is anticipated that 

the fluoro group on the benzenesulfonamide is important for the antagonistic 

effect on TRPA1. 
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1.4 Research gap, hypothesis and aims 

The non-selective cation channel TRPA1 expressed predominantly in primary 

sensory neurons, including trigeminal, dorsal root and nodose ganglia, is 

known to be involved in pain, itch, inflammatory diseases including arthritis, 

asthma, chronic cough and COPD, peripheral neuropathy, and hereditary 

diseases.83,109-114 These important roles of TRPA1 makes it an exciting target 

for drug development, but to develop drug-like antagonists it is vital to 

understand the mechanisms of modulation (activation/blocking) of TRPA1.  

There are many natural and synthetic compounds found to modulate TRPA1, 

among them the compounds containing reactive electrophilic groups or 

oxidants are known to activate the channel through covalent modification of 

either cysteine or lysine residues at the N-terminus of the protein.83,118,119 

However, TRPA1 is also stimulated by non-reactive compounds which are not 

capable of undergoing covalent attachment to TRPA1. In a few 

studies,83,103,119,150-152,377 mutagenesis and chimeric approaches have been 

utilised to elucidate the interactions of some non-reactive chemicals with the 

channel. However, the non-covalent mechanism(s) of modulation by 

compounds with distinct structures are currently much less well determined, 

and this lack of knowledge hinders the understanding of the role of TRPA1 

channel in diseases and thereby in the development of drugs targeting the 

channel. 

In this study, it was hypothesised that the functional groups present on the 

chemicals could be responsible for the modulation of TRPA1 channel non-

covalently. Consequently, the aims were to: 

 synthesise series of compounds with different functional groups as TRPA1 

modulators.  

 evaluate the synthesised compounds in a TRPA1 expressing cell line.  

 investigate the structure-activity relationships and the pharmacology of the 

TRPA1 active modulators.  

 use site-directed mutagenesis to produce TRPA1 mutants, and evaluate 

TRPA1 modulators in the mutants expressing cell lines to determine the 

binding site(s) of non-reactive TRPA1 ligands. 
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Outline 

The background information, including the literature review, research gap, 

hypothesis and aims of the study are covered in this Chapter 1. The 

experimental materials and methods utilised in the chemical syntheses and 

pharmacological studies are provided in Chapter 2. The structure 

characterisation data of the synthesised chemical compounds are also given in 

Chapter 2 along with the synthesis procedures. Chapter 3 covers the results 

and discussions of the synthesis and screening of N-cinnamoylanthranilic acid 

derivatives in TRPA1 expressing cell line, and the study of their structure-

activity relationships and pharmacological properties. Chapter 4 covers the 

results and discussions of the synthesis and evaluation of aryl sulfonamide 

derivatives in TRPA1, and the study of their structure-activity relationships. 

The results and discussions of the TRPA1 ligand binding sites studied through 

a site-directed mutagenesis approach are given in Chapter 5. The overall 

research work including the key findings are summarised in Chapter 6, and 

the general conclusions with further work are given in Chapter 7. 
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CHAPTER 2: Experimental materials and methods 

2.1 Chemistry  

2.1.1 General information 

The chemicals, including cinnamic acid derivatives, methyl anthranilate, 

anthranilic acid, aldehydes, sulfonyl chloride derivatives, 4-aminobenzoic 

acid, secondary amines, bases, acids, salts and solvents were from commercial 

suppliers, including Sigma-Aldrich (Aldrich Chemical), Alfa Aesar, Acros, 

Fluorochem, Lancaster Synthesis, Fisher Scientific and VWR Chemicals, and 

were used without further purification unless stated otherwise. The structure 

and purity of the synthesised compounds were confirmed by 1H and 13C NMR, 

mass spectra (MS), CHN elemental microanalysis (EA) and melting point 

(m.p.).  

NMR spectra were recorded using either a JEOL JNM ECP400 or JEOL JNM 

LA-400 spectrometer with tetramethylsilane (TMS, δH = 0) as the internal 

standard, and deuterated chloroform (CDCl3, δH = 7.27, δC = 77.0 ppm) and/or 

deuterated dimethyl sulfoxide (d6-DMSO, δH = 2.56, δC = 39.0 ppm) as the 

solvents. 1H NMR and 13C NMR were recorded at 400 MHz and 100 MHz, 

respectively. In the NMR data, CDCl3--d6-DMSO represents the use of CDCl3 

and a few drops of d6-DMSO solvent mixture for dissolution; s, singlet; d, 

doublet; dd, double doublet; t, triplet; dt, double triplet; q, quartet; m, multiplet; 

br, broad. The coupling constant (J) values of the olefinic protons (JH
5 and JH

6) 

obtained for some of the compounds contained ± 0.2 Hz experimental error, 

and hence the average values of the two coupling constants were reported in 

the 1H NMR data.  

Electron ionisation (EI, 70 eV positive mode) MS were recorded on a Perkin 

Elmer Turbomass interfaced to a Quadrupole mass spectrometer with Perkin 

Elmer Autosystem XL GC [carrier gas: helium at 1 ml min-1; column: Thames 

Restek Rxi-1ms (fused silica), 30 m × 0.25 mm × 0.25 µm; temperatures: ion 

source 180 °C, injector 250 °C, MS interface 250 °C; GC oven programme: 40 

°C initial temperature for 3 min, ramp to 280 °C (20 °C increase per min), hold 

280 °C for 10 min; split injection ratio: 50:1; mass scan range: 30 - 550 amu]. 

Electrospray ionisation (ESI, positive mode) MS were recorded on a Bruker 
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HCT Ultra Ion Trap MS [solvent flow: 250 µl min-1, 0.1 % HCOOH (70 % 

CH3CN + 30 % H2O); nebulizer pressure: 35.0 psi; dry gas flow: 9.0 l min-1; 

drying temperature: 300 °C; scan range: 75 - 2000 amu; maximum acquisition 

time: 200 ms].  

CHN combustion elemental microanalyses were performed on a Fisons CHN 

Analyzer Carlo-Erba EA1108 with a Mettler T5 microbalance, based on 

dynamic flash combustion (combustion reactor: made of translucent silica and 

filled with 40 mm silica wool, 60 mm silvered cobalt oxide, 10 mm silica wool, 

chromium oxide and 10 mm silica wool; reduction reactor: made of transparent 

silica and packed with 10 mm silica wool, 50 mm copper oxide wires, 10 mm 

silica wool, 280 mm copper wires, 10 mm silica wool, 50 mm copper oxide 

wires and 10 mm silica wool), GC separation (GC column: Porapak QS 50-80 

mesh) and thermal conductivity detector. Melting points were determined on a 

Stuart melting point apparatus SMP10, and were compared against the 

literature findings, where available.  

The physicochemical parameters and the hydrophilicity/lipophilicity colour 

coded mapping of the compounds were obtained using the online ACD/Labs I-

Lab 2.0 (https://ilab.acdlabs.com/iLab2/) software. The optimised geometry of 

the compounds were determined by the energy minimisation molecular 

mechanics force-field, MM2, using the molecular modelling software, 

ChemBio3D Ultra 14.0. 

 

  

https://ilab.acdlabs.com/iLab2/
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2.2 General synthetic procedures for N-cinnamoylanthranilates 

Three synthetic routes were followed to synthesise the N-cinnamoyl 

anthranilate derivatives (CADs, Figure 2.1). In one approach, the cinnamic 

acid derivative was converted to its corresponding acid chloride, which was 

coupled to methyl anthranilate378 and the resulting methyl N-cinnamoyl 

anthranilate was hydrolysed379 to yield the corresponding N-cinnamoyl 

anthranilic acid derivative (Scheme 2.1, Section 2.2.1). In the second 

approach, Meldrum's acid380 was reacted with anthranilic acid to produce 2-

[(carboxyacetyl)amino]benzoic acid, which was then condensed with a 

benzaldehyde derivative via a piperidine-catalysed Knoevenagel condensation 

producing N-cinnamoylanthranilate as the piperidinium salt, and was acidified 

to yield the final product (Scheme 2.2, Section 2.2.2).381 In the third approach, 

a secondary amino acid was reacted with cinnamoyl chloride under basic 

conditions and the resulting salt was acidified to yield the product (Scheme 

2.3, Section 2.2.3).382 

  

 

Figure 2.1: Chemical structures of the N-cinnamoylanthranilate derivatives. 
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2.2.1 Synthesis of N-cinnamoylanthranilate derivatives from cinnamic 

acid derivatives 

(a) Cinnamoyl chlorides - Cinnamic acid derivatives were stirred with oxalyl 

chloride (5 ml g-1) for up to 4 hours, and the excess reagent was evaporated 

under reduced pressure. The stirring time differed depending on the 

dissolution/reaction rate of the starting cinnamic acid derivative. For 

derivatives with 4-NO2 or 4-N(CH3)2 substituents, a drop of dry N,N-

dimethylformamide (DMF) was added to catalyse the reaction.  

The hydroxy groups in the hydroxycinnamic acid derivatives were 

acetylated281 prior to reaction with oxalyl chloride by stirring the derivative 

(0.0244 mol) in acetic anhydride (5 ml g-1) and pyridine (0.5 ml) at room 

temperature (~20 °C) overnight. Cold water (~50 ml) was added to the mixture 

and stirred for further 5-10 minutes with cooling in an ice-water bath, and the 

resulting precipitate of acetoxycinnamic acid was obtained by vacuum 

filtration, washed with cold water and dried. 

(b) Methyl N-cinnamoylanthranilates - The cinnamoyl chloride (0.014 mol) 

was added to a solution of excess methyl anthranilate (0.017 mol) in dry 

pyridine (10 ml g-1), and the mixture was stirred for an hour at room 

temperature. Cold water (250 ml) was added to the reaction mixture and the 

resulting precipitate was filtered and washed with cold water until free of 

pyridine, and was recrystallised from hot ethanol.378 In contrast, methyl N-

hydrocinnamoylanthranilate derivatives, with a low melting point, were 

extracted in diethyl ether (2 × 70 ml), washed with cold water (2 × 50 ml) and 

solvent evaporated under reduced pressure.   

(c) N-Cinnamoylanthranilic acids - The methyl N-cinnamoylanthranilate (0.01 

mol) was stirred in a mixture of tetrahydrofuran (THF, 100 ml) and methanol 

(20 ml), and aqueous LiOH (~1 M, 0.05 mol) was added to the reaction mixture 

and stirred at room temperature overnight. The solvents were evaporated under 

reduced pressure. The crude product was dissolved in water (~350 ml) and 

acidified slowly to pH 4 using dilute HCl (1 M) with stirring.379 The precipitate 

was obtained by vacuum filtration, washed with water and dried, and was 

recrystallised from hot aqueous ethanol (water-ethanol, 1:4). In the case of N-

hydroxycinnamoylanthranilate derivatives, water was added to the resulting 

solution to aid crystallisation. 
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Scheme 2.1: Synthesis of N-cinnamoylanthranilate derivatives from cinnamic acid derivatives. 

The derivatives AC14 - AC18, AC21, AC28, AC30, AC35, AC39 - AC43, AC45 and AC46 

were synthesised using this approach. 

 

2.2.2 Synthesis of N-cinnamoylanthranilate derivatives from aldehyde 

derivatives 

(i) 2-[(Carboxyacetyl)amino]benzoic acid - Anthranilic acid (0.145 mol) was 

added to a solution of Meldrum's acid (0.150 mol) in toluene (165 ml), and the 

reaction mixture was heated under reflux with a Dean-Stark apparatus for 3 

hours with gentle stirring.381 Meldrum's acid was synthesised by reacting 

malonic acid, acetic anhydride and acetone as reported in the literature.380 The 

reaction mixture was cooled to room temperature and further in an ice-water 

bath, and the precipitate was obtained by vacuum filtration, washed with 

toluene (~50 ml) and dried.381
  

(ii) N-Cinnamoylanthranilic acid - Piperidine (0.0154 mol) was added to a 

mixture of a benzaldehyde derivative (0.0154 mol) and 2-

[(carboxyacetyl)amino]benzoic acid (0.0148 mol) in toluene (20 ml), and the 

reaction mixture was heated under reflux with a Dean-Stark apparatus for 4 

hours. The reaction mixture was cooled to room temperature and stirred 

vigorously for an hour. The resulting piperidinium salt was filtered, washed 

with toluene and dried. The precipitate was dissolved in a mixture of methanol 

(5 ml g-1) and water (2 ml g-1) at 40 °C, and acidified to pH 4 using dilute HCl 

(1 M), and the crude product was obtained by vacuum filtration, washed with 

water and dried.381
 The precipitate was recrystallised from hot aqueous ethanol 

(water-ethanol, 1:4).  
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Scheme 2.2: Synthesis of N-cinnamoylanthranilic acid derivatives from aldehyde derivatives. 

The derivatives AC20, AC24, AC26 and AC27 were synthesised using this approach. 

 

2.2.3 Synthesis of N-cinnamoyl amino acids 

R,S-Pipecolinic acid or S-proline (0.0333 mol) was dissolved in NaOH (1 M, 

70 ml) and cooled in an ice-water bath, and cinnamoyl chloride (0.0260 mol) 

dissolved in diethyl ether (15 ml) was added. The reaction mixture was stirred 

vigorously for 1.5 hours with cooling, then at room temperature for further 3 

hours. The solution was washed with diethyl ether (20 ml) and the aqueous 

layer was acidified to pH 1 using HCl (6 M). The precipitate was obtained by 

vacuum filtration and dissolved in dichloromethane (DCM). The filtrate was 

extracted in more DCM (30 ml). The combined organic solutions were dried 

over anhydrous sodium sulfate, filtered and solvent evaporated under reduced 

pressure.382 The precipitate was recrystallised from hot ethanol to yield the 

product. 

 

Scheme 2.3: Synthesis of N-cinnamoyl amino acids, rac-AC34 and S-AC36. 
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2.2.4 Procedures for individual N-cinnamoylanthranilate derivative  

2.2.4.1 N-Cinnamoylanthranilic acid (AC18) 

 

Cinnamoyl chloride - purchased from Aldrich. 

Methyl N-cinnamoylanthranilate (AC18a) - Methyl anthranilate (2.700 g, 

0.0165 mol) and dry pyridine (45 ml) were added to cinnamoyl chloride (2.462 

g, 0.0148 mol) and stirred for an hour at room temperature. Cold water (200 

ml) was added to the mixture and continued stirring for 30 minutes. The 

precipitate was obtained by vacuum filtration, washed with cold water (300 ml) 

until the precipitate was free of pyridine and dried. The white precipitate was 

recrystallised from hot ethanol, cooled down to room temperature, filtered and 

washed with water to yield pure methyl N-cinnamoylanthranilate as a white 

precipitate (3.494 g, 84 %); m.p. 99-101 °C (lit.383 99 °C). 1H NMR (400 MHz, 

CDCl3) δ 3.97 (s, 3H, CH3), 6.64 (d, J = 15.6 Hz, 1H5), 7.09-7.14 (m, 1H12), 

7.37-7.44 (m, 3H3, 4), 7.57-7.62 (m, 3H2, 13), 7.77 (d, J = 15.6 Hz, 1H6), 8.07 

(dd, J = 8.0, 1.6 Hz, 1H14), 8.89 (dd, J = 8.5, 1.1 Hz, 1H11), 11.39 (br s, 1H8); 

13C NMR (100 MHz, CDCl3) δ 52.38, 114.85, 120.54, 121.93, 122.54, 128.05, 

128.83, 129.97, 130.86, 134.63, 134.76, 141.82, 142.26, 164.48, 168.92. MS 

(EI): m/z 281 C17H15O3N
+• (M+•), 266 C17H15O3N

+ (M-CH3)
+, 204 C11H10O3N

+ 

(M-C6H5)
+, 151 C8H8O2N

+ (M-C9H7O)+, 131 C9H7O
+ (M-C8H8O2N)+, 103 

C8H7
+ (M-C9H8O3N)+, 77 C6H5

+ (M-C11H10O3N)+. EA (%) C17H15O3N: 

calculated C, 72.58: H, 5.37: N, 4.98; found C, 72.42: H, 5.50: N, 4.99. 

N-Cinnamoylanthranilic acid (AC18b) - Methyl N-cinnamoylanthranilate 

(2.176 g, 0.0077 mol) was stirred in a mixture of THF (100 ml) and methanol 

(20 ml), and aqueous LiOH [~1 M, LiOH (1.392 g) dissolved in H2O (55 ml)] 

was added and continuously stirred for 7 hours at room temperature. The 

solvents were evaporated under reduced pressure, and the resulting white solid 

was dissolved in water (200 ml) and acidified slowly to pH 4 using HCl (1 M, 
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40 ml) with stirring. The resulting precipitate was obtained by vacuum 

filtration, washed with water (350 ml) and dried. The precipitate was 

recrystallised from hot aqueous ethanol (water-ethanol, 1:4), cooled down to 

room temperature, filtered and washed with water to yield pure N-cinnamoyl 

anthranilic acid as a white precipitate (1.559 g, 75 %); m.p. 197-199 °C (lit.381 

188-189 °C). 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 6.50 (d, J = 15.6 Hz, 

1H5), 6.96-7.01 (m, 1H12), 7.23-7.31 (m, 3H3, 4), 7.41-7.48 (m, 3H2, 13), 7.60 (d, 

J = 15.6 Hz, 1H6), 7.99 (dd, J = 8.0, 1.6 Hz, 1H14), 8.72 (dd, J = 8.6, 1.0 Hz, 

1H11), 11.59 (br s, 1H8); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 114.88, 

119.29, 121.42, 121.70, 127.14, 128.09, 129.18, 130.69, 133.46, 133.75, 

140.94, 141.09, 163.42, 169.80. MS (ESI): m/z [M+H]+ 268. EA (%) 

C16H13NO3: calculated C, 71.90: H, 4.90: N, 5.24; found C, 71.68: H, 4.86: N, 

5.26.  

 

2.2.4.2 N-(4-Fluorocinnamoyl)anthranilic acid (AC14) 

 

4-Fluorocinnamoyl chloride (AC14a) - Oxalyl chloride (16 ml; 5 ml g-1) was 

added to 4-fluorocinnamic acid (3.031 g, 0.0182 mol) and stirred at room 

temperature for 4 hours with a calcium chloride guard tube. The excess reagent 

was evaporated under reduced pressure and cooled to room temperature to 

yield the dark brown hard crystal of 4-fluorocinnamoyl chloride (3.337 g, 99 

%); m.p. 44-47 °C. 1H NMR (400 MHz, CDCl3) δ 6.59 (d, J = 15.6 Hz, 1H6), 

7.10-7.19 (m, 2H2), 7.55-7.64 (m, 2H3), 7.81 (d, J = 15.6 Hz, 1H5). 

Methyl N-(4-fluorocinnamoyl)anthranilate (AC14b) - Quantities: methyl 

anthranilate (5.236 g, 0.0346 mol), dry pyridine (50 ml) and 4-fluorocinnamoyl 

chloride (3.039 g, 0.0165 mol). The synthesis procedure was as described for 

AC18a. Product: pale yellow fine crystals (4.205 g, 85 %); m.p. 132-135 °C. 

1H NMR (400 MHz, CDCl3) δ 3.96 (s, 3H), 6.55 (d, J = 15.5 Hz, 1H), 7.06-

7.14 (m, 3H), 7.55-7.62 (m, 3H), 7.72 (d, J = 15.5 Hz, 1H), 8.04-8.09 (m, 1H), 

8.87 (dd, J = 8.6, 1.0 Hz, 1H), 11.38 (br s, 1H); 13C NMR (100 MHz, CDCl3) 
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δ 52.38, 114.84, 115.95 (d), 120.53, 121.68, 122.57, 129.86 (d), 130.86, 

134.77, 140.95, 141.78, 162.45, 164.28, 164.94, 168.93. MS (EI): m/z 299 

C17H14O3NF+• (M+•), 284 C16H11O3NF+ (M-CH3)
+, 149 C9H6OF+ (M-

C8H8O2N)+, 121 C8H6F
+ (M-C9H8O3N)+. EA (%) C17H14NO3F: calculated C, 

68.22: H, 4.71: N, 4.68; found C, 68.12: H, 4.58: N, 4.71.   

N-(4-Fluorocinnamoyl)anthranilic acid (AC14c) - Quantities: methyl N-(4-

fluorocinnamoyl)anthranilate (2.561 g, 0.00856 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.694 g) dissolved in H2O (76 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: white 

precipitate (2.021 g, 83 %); m.p. 201-203 °C (lit.282 200-201.5 °C). 1H NMR 

(400 MHz, CDCl3--d6-DMSO) δ 6.56 (d, J = 15.4 Hz, 1H), 7.07-7.16 (m, 3H), 

7.52-7.63 (m, 3H), 7.68 (d, J = 15.4 Hz, 1H), 8.11 (dd, J = 8.1, 1.5 Hz, 1H), 

8.82 (d, J = 8.4 Hz, 1H), 11.72 (br s, 1H); 13C NMR (100 MHz, CDCl3--d6-

DMSO) δ 115.53, 115.62, 115.84, 119.87, 121.82, 122.31, 129.71, 130.73, 

131.27, 134.01, 140.25, 141.62, 163.79, 170.31. MS (ESI): m/z [M+H]+ 286. 

EA (%) C16H12NO3F: calculated C, 67.37: H, 4.24: N, 4.91; found C, 67.50: H, 

4.05: N, 4.93.   

 

2.2.4.3 N-(2-Chlorocinnamoyl)anthranilic acid (AC15) 

 

2-Chlorocinnamoyl chloride (AC15a) - Quantities: oxalyl chloride (16.5 ml) 

and 2-chlorocinnamic acid (2.777 g, 0.0512 mol). The acylation procedure was 

as described for AC14a, but stirred for 5.5 hours to ensure complete reaction. 

Product: pale yellow hard crystal (2.973 g, 97 %). 1H NMR (400 MHz, CDCl3) 

δ 6.66 (d, J = 15.6 Hz, 1H), 7.31-7.51 (m, 3H), 7.66 (dd, J = 7.8, 1.6 Hz, 1H), 

8.30 (d, J = 15.6 Hz, 1H). 

Methyl N-(2-chlorocinnamoyl)anthranilate (AC15b) - Quantities: methyl 

anthranilate (3.376 g, 0.0223 mol), dry pyridine (45 ml) and 2-chlorocinnamoyl 

chloride (3.189 g, 0.0159 mol). The synthesis procedure was as described for 

AC18a. Product: white fine crystals (4.036 g, 81 %); m.p. 129-131 °C. 1H 
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NMR (400 MHz, CDCl3) δ 3.96 (s, 3H), 6.62 (d, J = 15.7 Hz, 1H), 7.09-7.15 

(m, 1H), 7.28-7.34 (m, 2H), 7.41-7.46 (m, 1H), 7.57-7.72 (m, 2H), 8.07 (dd, J 

= 8.0, 1.6 Hz, 1H), 8.17 (d, J = 15.7 Hz, 1H), 8.89 (dd, J = 8.4, 1.0 Hz, 1H), 

11.45 (br s, 1H); 13C NMR (100 MHz, CDCl3) δ 52.39, 114.91, 120.54, 122.67, 

124.67, 126.96, 127.60, 130.15, 130.71, 130.86, 132.97, 134.78, 134.97, 

138.11, 141.70, 163.95, 168.92. MS (EI): m/z 315/317 (3:1) C17H14O3NCl+• 

(M+•), 280 C17H14O3N
+ (M-Cl)+, 165 C9H6OCl+ (M-C8H8O2N)+, 137 C8H6Cl+ 

(M-C9H8O3N)+. EA (%) C17H14NO3Cl: calculated C, 64.67: H, 4.47: N, 4.44; 

found C, 64.79: H, 4.34: N, 4.47. 

N-(2-Chlorocinnamoyl)anthranilic acid (AC15c) - Quantities: methyl N-(2-

chlorocinnamoyl)anthranilate (2.590 g, 0.0082 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.613 g) dissolved in H2O (72 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: white 

precipitate (1.935 g, 78 %); m.p. 203-205 °C (lit.384 200 °C). 1H NMR (400 

MHz, CDCl3--d6-DMSO) δ 6.63 (d, J = 15.7 Hz, 1H), 7.13 (t, J = 7.7 Hz, 1H), 

7.29-7.77 (m, 5H), 8.07-8.15 (m, 2H), 8.84 (t, J = 8.6 Hz, 1H), 11.83 (br s, 1H); 

13C NMR (100 MHz, CDCl3--d6-DMSO) δ 115.66, 119.98, 122.54, 124.93, 

127.10, 127.48, 129.97, 130.74, 131.41, 132.71, 134.20, 134.50, 137.25, 

141.67, 163.67, 170.55. MS (ESI): m/z [M+H]+ 303. EA (%) C16H12NO3Cl: 

calculated C, 63.69: H, 4.01: N, 4.64; found C, 63.53: H, 3.84: N, 4.61. 

 

2.2.4.4 N-(4-Bromocinnamoyl)anthranilic acid (AC16) 

 

4-Bromocinnamoyl chloride (AC16a) - Quantities: oxalyl chloride (20 ml) and 

4-bromocinnamic acid (3.740 g, 0.0165 mol). The acylation procedure was as 

described for AC14a, but stirred overnight to ensure complete reaction. 

Product: white precipitate (4.037 g, 100 %). 1H NMR (400 MHz, CDCl3) δ 

6.65 (d, J = 15.6 Hz, 1H), 7.45 (dt, J = 8.9, 2.1 Hz, 2H), 7.59 (dt, J = 8.8, 2.1 

Hz, 2H), 7.78 (d, J = 15.6 Hz, 1H). 
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Methyl N-(4-bromocinnamoyl)anthranilate (AC16b) - Quantities: methyl 

anthranilate (2.277 g, 0.0151 mol), dry pyridine (40 ml) and 4-bromo 

cinnamoyl chloride (3.604 g, 0.0147 mol). The synthesis procedure was as 

described for AC18a. Product: white precipitate (4.724 g, 89 %); m.p. 151-154 

°C. 1H NMR (400 MHz, CDCl3) δ 3.96 (s, 3H), 6.61 (d, J = 15.5 Hz, 1H), 7.09-

7.15 (m, 1H), 7.43-7.72 (m, 6H), 8.06 (dd, J = 8.0, 1.6 Hz, 1H), 8.86 (dd, J = 

8.6, 1.0 Hz, 1H), 11.40 (br s, 1H); 13C NMR (100 MHz, CDCl3) δ 52.40, 

114.87, 120.54, 122.58, 122.66, 124.14, 129.43, 130.87, 132.05, 133.55, 

134.78, 140.88, 141.70, 164.10, 168.93. MS (EI): m/z 359/361 (1:1) 

C17H14O3NBr+• (M+•), 344 C16H11O3NBr+ (M-CH3)
+, 300 C15H11ONBr+ (M-

CO2CH3)
+, 209 C9H6OBr+ (M-C8H8O2N)+, C8H6Br+ (M-C9H8O3N)+. EA (%) 

C17H14NO3Br: calculated C, 56.69: H, 3.92: N, 3.89; found C, 56.74: H, 3.70: 

N, 3.93.   

N-(4-Bromocinnamoyl)anthranilic acid (AC16c) - Quantities: methyl N-(4-

bromocinnamoyl)anthranilate (2.594 g, 0.0072 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.475 g) dissolved in H2O (65 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: pale yellow 

precipitate (1.919 g, 77 %); m.p. 219-222 °C (lit.282 222-225 °C). 1H NMR (400 

MHz, CDCl3--d6-DMSO) δ 6.62 (d, J = 15.6 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H), 

7.42-7.59 (m, 5H), 7.65 (d, J = 15.6 Hz, 1H), 8.11 (dd, J = 8.1, 1.5 Hz, 1H), 

8.83 (d, J = 8.4 Hz, 1H), 11.74 (br s, 1H); 13C NMR (100 MHz, CDCl3--d6-

DMSO) δ 115.62, 119.96, 122.46, 122.83, 123.72, 129.34, 131.35, 131.86, 

133.48, 134.11, 140.23, 141.61, 163.73, 170.41. MS (ESI): m/z [M+H]+ 347. 

EA (%) C16H12NO3Br: calculated C, 55.51: H, 3.49: N, 4.05; found C, 55.53: 

H, 3.20: N, 4.09.   

 

2.2.4.5 N-(4-Chlorocinnamoyl)anthranilic acid (AC17)  

 

4-Chlorocinnamoyl chloride (AC17a) - Quantities: oxalyl chloride (16 ml) and 

4-chlorocinnamic acid (3.101 g, 0.0170 mol). The acylation procedure was as 

described for AC14a, but stirred for 5 hours to ensure complete reaction. 
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Product: pale yellow precipitate (3.376 g, 99 %). 1H NMR (400 MHz, CDCl3) 

δ 6.63 (d, J = 15.6 Hz, 1H), 7.43 (dt, J = 8.8, 2.1 Hz, 2H), 7.53 (dt, J = 8.8, 2.1 

Hz, 2H), 7.80 (d, J = 15.6 Hz, 1H). 

Methyl N-(4-chlorocinnamoyl)anthranilate (AC17b) - Quantities: methyl 

anthranilate (2.570 g, 0.0170 mol), dry pyridine (40 ml) and 4-chlorocinnamoyl 

chloride (3.010 g, 0.0150 mol). The synthesis procedure was as described for 

AC18a. Product: white fine needle-like crystals (4.090 g, 87 %); m.p. 137-140 

°C. 1H NMR (400 MHz, CDCl3) δ 3.96 (s, 3H), 6.60 (d, J = 15.5 Hz, 1H), 7.09-

7.15 (m, 1H), 7.35-7.62 (m, 5H), 7.71 (d, J = 15.5 Hz, 1H), 8.06 (dd, J = 8.2, 

1.6 Hz, 1H), 8.87 (dd, J = 8.6, 1.0 Hz, 1H), 11.40 (br s, 1H); 13C NMR (100 

MHz, CDCl3) δ 52.39, 114.86, 120.54, 122.48, 122.65, 129.09, 129.20, 130.87, 

133.13, 134.78, 135.80, 140.81, 141.72, 164.11, 168.93. MS (EI): m/z 315/317 

(3:1) C17H14O3NCl+• (M+•), 300 C16H11O3NCl+ (M-CH3)
+, 165 C9H6OCl+ (M-

C8H8O2N)+, 137 C8H6Cl+ (M-C9H8O3N)+. EA (%) C17H14NO3Cl: calculated C, 

64.67: H, 4.47: N, 4.44; found C, 64.76: H, 4.26: N, 4.44. 

N-(4-Chlorocinnamoyl)anthranilic acid (AC17c) - Quantities: methyl N-(4-

chlorocinnamoylanthranilate (3.131 g, 0.0098 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.987 g) dissolved in H2O (90 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: white fine 

crystals (2.380 g, 80 %); m.p. 218-220 °C (lit.384 220 °C). 1H NMR (400 MHz, 

CDCl3--d6-DMSO) δ 6.36 (d, J = 15.6 Hz, 1H), 6.78-6.85 (m, 1H), 7.03-7.11 

(m, 2H), 7.20-7.26 (m, 3H), 7.35 (d, J = 15.6 Hz, 1H), 7.84 (dd, J = 8.0, 1.4 

Hz, 1H), 8.50 (dd, J = 8.4, 0.8 Hz, 1H), 11.80 (br s, 1H); 13C NMR (100 MHz, 

CDCl3--d6-DMSO) δ 116.50, 118.98, 121.54, 122.28, 128.07, 128.30, 130.64, 

132.36, 132.65, 134.38, 139.01, 140.63, 162.93, 170.19. MS (ESI): m/z 

[M+H]+ 303. EA (%) C16H12NO3Cl: calculated C, 63.69: H, 4.01: N, 4.64; 

found C, 63.45: H, 3.95: N, 4.46. 
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2.2.4.6 N-Hydrocinnamoylanthranilic acid (AC21) 

 

Hydrocinnamoyl chloride - purchased from Aldrich. 

Methyl N-hydrocinnamoylanthranilate (AC21a) - Solution of methyl 

anthranilate (3.156 g, 0.0209 mol) and dry pyridine (45 ml) was added to 

hydrocinnamoyl chloride (2.772 g, 0.0164 mol) and stirred for an hour at room 

temperature. Cold water (250 ml) was added to the mixture and continued 

stirring for 30 minutes. The viscous brown layer that separated off from water 

was extracted in diethyl ether (100 ml) and the aqueous layer was washed with 

more diethyl ether (40 ml). The solvent was evaporated under reduced pressure 

to yield the brownish-yellow liquid of methyl N-hydrocinnamoylanthranilate. 

N-Hydrocinnamoylanthranilic acid (AC21b) - Quantities: methyl N-hydro 

cinnamoylanthranilate (0.0164 mol), THF (100 ml), methanol (20 ml) and 

aqueous LiOH [~1 M, LiOH (0.987 g) dissolved in H2O (44 ml)]. The 

hydrolysis procedure was as described for AC18b. Product: white crystals 

(2.761 g, 63 %); m.p. 138-141 °C (lit.385 138.7-139.7 °C). 1H NMR (400 MHz, 

CDCl3--d6-DMSO) δ 2.74 (t, J = 7.9 Hz, 2H5), 3.06 (t, J = 7.9 Hz, 2H6), 7.07 

(t, J = 7.7 Hz, 1H12), 7.16-7.32 (m, 5H2,3,4), 7.51 (t, J = 7.9 Hz, 1H13), 8.06 (d, 

J = 8.1 Hz, 1H14), 8.69 (d, J = 8.4 Hz, 1H11), 11.44 (br s, 1H8); 13C NMR (100 

MHz, CDCl3--d6-DMSO) δ 31.21, 39.96, 115.49, 119.91, 122.28, 126.15, 

128.27, 128.45, 131.39, 134.20, 140.65, 141.63, 170.47, 170.93. MS (ESI): m/z 

[M+H]+ 270. EA (%) C16H15NO3: calculated C, 71.36: H, 5.61: N, 5.20; found 

C, 71.56: H, 5.60: N, 5.25. 

 

2.2.4.7 Meldrum's acid 
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Malonic acid (31.246 g, 0.300 mol) was added to a mixture of acetic anhydride 

(36.00 ml, 38.283 g, 0.375 mol) and acetone (24.45 ml, 19.166 g, 0.330 mol) 

with stirring. The mixture was cooled (5-10 °C) in an ice-water bath and 

concentrated sulfuric acid (0.9 ml, 0.0165 mol) was added. The temperature of 

the reaction mixture rose to 20 °C and the mixture was left at the temperature 

for further 10 minutes (during which the malonic acid dissolved completely). 

The solution was cooled to (-5)-0 °C for 3 hours and during the cooling period 

the suspension was diluted slowly with water (135 ml) while maintaining the 

temperature between 0-5 °C, and left further for an hour at 0 °C. The white fine 

crystals of Meldrum's acid was obtained by vacuum filtration, washed with 

water and dried.380 Yield 21.821 g, 50 %. 1H NMR (400 MHz, CDCl3) δ 1.78 

(s, 6H4), 3.63 (s, 2H1); 13C NMR (100 MHz, CDCl3) δ 27.65, 36.26, 106.39, 

162.87. 

 

2.2.4.8 2-[(Carboxyacetyl)amino]benzoic acid 

 

Anthranilic acid (19.890 g, 0.145 mol) was added to a solution of Meldrum's 

acid (21.821 g, 0.151 mol) in toluene (165 ml), and the reaction mixture was 

heated under reflux with a Dean-Stark apparatus for 3 hours with gentle 

stirring. The suspension was cooled to room temperature and the pinkish-white 

precipitate of 2-[(carboxyacetyl)amino]benzoic acid was collected by vacuum 

filtration, washed with toluene and dried.381 Yield 28.357 g, 88 %. 1H NMR 

(400 MHz, CDCl3--d6-DMSO) δ 3.41 (s, 2H9), 7.04-7.11 (m, 1H4), 7.46-7.52 

(m, 1H5), 8.02 (dd, J = 8.0, 1.6 Hz, 1H6), 8.60 (d, J = 8.4 Hz, 1H3), 11.58 (br s, 

1H7); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 44.95, 115.99, 119.81, 

122.51, 131.04, 133.75, 140.77, 164.36, 168.70, 169.72. MS (ESI): m/z 

[M+Na]+ 246. EA (%) C10H9NO5: calculated C, 53.82: H, 4.06: N, 6.28; found 

C, 53.58: H, 3.83: N, 6.17. 
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2.2.4.9 N-(4-Methoxycinnamoyl)anthranilic acid (AC20) 

 

Piperidine (1.56 ml, 0.0156 mol) was added to a mixture of  4-methoxy 

benzaldehyde (2.119 g, 0.0156 mol) and 2-[(carboxyacetyl)amino]benzoic acid 

(3.303 g, 0.0148 mol) in toluene (20 ml), and the reaction mixture was heated 

under reflux with a Dean-Stark apparatus for 4 hours. The solution was cooled 

to room temperature and stirred for an hour, and the solvent was evaporated 

under reduced pressure. The viscous, dark brown mixture was dissolved in 

methanol (5 ml g-1) and water (2 ml g-1) at ~40 °C with stirring. The solution 

was acidified at room temperature to pH 4 using HCl (1 M, 20 ml) with stirring, 

and the precipitate was obtained by vacuum filtration, washed with water and 

dried. The crude product was recrystallised from hot aqueous ethanol (water-

ethanol, 1:4) to yield the pale yellow crystals of  pure N-(4-methoxy 

cinnamoyl)anthranilic acid (2.460 g, 56 %); m.p. 196-199 °C (lit.282 195-198 

°C). 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 3.68 (s, 3H), 6.33 (d, J = 15.6 

Hz, 1H), 6.73-6.78 (m, 2H), 6.90-6.96 (m, 1H), 7.33-7.42 (m, 3H), 7.51 (d, J = 

15.6 Hz, 1H), 7.95 (dd, J = 8.0, 1.6 Hz, 1H), 8.68 (dd, J = 8.5, 0.9 Hz, 1H), 

11.48 (br s, 1H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 54.92, 113.85, 

115.08, 119.30, 119.70, 121.87, 126.89, 129.14, 131.07, 133.88, 141.07, 

141.67, 160.63, 164.31, 170.25. MS (ESI): m/z [M+H]+ 298. EA (%) 

C17H15NO4: calculated C, 68.68: H, 5.09: N, 4.71; found C, 68.40: H, 4.88: N, 

4.70. 

 

2.2.4.10 N-(3,4-Dimethoxycinnamoyl)anthranilic acid (AC24) 

 

Piperidine (1.53 ml, 0.0153 mol) was added to a mixture of  3,4-dimethoxy 

benzaldehyde (2.548 g, 0.0153 mol) and 2-[(carboxyacetyl)amino]benzoic acid 
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(3.303 g, 0.0148 mol) in toluene (20 ml), and the reaction mixture was heated 

under reflux with a Dean-Stark apparatus for 4 hours. The solution was cooled 

to room temperature and stirred vigourously for an hour. The precipitate was 

obtained by vacuum filtration, washed with little toluene and dried. The rest of 

the synthesis procedure was as described for AC20. Product: yellowish-white 

precipitate (3.035 g, 62 %); m.p. 195-198 °C (lit.381 208-209 °C). 1H NMR (400 

MHz, CDCl3--d6-DMSO) δ 3.91 (s, 3H), 3.95 (s, 3H), 6.51 (d, J = 15.7 Hz, 

1H), 6.91 (d, J = 8.1 Hz, 1H), 7.08-7.20 (m, 3H), 7.52-7.67 (m, 2H), 8.09 (dd, 

J = 7.9, 1.3 Hz, 1H), 8.82 (d, J = 8.8 Hz, 1H), 11.65 (br s, 1H);  13C NMR (100 

MHz, CDCl3--d6-DMSO) δ 55.74, 55.79, 109.54, 111.05, 115.42, 119.73, 

119.89, 122.15, 122.38, 127.36, 131.28, 134.04, 141.58, 141.84, 148.94, 

150.62, 164.31, 170.37. MS (ESI): m/z [M+H]+ 328. EA (%) C18H17NO5.H2O: 

calculated C, 62.60: H, 5.55: N, 4.06; found C, 62.48: H, 5.45: N, 4.04. 

 

2.2.4.11 N-(2-Methoxycinnamoyl)anthranilic acid (AC26) 

 

Piperidine (1.54 ml, 0.0154 mol) was added to a mixture of 2-methoxy 

benzaldehyde (2.104 g, 0.0154 mol) and 2-[(carboxyacetyl)amino]benzoic acid 

(3.303 g, 0.0148 mol) in toluene (20 ml), and the reaction mixture was heated 

under reflux with a Dean-Stark apparatus for 4 hours. The solution was cooled 

to room temperature and stirred vigorously for an hour. The precipitate was 

obtained by vacuum filtration, washed with little toluene and dried. The 

obtained piperidinium salt was dissolved in methanol (5 ml g-1) and water (2 

ml g-1) at ~40 °C with stirring. The solution was acidified at room temperature 

to pH 4 using HCl (1 M, 20 ml) with stirring, and the precipitate was obtained 

by vacuum filtration, washed with water and dried. The crude product was 

purified by dissolving the precipitate in aqueous NaOH (2 M, 20 ml) at ~40 °C 

during which the precipitate dissolved completely, and was washed with DCM. 

The aqueous carboxylate layer was extracted and acidified to pH 4 using HCl 

(1 M, 16 ml) with stirring. The precipitate was obtained by vacuum filtration, 



101 
 

washed with lots of water and dried to yield the yellowish-white precipitate of 

pure N-(2-methoxycinnamoyl)anthranilic acid (2.744 g, 62 %); m.p. 212-215 

°C. 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 3.92 (s, 3H), 6.69 (d, J = 15.7 

Hz, 1H), 6.93-7.14 (m, 3H), 7.37 (t, J = 7.9 Hz, 1H), 7.51-7.60 (m, 2H), 7.99 

(d, J = 15.7 Hz, 1H), 8.09 (d, J = 7.7 Hz, 1H), 8.82 (d, J = 8.4 Hz, 1H), 11.68 

(br s, 1H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 55.34, 111.07, 115.55, 

119.80, 120.50, 122.12, 122.35, 123.13, 128.28, 131.09, 131.24, 133.93, 

136.84, 141.78, 157.89, 164.46, 170.31. MS (ESI): m/z [M+Na]+ 320. EA (%) 

C17H15NO4: calculated C, 68.68: H, 5.09: N, 4.71; found C, 68.42: H, 4.94: N, 

4.71. 

 

2.2.4.12 N-(3-Ethoxy-4-hydroxycinnamoyl)anthranilic acid (AC27) 

 

Quantities: piperidine (1.53 ml, 0.0153 mol), 3-ethoxy-4-hydroxy 

benzaldehyde (2.552 g, 0.0153 mol), 2-[(carboxyacetyl)amino]benzoic acid 

(3.310 g, 0.0148 mol) and toluene (20 ml). The synthesis procedure was as 

described for AC26. Product: pale yellow precipitate (3.443 g, 71 %); m.p. 

193-195 °C. 1H NMR (400 MHz, d6-DMSO) δ 1.48 (t, J = 7.0 Hz, 3H), 4.24 

(q, J = 7.0 Hz, 2H), 6.78-6.99 (m, 2H), 7.22-7.35 (m, 2H), 7.45 (d, J = 1.5 Hz, 

1H), 7.62-7.78 (m, 2H), 8.13 (dd, J = 8.1, 1.1 Hz, 1H), 8.76 (d, J = 8.4 Hz, 1H), 

9.63 (br s, 1H), 11.40 (br s, 1H); 13C NMR (100 MHz, d6-DMSO) δ 15.29, 

64.50, 113.11, 126.21, 117.05, 119.37, 120.85, 123.15, 123.32, 126.50, 131.71, 

134.57, 141.74, 142.62, 147.63, 149.78, 164.88, 170.07. MS (ESI): m/z 

[M+Na]+ 350. EA (%) C18H17NO5.H2O: calculated C, 62.60: H, 5.55: N, 4.06; 

found C, 62.82: H, 5.42: N, 4.02. 
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2.2.4.13 N-(3,4-Dihydroxycinnamoyl)anthranilic acid (AC28) 

 

3,4-Diacetoxycinnamic acid (AC28a) - 3,4-Dihydroxycinnamic acid (2.644 g, 

0.0148 mol) was added to a solution of acetic anhydride (40 ml) and pyridine 

(2.5 ml), and stirred at room temperature overnight. Cold water (~50 ml) was 

added to the mixture and stirred for 5-10 minutes with cooling. The white 

precipitate of 3,4-diacetoxycinnamic acid was obtained by vacuum filtration, 

washed with cold water and dried. Yield 3.472 g, 89 %. 1H NMR (400 MHz, 

CDCl3--d6-DMSO) δ 2.31 (s, 6H), 6.38 (d, J = 16.1 Hz, 1H), 7.23 (d, J = 8.4 

Hz, 1H), 7.35-7.47 (m, 2H), 7.54-7.63 (m, 1H); 13C NMR (100 MHz, CDCl3--

d6-DMSO) δ 19.72, 19.74, 119.39, 121.73, 123.07, 125.35, 132.43, 141.41, 

141.54, 142.45, 166.99, 167.09, 167.12. 

3,4-Diacetoxycinnamoyl chloride (AC28b) - Quantities: oxalyl chloride (17 

ml) and 3,4-diacetoxycinnamic acid (3.205 g, 0.0121 mol). The acylation 

procedure was as described for AC14a. Product: off-white crystals (3.231 g, 

94 %). 1H NMR (400 MHz, CDCl3) δ 2.32 (s, 6H), 6.59 (d, J = 15.6 Hz, 1H), 

7.26-7.31 (m, 1H), 7.41-7.49 (m, 2H), 7.77 (d, J = 15.6 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) δ 20.59, 20.65, 123.39, 123.68, 124.33, 127.42, 131.68, 

142.68, 144.84, 148.44, 165.85, 167.75, 167.95. 

Methyl N-(3,4-diacetoxycinnamoyl)anthranilate (AC28c) - Quantities: methyl 

anthranilate (2.000 g, 0.0132 mol), dry pyridine (45 ml) and 3,4-diacetoxy 

cinnamoyl chloride (3.100 g, 0.011 mol). The synthesis procedure was as 

described for AC18a. Product: pale yellow fine crystals (2.837 g, 65 %); m.p. 

165-167 °C. 1H NMR (400 MHz, CDCl3) δ 2.32 (s, 6H), 3.96 (s, 3H), 6.56 (d, 

J = 15.6 Hz, 1H), 7.07-7.15 (m, 1H), 7.21-7.27 (m, 1H), 7.40-7.48 (m, 2H), 

7.54-7.62 (m, 1H), 7.69 (d, J = 15.6 Hz, 1H), 8.06 (dd, J = 8.2, 1.6 Hz, 1H), 

8.86 (dd, J = 8.6, 1.0 Hz, 1H), 11.40 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 

20.59, 20.64, 52.39, 114.90, 120.54, 122.53, 122.67, 123.04, 123.86, 126.49, 

130.86, 133.56, 134.77, 140.34, 141.68, 142.39, 143.24, 163.94, 168.01, 
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168.10, 168.92. MS (ESI): m/z [M+H]+ 398. EA (%) C21H19NO5: calculated C, 

63.47: H, 4.82: N, 3.52; found C, 63.69: H, 4.62: N, 3.53. 

N-(3,4-Dihydroxycinnamoyl)anthranilic acid (AC28d) - Quantities: methyl N-

(3,4-diacetoxycinnamoyl)anthranilate (2.500 g, 0.0063 mol), THF (100 ml), 

methanol (20 ml) and aqueous LiOH [~1 M, LiOH (3.826 g) dissolved in H2O 

(172 ml)]. The hydrolysis procedure was as described for AC18b. Product: 

brownish-white precipitate (1.387 g, 74 %); m.p. 233-235 °C (lit.386 221-230 

°C). 1H NMR (400 MHz, d6-DMSO) δ 6.58 (d, J = 15.5 Hz, 1H), 6.84 (d, J = 

8.2 Hz, 1H), 7.07 (d, J = 8.2 Hz, 1H), 7.13-7.26 (m, 2H), 7.51 (d, J = 15.5 Hz, 

1H), 7.66 (t, J = 7.9 Hz, 1H), 8.06 (dd, J = 7.8 Hz, 1H), 8.66 (d, J = 8.4 Hz, 

1H), 9.22 (br s, 1H), 9.62 (br s, 1H), 11.32 (br s, 1H); 13C NMR (100 MHz, d6-

DMSO) δ 114.58, 115.79, 116.66, 118.48, 120.29, 121.20, 122.63, 125.89, 

131.15, 134.01, 141.10, 141.94, 145.60, 148.02, 164.19, 169.54. MS (ESI): m/z 

[M+H]+ 300. EA (%) C16H13NO5.2H2O: calculated C, 57.31: H, 5.11: N, 4.18; 

found C, 57.32: H, 5.00: N, 4.15. 

 

2.2.4.14 N-(4-Hydroxycinnamoyl)anthranilic acid (AC30) 

 

4-Acetoxycinnamic acid (AC30a) - Quantities: 4-hydroxycinnamic acid (4.000 

g, 0.0244 mol), acetic anhydride (25 ml) and pyridine (1 ml). The acetylation 

procedure was as described for AC28a. Product: white precipitate (4.571 g, 91 

%). 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 2.28 (s, 3H), 6.35 (d, J = 15.9 

Hz, 1H), 7.04-7.18 (m, 2H), 7.46-7.84 (m, 3H). 

4-Acetoxycinnamoyl chloride (AC30b) - Quantities: oxalyl chloride (20 ml) 

and 4-acetoxycinnamic acid (4.000 g, 0.0194 mol). The acylation procedure 

was as described for AC14a, but stirred for ~4.5 hours to ensure complete 

reaction. Product: pale yellow precipitate (4.070 g, 93 %). 1H NMR (400 MHz, 

CDCl3) δ 2.34 (s, 3H), 6.62 (d, J = 15.5 Hz, 1H), 7.17-7.23 (m, 2H), 7.58-7.64 
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(m, 2H), 7.82 (d, J = 15.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 21.12, 

122.42, 122.52, 130.29, 130.63, 149.41, 153.39, 166.01, 168.88. 

Methyl N-(4-acetoxycinnamoyl)anthranilate (AC30c) - Quantities: methyl 

anthranilate (2.419 g, 0.0160 mol), dry pyridine (45 ml) and 4-

acetoxycinnamoyl chloride (3.500 g, 0.0156 mol). The synthesis procedure was 

as described for AC18a. Product: orangish-white precipitate (4.459 g, 84 %); 

m.p. 145-147 °C. 1H NMR (400 MHz, CDCl3) δ 2.33 (s, 3H), 3.97 (s, 3H), 6.59 

(d, J = 15.5 Hz, 1H), 7.09-7.17 (m, 3H), 7.57-7.64 (m, 3H), 7.74 (d, J = 15.5 

Hz, 1H), 8.07 (dd, J = 8.2, 1.4 Hz, 1H), 8.88 (dd, J = 8.5, 0.9 Hz, 1H), 11.39 

(br s, 1H); 13C NMR (100 MHz, CDCl3) δ 21.13, 52.39, 114.88, 120.56, 

122.07, 122.10, 122.58, 129.17, 130.87, 132.40, 134.78, 141.15, 141.80, 

151.84, 164.30, 168.94, 169.18. MS (ESI): m/z [M+H]+ 340. EA (%) 

C19H17NO5: calculated C, 67.25: H, 5.05: N, 4.13; found C, 67.17: H, 5.02: N, 

4.26. 

N-(4-Hydroxycinnamoyl)anthranilic acid (AC30d) - Quantities: methyl N-(4-

acetoxycinnamoyl)anthranilate (2.518 g, 0.0074 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (2.990 g) dissolved in H2O (134 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: yellowish-

white precipitate (1.744 g, 83 %); m.p. 230-232 °C (lit.282 220.5-221.5 °C). 1H 

NMR (400 MHz, CDCl3--d6-DMSO) δ 6.42 (d, J = 15.5 Hz, 1H), 6.80-6.86 

(m, 2H), 7.04-7.11 (m, 1H), 7.39-7.45 (m, 2H), 7.49-7.61 (m, 2H), 8.05 (dd, J 

= 8.0, 1.6 Hz, 1H), 8.77 (d, J = 7.5 Hz, 1H), 9.56 (br s, 1H), 11.58 (br s, 1H); 

13C NMR (100 MHz, CDCl3--d6-DMSO) δ 114.38, 114.78, 117.31, 118.73, 

120.99, 124.43, 128.50, 130.19, 132.90, 140.67, 140.82, 158.41, 163.41, 

169.21. MS (ESI): m/z [M+H]+ 284. EA (%) C16H13NO4: calculated C, 67.84: 

H, 4.63: N, 4.94; found C, 67.63: H, 4.83: N, 4.94. 

 

2.2.4.15 N-Cinnamoylpipecolinic acid (AC34) 
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R,S-Pipecolinic acid (4.320 g, 0.0334 mol) was dissolved in NaOH (1 M, 70 

ml) and cooled in an ice-water bath, and cinnamoyl chloride (4.284 g, 0.0257 

mol) dissolved in diethyl ether (15 ml) was added. The reaction mixture was 

stirred vigorously for 1.5 hours with cooling, then at room temperature for 

further 3 hours. The solution was washed with diethyl ether (20 ml) and the 

aqueous layer was acidified to pH 1 using HCl (6 M). The precipitate was 

obtained by vacuum filtration and dissolved in DCM. The filtrate was extracted 

in more DCM (30 ml). The combined organic solutions were dried over 

anhydrous sodium sulfate, filtered and solvent evaporated under reduced 

pressure. The precipitate was recrystallised from hot ethanol to yield the 

product as pale yellow crystals (2.118 g, 31 %); m.p. 186-188 °C. 1H NMR 

(400 MHz, CDCl3--d6-DMSO) δ 1.05-1.92 (m, 5H9,10,11), 2.33 (m, 1H11), 2.81, 

3.40 (m, 1H8), 4.07, 4.58 (m, 1H8), 4.89, 5.40 (m, 1H12), 6.87-7.13 (m, 1H5), 

7.28-7.45 (m, 3H3,4), 7.49-7.73 (m, 3H2,6); 13C NMR (100 MHz, d6-DMSO) δ 

20.00, 24.50, 25.72, 26.36, 42.55, 51.19, 116.73, 126.69, 127.76, 128.53, 

134.16, 141.00, 141.29, 165.38, 172.00. MS (ESI): m/z [M+H]+ 260. EA (%) 

C15H17NO3: calculated C, 69.48: H, 6.61: N, 5.40; found C, 69.59: H, 6.83: N, 

5.41.  

 

2.2.4.16 N-Cinnamoylproline (AC36) 

 

Quantities: S-proline (3.456 g, 0.0333 mol) and cinnamoyl chloride (4.284 g, 

0.0257 mol). The synthesis procedure was as described for AC34. Product: 

white crystals (2.983 g, 47 %); m.p. 179-181 °C (lit.382 178.5-180 °C). 1H NMR 

(400 MHz, CDCl3--d6-DMSO) δ 1.91-2.40 (m, 4H9,10), 3.58-3.90 (m, 2H8), 

4.58 (m, 1H11), 6.82 (d, J = 15.5 Hz, 1H5), 7.32-7.43 (m, 3H3,4), 7.46-7.58 (m, 

2H2), 7.57-7.69 (m, 1H6); 13C NMR (100 MHz, d6-DMSO) δ 21.68, 23.73, 

28.05, 30.28, 45.69, 46.05, 58.15, 58.30, 117.50, 117.79, 126.82, 126.90, 

127.86, 128.70, 128.79, 133.98, 134.04, 140.65, 141.20, 163.65, 163.94, 

172.83, 173.28. MS (ESI): m/z [M+H]+ 246. EA (%) C14H15NO3: calculated C, 

68.56: H, 6.16: N, 5.71; found C, 68.82: H, 6.26: N, 5.77. 
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2.2.4.17 Methyl N-(3-phenoxypropionoyl)anthranilate (AC35) 

 

3-Phenoxypropionoyl chloride (AC35a) - Quantities: oxalyl chloride (15 ml) 

and 3-phenoxypropionic acid (3.009 g, 0.0181 mol). The acylation procedure 

was as described for AC14a. Product: brownish-yellow liquid (3.340 g, 100 

%). 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 2.70-3.01 (m, 2H6), 4.19-4.29 

(m, 2H5), 6.85-6.98 (m, 3H3,4), 7.22-7.31 (m, 2H2).  

Methyl N-(3-phenoxypropionoyl)anthranilate (AC35b) - Quantities: methyl 

anthranilate (2.563 g, 0.0170 mol), dry pyridine (40 ml) and 3-phenoxy 

propionoyl chloride (3.004 g, 0.0162 mol). The synthesis procedure was as 

described for AC18a. Product: pale brown fine crystals (3.151 g, 65 %); m.p. 

89-91 °C (lit.387 88-89 °C). 1H NMR (400 MHz, CDCl3) δ 2.92 (t, J = 6.2 Hz, 

2H6), 3.93 (s, 3H, CH3), 4.37 (t, J = 6.2 Hz, 2H5), 6.92-6.97 (m, 3H3,4), 7.07-

7.12 (m, 1H12), 7.25-7.30 (m, 2H2), 7.52-7.57 (m, 1H13), 8.03 (dd, J = 8.1, 1.7 

Hz, 1H14), 8.73 (dd, J = 8.5, 0.9 Hz, 1H11), 11.26 (br s, 1H8); 13C NMR (100 

MHz, CDCl3) δ 38.62, 52.33, 63.68, 114.64, 115.07, 120.53, 120.96, 122.60, 

129.39, 130.77, 134.62, 141.31, 158.50, 168.60, 169.30. MS (ESI): m/z 

[M+H]+ 300. EA (%) C17H17NO4: calculated C, 68.22: H, 5.72: N, 4.68; found 

C, 68.48: H, 5.75: N, 4.78. 

 

2.2.4.18 N-(4-Methylcinnamoyl)anthranilic acid (AC39) 

 

4-Methylcinnamoyl chloride  (AC39a) - Quantities: oxalyl chloride (20 ml) and 

4-methylcinnamic acid (4.026 g, 0.0248 mol). The acylation procedure was as 

described for AC14a. Product: white crystals (4.341 g, 97 %). 1H NMR (400 

MHz, CDCl3) δ 2.41 (s, 3H), 6.60 (d, J = 15.5 Hz, 1H), 7.22-7.27 (m, 2H), 

7.45-7.50 (m, 2H), 7.82 (d, J = 15.5 Hz, 1H). 
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Methyl N-(4-methylcinnamoyl)anthranilate (AC39b) - Quantities: methyl 

anthranilate (3.818 g, 0.0253 mol), dry pyridine (70 ml) and 4-methyl 

cinnamoyl chloride (3.806 g, 0.0211 mol). The synthesis procedure was as 

described for AC18a, but stirred overnight. Product: white crystals (5.552 g, 

89 %); m.p. 120-122 °C. 1H NMR (400 MHz, CDCl3) δ 2.38 (s, 3H), 3.95 (s, 

3H), 6.58 (d, J = 15.5 Hz, 1H), 7.07-7.12 (m, 1H), 7.20 (d, J = 8.0 Hz, 2H), 

7.49 (d, J = 8.2 Hz, 2H), 7.55-7.61 (m, 1H), 7.73 (d, J = 15.5 Hz, 1H), 8.05 

(dd, J = 8.2, 1.4 Hz, 1H), 8.88 (dd, J = 8.6, 1.0 Hz, 1H), 11.34 (br s, 1H); 13C 

NMR (100 MHz, CDCl3) δ 21.43, 52.34, 114.80, 120.54, 120.86, 122.42, 

128.04, 129.56, 130.83, 131.89, 134.73, 140.33, 141.92, 142.24, 164.68, 

168.91. MS (ESI): m/z [M+H]+ 296. EA (%) C18H17NO3: calculated C, 73.20: 

H, 5.80: N, 4.74; found C, 73.46: H, 6.01: N, 4.86.   

N-(4-Methylcinnamoyl)anthranilic acid (AC39c) - Quantities: methyl N-(4-

methylcinnamoyl)anthranilate (4.004 g, 0.0135 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (2.746 g) dissolved in H2O (124 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: white crystals 

(3.352 g, 88 %); m.p. 220-222 °C (lit.282 210.5-213 °C). 1H NMR (400 MHz, 

CDCl3--d6-DMSO) δ 2.38 (s, 3H), 6.59 (d, J = 15.5 Hz, 1H), 7.07-7.14 (m, 

1H), 7.22 (d, J = 8.0 Hz, 2H), 7.46-7.67 (m, 4H), 8.07 (dd, J = 8.0, 1.4 Hz, 1H), 

8.79 (d, J = 7.8 Hz, 1H), 11.65 (br s, 1H); 13C NMR (100 MHz, CDCl3--d6-

DMSO) δ 20.03, 114.43, 118.67, 119.80, 121.06, 126.62, 128.26, 130.06, 

130.39, 132.78, 138.80, 140.28, 140.51, 162.83, 169.03. MS (ESI): m/z 

[M+H]+ 282. EA (%) C17H15NO3: calculated C, 72.58: H, 5.37: N, 4.98; found 

C, 72.58: H, 5.49: N, 5.00. 

 

2.2.4.19 N-(4-Trifluoromethylcinnamoyl)anthranilic acid (AC40) 

 

4-Trifluoromethylcinnamoyl chloride (AC40a) - Quantities: oxalyl chloride 

(20 ml) and 4-trifluoromethylcinnamic acid (4.005 g, 0.0185 mol). The 

acylation procedure was as described for AC14a, but stirred overnight. 
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Product: yellowish-white fine crystals (4.151 g, 96 %). 1H NMR (400 MHz, 

CDCl3) δ 6.73 (d, J = 15.6 Hz, 1H), 7.67-7.73 (m, 4H), 7.85 (d, J = 15.6 Hz, 

1H). 

Methyl N-(4-trifluoromethylcinnamoyl)anthranilate (AC40b) - Quantities: 

methyl anthranilate (3.050 g, 0.0202 mol), dry pyridine (70 ml) and 4-trifluoro 

methylcinnamoyl chloride (3.710 g, 0.0158 mol). The synthesis procedure was 

as described for AC18a, but stirred overnight. Product: white crystals (4.938 

g, 89 %); m.p. 170-172 °C. 1H NMR (400 MHz, CDCl3) δ 3.97 (s, 3H), 6.70 

(d, J = 15.7 Hz, 1H), 7.10-7.16 (m, 1H), 7.57-7.79 (m, 6H), 8.07 (dd, J = 8.1, 

1.5 Hz, 1H), 8.87 (dd, J = 8.5, 0.9 Hz, 1H), 11.46 (br s, 1H); 13C NMR (100 

MHz, CDCl3) δ 52.43, 114.97, 120.59, 122.52, 122.83, 124.43, 125.22, 125.81 

(q, CF3), 128.16, 130.91, 131.29, 131.61, 134.83, 138.05, 140.43, 141.60, 

163.75, 168.98. MS (ESI): m/z [M+H]+ 350. EA (%) C18H14NO3F3: calculated 

C, 61.89: H, 4.04: N, 4.01; found C, 62.09: H, 4.16: N, 3.81. 

N-(4-Trifluoromethylcinnamoyl)anthranilic acid (AC40c) - Quantities: methyl 

N-(4-trifluoromethylcinnamoyl)anthranilate (3.514 g, 0.01 mol), THF (100 

ml), methanol (20 ml) and aqueous LiOH [~1 M, LiOH (2.031 g) dissolved in 

H2O (91 ml)]. The hydrolysis procedure was as described for AC18b. Product: 

white fine crystals (2.385 g, 71 %); m.p. 233-235 °C. 1H NMR (400 MHz, 

CDCl3--d6-DMSO) δ 6.76 (d, J = 15.5 Hz, 1H), 7.10-7.16 (m, 1H), 7.53-7.60 

(m, 1H), 7.65-7.78 (m, 5H), 8.09 (dd, J = 8.0, 1.6 Hz, 1H), 8.79 (dd, J = 8.4, 

1.0 Hz, 1H), 11.77 (br s, 1H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 

115.04, 119.34, 121.75, 121.93, 124.04, 124.46, 124.93, 127.39, 129.99, 

130.31, 130.70, 133.47, 137.38, 139.10, 140.86, 162.73, 169.79. MS (ESI): m/z 

[M+H]+ 336. EA (%) C17H12NO3F3: calculated C, 60.90: H, 3.61: N, 4.18; 

found C, 60.51: H, 3.36: N, 4.18. 

 

2.2.4.20 N-(4-Nitrocinnamoyl)anthranilic acid (AC41) 
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4-Nitrocinnamoyl chloride (AC41a) - Quantities: oxalyl chloride (20 ml), 4-

nitrocinnamic acid (4.015 g, 0.0208 mol) and dry DMF (a drop). The acylation 

procedure was as described for AC14a, but stirred for 24 hours with slight 

heating (~50 °C). Product: pale yellow fine crystals (4.227 g, 96 %). 1H NMR 

(400 MHz, CDCl3) δ 6.78 (d, J = 15.6 Hz, 1H), 7.73-7.79 (m, 2H), 7.87 (d, J = 

15.6 Hz, 1H), 8.27-8.34 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 124.37, 

126.36, 129.59, 138.79, 146.91, 149.34, 165.64. 

Methyl N-(4-nitrocinnamoyl)anthranilate (AC41b) - Quantities: methyl 

anthranilate (3.050 g, 0.0202 mol), dry pyridine (100 ml) and 4-nitrocinnamoyl 

chloride (3.557 g, 0.0160 mol). The synthesis procedure was as described for 

AC18a, but stirred overnight with heating (~125 °C) for initial 2 hours. The 

crude product was recrystallised from a mixture of hot DCM-ethanol (2:1). 

Product: yellow crystals (4.245 g, 81 %); m.p. 239-241 °C. 1H NMR (400 MHz, 

CDCl3) δ 3.96 (s, 3H), 6.72 (d, J = 15.7 Hz, 1H), 7.10-7.16 (m, 1H), 7.56-7.62 

(m, 1H), 7.68-7.80 (m, 3H), 8.07 (dd, J = 8.1, 1.5 Hz, 1H), 8.22-8.27 (m, 2H), 

8.84 (d, J = 8.4 Hz, 1H), 11.44 (br s, 1H); 13C NMR (100 MHz, CDCl3, 55 °C) 

δ 52.43, 115.17, 120.70, 123.03, 124.17, 126.32, 128.60, 130.97, 134.86, 

139.78, 140.97, 141.54, 148.44, 163.29, 169.03. MS (ESI): m/z [M+H]+ 327. 

EA (%) C17H14N2O5: calculated C, 62.57: H, 4.32: N, 8.59; found C, 62.69: H, 

4.34: N, 8.61. 

N-(4-Nitrocinnamoyl)anthranilic acid (AC41c) - Quantities: methyl N-(4-

nitrocinnamoyl)anthranilate (3.100 g, 0.0095 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.926 g) dissolved in H2O (86 ml)]. 

The hydrolysis procedure was as described for AC18b, but stirred with heating 

(~100 °C). Product: dark yellow precipitate (2.805 g, 95 %); m.p. >305 °C 

(decomposed). 1H NMR (400 MHz, d6-DMSO) δ 6.98-7.09 (m, 2H), 7.35-7.42 

(m, 1H), 7.72 (d, J = 15.7 Hz, 1H), 8.01-8.11 (m, 3H), 8.30 (d, J = 8.4 Hz, 2H), 

8.64 (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, d6-DMSO) δ 118.61, 121.84, 

124.00, 125.07, 128.21, 128.98, 130.09, 131.26, 137.13, 140.66, 141.42, 

147.55, 162.46, 169.25. EA (%) C16H12N2O5.1¼H2O: calculated C, 57.40: H, 

4.37: N, 8.37; found C, 57.13: H, 3.87: N, 8.30. 
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2.2.4.21 N-(α-Phenylcinnamoyl)anthranilic acid (AC42) 

 

α-Phenylcinnamoyl chloride (AC42a) - Quantities: oxalyl chloride (25 ml) and 

α-phenylcinnamic acid (3.092 g, 0.0138 mol). The acylation procedure was as 

described for AC14a. Product: pale orange hard crystal (3.251 g, 97 %). 1H 

NMR (400 MHz, CDCl3) δ 7.00-7.13 (m, 2H), 7.16-7.54 (m, 8H), 8.11 (s, 1H). 

Methyl N-(α-phenylcinnamoyl)anthranilate (AC42b) - Quantities: methyl 

anthranilate (2.134 g, 0.0141 mol), dry pyridine (50 ml) and α-phenyl 

cinnamoyl chloride (3.106 g, 0.0128 mol). The synthesis procedure was as 

described for AC18a, but stirred for 2 hours with slight heating (~50 °C). 

Product: white fine crystals (3.836 g, 84 %); m.p. 129-132 °C. 1H NMR (400 

MHz, CDCl3) δ 3.67 (s, 3H), 7.02-7.22 (m, 6H), 7.32-7.38 (m, 2H), 7.46-7.58 

(m, 4H), 7.90-7.95 (m, 2H), 8.88 (dd, J = 8.6, 1.0 Hz, 1H), 10.75 (br s, 1H); 

13C NMR (100 MHz, CDCl3) δ 51.94, 116.08, 120.82, 122.69, 128.15, 128.60, 

128.70, 129.48, 130.21, 130.52, 130.76, 134.21, 134.99, 135.30, 136.08, 

138.07, 141.09, 166.55, 167.64. MS (ESI): m/z [M+H]+ 358. EA (%) 

C23H19NO3: calculated C, 77.29: H, 5.36: N, 3.92; found C, 77.48: H, 5.33: N, 

3.98. 

N-(α-Phenylcinnamoyl)anthranilic acid (AC42c) - Quantities: methyl N-(α-

phenylcinnamoyl)anthranilate (2.515 g, 0.0070 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.419 g) dissolved in H2O (64 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: white fine 

crystals (2.244 g, 93 %); m.p. 240-242 °C. 1H NMR (400 MHz, CDCl3--d6-

DMSO) δ 6.96-7.22 (m, 6H), 7.33 (dd, J = 7.3, 1.6 Hz, 2H), 7.40-7.58 (m, 4H), 

7.84 (s, 1H), 7.97 (dd, J = 8.0, 1.6 Hz, 1H), 8.87 (d, J = 8.4 Hz, 1H), 11.24 (br 

s, 1H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 115.13, 119.01, 121.36, 

126.98, 127.35, 127.50, 128.13, 128.93, 129.09, 130.07, 132.67, 133.64, 

133.98, 135.14, 136.46, 140.33, 164.87, 168.42. MS (ESI): m/z [M+H]+ 344. 
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EA (%) C22H17NO3: calculated C, 76.95: H, 4.99: N, 4.08; found C, 76.72: H, 

5.05: N, 4.10. 

 

2.2.4.22 N-(α-Methylcinnamoyl)anthranilic acid (AC43) 

 

α-Methylcinnamic acid (AC43a) - To a mixture of benzaldehyde (5 ml, 0.0492 

mol) and propionic anhydride388 (10 ml, 0.0780 mol), anhydrous sodium 

acetate (2.5 g) was added and heated under reflux for 4 hours. Once the mixture 

has cooled down to room temperature, cold water (50 ml) was added and 

alkalised with saturated aqueous sodium carbonate (85 ml). The resulting solid 

suspension was heated to dissolve completely. The unreacted benzaldehyde 

was extracted in DCM (2 × 25 ml), and the aqueous layer was acidified with 

concentrated HCl (12 M) with cooling. The pale yellowish-white crystals (yield 

2.098 g, 26 %) of α-methylcinnamic acid was obtained by vacuum filtration, 

washed with little cold water (~10 ml) and dried. 1H NMR (400 MHz, d6-

DMSO) δ 2.08 (s, 3H), 7.39-7.55 (m, 5H), 7.62-7.68 (m, 1H). 

α-Methylcinnamoyl chloride (AC43b) - Quantities: oxalyl chloride (10 ml) and 

α-methylcinnamic acid (2.009 g, 0.0124 mol). The acylation procedure was as 

described for AC14a. Product: pale yellow hard crystal (2.238 g, 100 %). 1H 

NMR (400 MHz, CDCl3) δ 2.20 (s, 3H), 7.36-7.62 (m, 5H), 7.99-8.09 (m, 1H); 

13C NMR (100 MHz, CDCl3) δ 15.17, 128.67, 129.76, 130.07, 132.42, 134.52, 

147.50, 170.15. 

Methyl N-(α-methylcinnamoyl)anthranilate (AC43c) - Quantities: methyl 

anthranilate (1.965 g, 0.0130 mol), dry pyridine (40 ml) and α-methyl 

cinnamoyl chloride (2.012 g, 0.0111 mol). The synthesis procedure was as 

described for AC18a, but stirred for 2 hours. Product: white precipitate (2.728 

g, 83 %); m.p. 93-95 °C. 1H NMR (400 MHz, CDCl3) δ 2.28 (s, 3H), 3.94 (s, 

3H), 7.08-7.13 (m, 1H), 7.30-7.44 (m, 5H), 7.56-7.64 (m, 2H), 8.07 (dd, J = 

8.0, 1.6 Hz, 1H), 8.87 (dd, J = 8.6, 1.0 Hz, 1H), 11.66 (br s, 1H); 13C NMR 

(100 MHz, CDCl3) δ 14.11, 52.38, 115.17, 120.54, 122.46, 127.95, 128.34, 
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129.52, 130.89, 132.68, 134.71, 135.60, 136.21, 141.87, 167.98, 168.86. MS 

(ESI): m/z [M+H]+ 296. EA (%) C18H17NO3: calculated C, 73.20: H, 5.80: N, 

4.74; found C, 72.90: H, 5.92: N, 4.66. 

N-(α-Methylcinnamoyl)anthranilic acid (AC43d) - Quantities: methyl N-(α-

methylcinnamoyl)anthranilate (2.504 g, 0.0085 mol), THF (100 ml), methanol 

(20 ml) and aqueous LiOH [~1 M, LiOH (1.716 g) dissolved in H2O (77 ml)]. 

The hydrolysis procedure was as described for AC18b. Product: white crystals 

(2.204 g, 93 %); m.p. 186-188 °C. 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 

2.26 (s, 3H), 7.08-7.14 (m, 1H), 7.30-7.45 (m, 5H), 7.54-7.60 (m, 2H), 8.11 

(dd, J = 8.0, 1.6 Hz, 1H), 8.83 (d, J = 8.4 Hz, 1H), 12.00 (br s, 1H); 13C NMR 

(100 MHz, CDCl3--d6-DMSO) δ 13.41, 115.24, 119.38, 121.71, 127.27, 

127.66, 128.72, 130.81, 132.07, 133.55, 134.51, 135.43, 141.26, 167.06, 

169.95. MS (ESI): m/z [M+H]+ 282. EA (%) C17H15NO3: calculated C, 72.58: 

H, 5.37: N, 4.98; found C, 72.50: H, 5.49: N, 5.00. 

 

2.2.4.23 N-(4-Dimethylaminocinnamoyl)anthranilic acid (AC45) 

 

4-Dimethylaminocinnamoyl chloride (AC45a) - Quantities: oxalyl chloride (20 

ml), 4-dimethylaminocinnamic acid (4.003 g, 0.0209 mol) and dry DMF (a 

drop). The acylation procedure was as described for AC14a, but stirred for 24 

hours. Product: dark green precipitate (7.415 g, >100 % due to presence of 

unevaporated DMF).  

Methyl N-(4-dimethylaminocinnamoyl)anthranilate (AC45b) - Quantities: 

methyl anthranilate (6.046 g, 0.040 mol), dry pyridine (70 ml) and 4-dimethyl 

aminocinnamoyl chloride (0.0209 mol). The synthesis procedure was as 

described for AC18a, but stirred for 2.5 hours with slight heating (~50 °C). 

Product: dark green precipitate (2.413 g, 36 %); m.p. 164-166 °C. 1H NMR 

(400 MHz, CDCl3) δ 2.99 (s, 6H), 3.92 (s, 3H), 6.41 (d, J = 15.4 Hz, 1H), 6.58-

6.71 (m, 2H), 7.06 (t, J = 7.6 Hz, 1H), 7.37-7.59 (m, 3H), 7.69 (d, J = 15.4 Hz, 

1H), 8.04 (d, J = 8.0 Hz, 1H), 8.89 (d, J = 8.6 Hz, 1H), 11.22 (br s, 1H); 13C 
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NMR (100 MHz, CDCl3) δ 40.14, 52.26, 111.81, 114.59, 116.43, 120.48, 

122.02, 122.48, 129.67, 130.77, 134.65, 142.26, 142.74, 151.55, 165.45, 

168.91. MS (ESI): m/z [M+H]+ 325. EA (%) C19H20N2O3: calculated C, 70.35: 

H, 6.21: N, 8.64; found C, 70.05: H, 6.44: N, 8.60. 

N-(4-Dimethylaminocinnamoyl)anthranilic acid (AC45c) - Quantities: methyl 

N-(4-dimethylaminocinnamoyl)anthranilate (2.204 g, 0.0068 mol), THF (100 

ml), methanol (20 ml) and aqueous LiOH [~1 M, LiOH (1.257 g) dissolved in 

H2O (56 ml)]. The hydrolysis procedure was as described for AC18b. Product: 

greenish-yellow fine crystals (1.812 g, 86 %); m.p. 216-218 °C. 1H NMR (400 

MHz, CDCl3--d6-DMSO) δ 3.04 (s, 6H), 6.38 (d, J = 15.5 Hz, 1H), 6.66-6.72 

(m, 2H), 7.04-7.11 (m, 1H), 7.42-7.66 (m, 4H), 8.08 (dd, J = 8.0, 1.6 Hz, 1H), 

8.82 (dd, J = 8.5, 0.9 Hz, 1H), 11.56 (br s, 1H); 13C NMR (100 MHz, CDCl3--

d6-DMSO) δ 39.16, 110.21, 110.90, 114.49, 115.56, 119.03, 121.08, 121.20, 

128.63, 130.51, 131.37, 133.23, 141.37, 150.63, 164.22, 169.63. MS (ESI): m/z 

[M+H]+ 311. EA (%) C18H18N2O3: calculated C, 69.66: H, 5.85: N, 9.03; found 

C, 69.46: H, 5.99: N, 8.95. 

 

2.2.4.24 N-(4-Methoxyhydrocinnamoyl)anthranilic acid (AC46) 

 

4-Methoxyhydrocinnamoyl chloride (AC46a) - Quantities: oxalyl chloride (16 

ml) and 4-methoxyhydrocinnamic acid (3.119 g, 0.0173 mol). The acylation 

procedure was as described for AC14a, but stirred for 5 hours. Product: yellow 

viscous liquid (3.431 g, 100 %). 1H NMR (400 MHz, CDCl3) δ 2.95 (t, J = 7.5 

Hz, 2H), 3.17 (t, J = 7.5 Hz, 2H), 3.79 (s, 3H), 6.81-6.88 (m, 2H), 7.07-7.14 

(m, 2H). 

Methyl N-(4-methoxyhydrocinnamoyl)anthranilate (AC46b) - Quantities: 

methyl anthranilate (2.721 g, 0.018 mol), dry pyridine (40 ml) and 4-methoxy 

hydrocinnamoyl chloride (3.100 g, 0.0156 mol). The synthesis procedure was 

as described for AC21a. Product: yellow liquid with some needle-like crystals 

(low m.p.). 
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N-(4-Methoxyhydrocinnamoyl)anthranilic acid (AC46c) - Quantities: methyl 

N-(4-methoxyhydrocinnamoyl)anthranilate (0.0156 mol), THF (100 ml), 

methanol (20 ml) and aqueous LiOH [~1 M, LiOH (3.164 g) dissolved in H2O 

(100 ml)]. The hydrolysis procedure was as described for AC18b. Product: pale 

yellow precipitate (3.691 g, 79 %); m.p. 161-163 °C. 1H NMR (400 MHz, 

CDCl3--d6-DMSO) δ 2.69 (t, J = 7.8 Hz, 2H), 2.99 (t, J = 7.8 Hz, 2H), 3.77 (s, 

3H), 6.79-6.83 (m, 2H), 7.04-7.18 (m, 3H), 7.48-7.54 (m, 1H), 8.05 (dd, J = 

7.9, 1.5 Hz, 1H), 8.67 (d, J = 7.5 Hz, 1H), 11.41 (br s, 1H); 13C NMR (100 

MHz, CDCl3--d6-DMSO) δ 29.64, 39.55, 54.45, 113.13, 114.83, 119.17, 

121.52, 128.51, 130.66, 131.94, 133.44, 140.93, 157.20, 169.73, 170.24. MS 

(ESI): m/z [M+H]+ 300. EA (%) C17H17NO4: calculated C, 68.22: H, 5.72: N, 

4.68; found C, 68.23: H, 5.89: N, 4.69. 
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2.3 General synthetic procedures for aryl sulfonamides 

Aryl sulfonamides, M2 - M14 with Formula 1 (Figure 2.2) were produced by 

sulfonylation between an aryl sulfonyl chloride and a secondary amine as per 

Scheme 2.4 and Section 2.3.1.1.389 The 4-(chlorosulfonyl)benzoic acid 

required for the reaction was synthesised as per Scheme 2.5 and Section 

2.3.1.2.390 The derivatives, AC51 and AC56 with Formula 2 (Figure 2.3), and 

AC53, AC54 and AC57 with Formula 3 (Figure 2.3) were synthesised as 

provided in Scheme 2.6 and Section 2.3.2.372,373,391,392 Probenecid (M1) was 

purchased from Sigma-Aldrich, whereas the compounds M2 - M14 were 

previously synthesised at the University of Hull (unpublished work), but some 

of them were purified or resynthesised as required.  

 

 

Figure 2.2: Chemical structures of the small aryl sulfonamides M1 - M14. 

 

 

 

Figure 2.3: Chemical structures of the extended aryl sulfonamides AC51, AC53, AC54, AC56 

and AC57. 
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2.3.1 Synthesis of small aryl sulfonamides 

2.3.1.1 Aryl sulfonamide derivatives M2 - M14 

M2 - M9 

An aryl sulfonyl chloride derivative (1.0 mmol) was dissolved in THF and 

cooled to 0 °C, and a secondary amine (2.2 mmol) was added dropwise 

maintaining the reaction temperature between 0-5 °C. The reaction mixture was 

stirred for 5 minutes at 0 °C, then at room temperature for further 2 hours. The 

organic layer was diluted with ethyl acetate, washed with water, dried over 

anhydrous sodium sulfate, filtered and solvent evaporated under reduced 

pressure. The crude products of M2 - M5 and M8 were recrystallised at a sub-

zero temperature from a DCM-hexane mixture (1:4), whereas M6, M7 and M9 

were recrystallised at a sub-zero temperature from a mixture of ethanol-water 

(5:1), and the pure products were obtained by vacuum filtration. The 

characterisation data for each compound are given under this section.  

M10 - M14 

An aryl sulfonyl chloride derivative (0.014 mol) was added to a solution of a 

secondary amine (0.032 mol) in aqueous NaOH (10 % w/v, 30 ml) and stirred 

at room temperature overnight. The solution was acidified with HCl (6 M) to 

pH 1 and stirred for further 20 minutes. The resulting precipitate was obtained 

by vacuum filtration, washed with water or HCl (1 M), and dried.389 The crude 

products of M11 - M14 were recrystallised from hot ethanol, whereas the crude 

precipitate of M10 was dissolved in DCM, filtered and solvent evaporated 

under reduced pressure to yield the pure products. The characterisation data for 

each compound are given under this section. 

 

 

Scheme 2.4: Synthesis of aryl sulfonamides. Conditions and reagents used to synthesise M2 - 

M9: 0 °C, then 2 hours at room temperature; and for M10 - M14: NaOH (10 % w/v) overnight, 

then HCl (2 M), at room temperature.  
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N,N-Diethylbenzenesulfonamide (M2) 

 

Product: white crystals (20 %); m.p. 46-50 °C (lit.393 40 °C). 1H NMR (400 

MHz, CDCl3) δ 1.13 (t, J = 7.1 Hz, 6H6), 3.25 (q, J = 7.2 Hz, 4H5), 7.44-7.59 

(m, 3H3,4), 7.77-7.85 (m, 2H2); 13C NMR (100 MHz, CDCl3) δ 14.08, 41.97, 

126.92, 128.96, 132.19, 140.35. MS (EI): m/z 213 C10H15NO2S
+• (M+•), 141 

C6H5O2S
+ (M-C4H10N)+, 77 C6H5

+ (M-C4H10NO2S)+. EA (%) C10H15NO2S: 

calculated C, 56.31: H, 7.09: N, 6.57: S, 15.03; found C, 56.52: H, 7.30: N, 

6.58: S, 15.10. 

 

N,N-Diethyl-4-methoxybenzenesulfonamide (M3)  

 

Product: white crystals (72 %); m.p. 43-46 °C (lit.394 53-54 °C). 1H NMR (400 

MHz, CDCl3) δ 1.12 (t, J = 7.1 Hz, 6H), 3.22 (q, J = 7.2 Hz, 4H), 3.86 (s, 3H), 

6.93-7.00 (m, 2H), 7.69-7.79 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 14.08, 

41.90, 55.53, 114.07, 129.03, 132.06, 162.52. MS (EI): m/z 243 C11H17NO3S
+• 

(M+•), 228 C10H14NO3S
+ (M-CH3)

+, 171 C7H7O3S
+ (M-C4H10N)+, 107 C7H7O

+ 

(M-C4H10NO2S)+. EA (%) C11H17NO3S: calculated C, 54.30: H, 7.04: N, 5.76: 

S, 13.18; found C, 54.47: H, 7.22: N, 5.76: S, 13.35. 

 

1-((4-Methoxyphenyl)sulfonyl)pyrrolidine (M4)  

 

Product: white crystals (58 %); m.p. 93-95 °C (lit.395 165-166 °C). 1H NMR 

(400 MHz, CDCl3) δ 1.70-1.81 (m, 4H), 3.17-3.28 (m, 4H), 3.88 (s, 3H), 6.95-
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7.04 (m, 2H), 7.71-7.82 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 25.14, 47.86, 

55.55, 114.10, 128.60, 129.58, 162.81. MS (EI): m/z 241 C11H15NO3S
+• (M+•), 

171 C7H7O3S
+ (M-C4H8N)+, 107 C7H7O

+ (M-C4H8NO2S)+, 77 C6H5
+ (M-

C5H11NO3S)+, 70 C4H8N
+. EA (%) C11H15NO3S: calculated C, 54.75: H, 6.27: 

N, 5.80: S, 13.29; found C, 54.98: H, 6.33: N, 5.81: S, 13.24. 

 

N,N-Diethyl-4-fluorobenzenesulfonamide (M5) 

 

Product: white crystals (70 %); m.p. 53-57 °C (lit.396 39-40 °C). 1H NMR (400 

MHz, CDCl3) δ 1.14 (t, J = 7.1 Hz, 6H), 3.24 (q, J = 7.1 Hz, 4H), 7.12-7.23 

(m, 2H), 7.75-7.89 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 14.07, 41.97, 

116.16 (d), 129.57 (d), 163.55, 166.07. MS (EI): m/z 231 C10H14FNO2S
+• (M+•), 

159 C6H4FO2S
+ (M-C4H10N)+, 95 C6H4F

+ (M-C4H10NO2S)+. EA (%) 

C10H14NO2SF: calculated C, 51.93: H, 6.10: N, 6.06: S, 13.86; found C, 52.18: 

H, 6.18: N, 6.07: S, 14.00. 

 

1-((4-Fluorophenyl)sulfonyl)pyrrolidine (M6)  

 

Product: pale yellow crystals (91 %); m.p. 93-95 °C. 1H NMR (400 MHz, 

CDCl3) δ 2.96-3.04 (m, 4H), 3.72-3.78 (m, 4H), 7.20-7.28 (m, 2H), 7.74-7.82 

(m, 2H). EA (%) C10H12FNO2S: calculated C, 52.39: H, 5.28: N, 6.11: S, 13.98; 

found C, 52.75: H, 5.00: N, 6.39: S, 13.77.  

 

1-((4-Fluorophenyl)sulfonyl)piperidine (M7)  
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Product: white crystals (65 %); m.p. 95-96 °C (lit.397 76-77 °C). 1H NMR (400 

MHz, CDCl3) δ 1.38-1.49 (m, 2H), 1.59-1.71 (m, 4H), 2.93-3.03 (m, 4H), 7.15-

7.26 (m, 2H), 7.72-7.81 (m, 2H). MS (ESI): m/z [M+H]+ 244. EA (%) 

C11H14FNO2S: calculated C, 54.30: H, 5.80: N, 5.76: S, 13.18; found C, 54.34: 

H, 6.01: N, 5.72: S, 13.33. 

 

4-((4-Fluorophenyl)sulfonyl)morpholine (M8)  

 

Product: white crystals (59 %); m.p. 110-112 °C (lit.398 104-106 °C). 1H NMR 

(400 MHz, CDCl3) δ 2.96-3.06 (m, 4H), 3.72-3.79 (m, 4H), 7.21-7.28 (m, 2H), 

7.72-7.84 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 45.92, 66.02, 116.43 (d), 

130.50 (d), 164.09, 166.62. MS (EI): m/z 245 C10H12FNO3S
+• (M+•), 159 

C6H4FO2S
+ (M-C4H8NO)+, 95 C6H4F

+ (M-C4H8NO3S)+, 86 C4H8NO+. EA (%) 

C10H12NO3SF: calculated C, 48.97: H, 4.93: N, 5.71: S, 13.07; found C, 49.18: 

H, 5.00: N, 5.72: S, 13.30. 

 

1-((4-Fluorophenyl)sulfonyl)indoline (M9)  

 

Product: pale brown powder (10 %); m.p. 115-116 °C. 1H NMR (400 MHz, 

CDCl3) δ 2.90 (t, J = 8.5 Hz, 2H), 3.92 (t, J = 8.4 Hz, 2H), 6.95-7.24 (m, 5H), 

7.63 (d, J = 8.0 Hz, 1H), 7.74-7.86 (m, 2H). MS (ESI): m/z [M+Na]+ 300. EA 

(%) C14H12FNO2S: calculated C, 60.64: H, 4.36: N, 5.05: S, 11.56; found C, 

60.67: H, 4.58: N, 5.06: S, 11.73. 
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N-(4-(N,N-Diethylsulfamoyl)phenyl)acetamide (M10)  

 

Product: yellowish-white crystals (53 %); m.p. 77-80 °C (lit.399 82 °C). 1H 

NMR (400 MHz, CDCl3) δ 1.12 (t, J = 7.1 Hz, 6H), 2.21 (s, 3H), 3.22 (q, J = 

7.2 Hz, 4H), 7.57-7.78 (m, 4H), 7.97 (br s, 1H); 13C NMR (100 MHz, CDCl3) 

δ 14.09, 24.62, 42.02, 119.36, 128.08, 134.76, 141.79, 168.98. MS (ESI): m/z 

[M+H]+ 271. EA (%) C12H18N2O3S.¼H2O: calculated C, 52.44: H, 6.78: N, 

10.19; found C, 52.17: H, 6.94: N, 10.11. 

 

4-(N,N-Diethylsulfamoyl)benzoic acid (M11)  

 

Product: orange crystals (34 %); m.p. 196-199 °C (lit.400 194-195 °C). 1H NMR 

(400 MHz, CDCl3--d6-DMSO) δ 1.13 (t, J = 7.1 Hz, 6H), 3.25 (q, J = 7.2 Hz, 

4H), 7.80-7.90 (m, 2H), 8.10-8.21 (m, 2H); 13C NMR (100 MHz, CDCl3--d6-

DMSO) δ 13.14, 41.09, 125.74, 129.36, 133.65, 142.78, 165.76. MS (ESI): m/z 

[M+H]+ 258. EA (%) C11H15NO4S: calculated C, 51.35: H, 5.88: N, 5.44; found 

C, 51.47: H, 5.99: N, 5.38. 

 

4-(Pyrrolidin-1-ylsulfonyl)benzoic acid (M12)  

 

Product: orange crystals (48 %); m.p. 240-243 °C with decomposition. 1H 

NMR (400 MHz, CDCl3--d6-DMSO) δ 1.69-1.84 (m, 4H), 3.17-3.32 (m, 4H), 

7.82-7.94 (m, 2H), 8.14-8.26 (m, 2H); 13C NMR (100 MHz, CDCl3--d6-

DMSO) δ 24.22, 47.04, 126.29, 129.39, 134.00, 139.26, 165.84. MS (ESI): m/z 



121 
 

[M+H]+ 256. EA (%) C11H13NO4S: calculated C, 51.75: H, 5.13: N, 5.49; found 

C, 51.99: H, 5.21: N, 5.37. 

 

4-(Piperidin-1-ylsulfonyl)benzoic acid (M13)  

 

Product: orange precipitate (98 %); m.p. 266-268 °C with decomposition (lit.400 

263-264 °C). 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 1.35-1.51 (quintet, J 

= 5.8 Hz, 2H), 1.58-1.71 (quintet, J = 5.7 Hz, 4H), 3.00 (t, J = 5.4 Hz, 4H), 

7.76-7.83 (m, 2H), 8.15-8.23 (m, 2H); 13C NMR (100 MHz, CDCl3--d6-

DMSO) δ 22.74, 24.50, 46.31, 126.83, 129.71, 134.39, 139.20, 166.34. MS 

(ESI): m/z [M+H]+ 270. EA (%) C12H15NO4S: calculated C, 53.52: H, 5.61: N, 

5.20: S, 11.90; found C, 53.76: H, 5.70: N, 5.17: S, 11.77. 

 

4-(Morpholinosulfonyl)benzoic acid (M14)  

 

Product: orange precipitate (46 %); m.p. 285-288 °C with decomposition (lit.400 

282-283 °C). 1H NMR (400 MHz, d6-DMSO) δ 2.98 (t, J = 4.7 Hz, 4H), 3.72 

(t, J = 4.7 Hz, 4H), 7.90-8.02 (m, 2H), 8.22-8.32 (m, 2H); 13C NMR (100 MHz, 

d6-DMSO) δ 45.83, 65.27, 127.93, 130.28, 134.99, 138.19, 166.15. MS (ESI): 

m/z [M+H]+ 272. EA (%) C11H13NO5S: calculated C, 48.70: H, 4.83: N, 5.16: 

S, 11.82; found C, 49.00: H, 5.00: N, 5.03: S, 11.71. 
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2.3.1.2 4-(Chlorosulfonyl)benzoic acid 

 
 

Step I: Thionyl chloride (42 ml) was added dropwise into cold deionised water 

(250 ml, 0 °C) over an hour period maintaining the reaction temperature 

between 0-7 °C using an ice-acetone-water bath. The reaction mixture was 

stood at room temperature overnight. Copper (I) chloride (0.151 g) was added 

maintaining the reaction temperature between 0-5 °C and the resulting solution 

was cooled to 0 °C.  

Step II: Concentrated HCl (12 M, 65.5 ml) was added to 4-aminobenzoic acid 

(63.4 mmol) and cooled to 0 °C. Aqueous sodium nitrite (10 g in 40 ml H2O) 

was added dropwise to the reaction mixture having the temperature between 0-

5 °C, and stirred for further 10 minutes at 0 °C.  

The reaction mixture prepared in Step II was added slowly to the reaction 

mixture prepared in Step I over a 45 minutes period, maintaining the 

temperature of both reaction mixtures between 0-5 °C.390 The resulting 

suspension was stirred for further 2 hours and stood at 0 °C overnight to 

precipitate. The pale orange precipitate of 4-(chlorosulfonyl)benzoic acid was 

obtained by vacuum filtration, washed with water and dried. Yield: 9.458 g, 68 

%. 1H NMR (400 MHz, CDCl3--d6-DMSO) δ 7.69-8.46 (m, 4H), 11.95 (br s, 

1H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 125.14, 128.90, 131.91, 

147.49, 166.43. 

 

 

Scheme 2.5: Synthesis of 4-(chlorosulfonyl)benzoic acid. 

 

 

2.3.2 Synthesis of extended aryl sulfonamides 

A(i) Sulfonylation of aryl sulfonyl chloride with a secondary amine - aryl 

sulfonyl chloride (0.01 mol) derivative was dissolved in THF (30 ml) and 
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added to a solution of secondary amine (0.01 mol) in NaOH solution (10 % 

w/v, 30 ml), and stirred at room temperature overnight. The reaction mixture 

was acidified with HCl (1 M) to pH 2. The organic phase was extracted in ethyl 

acetate (3 × 20 ml), washed with brine (2 × 5 ml), dried over anhydrous sodium 

sulfate, filtered and solvent evaporated under reduced pressure.372 

A(ii) Coupling of aryl sulfonamide with a benzylamine - aryl sulfonamide (5 

mmol), benzylamine (5 mmol), 1-hydroxybenzotriazole (HOBt, 5.5 mmol), 1-

(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDAC.HCl, 5.5 

mmol) and N,N-diisopropylethylamine (DIPEA, 5.5 mmol) were stirred in 

DCM (40 ml) for 5 hours at room temperature. The mixture was washed with 

HCl (1 M, 10 ml) and sodium carbonate (1 M, 10 ml), and the organic portion 

was extracted. The remaining organic phase was further extracted from the 

aqueous phase with more DCM (20 ml). The combined organic layer was 

washed again with sodium carbonate (1 M, 20 ml), dried over anhydrous 

sodium sulfate, filtered and solvent evaporated under reduced pressure.373 The 

crude product was recrystallised from a mixture of hot heptane-ethyl acetate 

(1:1), and the crystals were obtained by vacuum filtration, washed with heptane 

and dried. 

 

B(i) Protection of secondary amines - di-tert-butyl dicarbonate (Boc2O, 28.4 

mmol) in THF (28 ml) was added to a solution of secondary amine (19 mmol) 

in sodium carbonate (10 %, 47 ml) at 0 °C. The reaction mixture was stirred at 

room temperature overnight and added into water (100 ml). The mixture was 

washed with diethyl ether (3 × 20 ml) and the aqueous layer was acidified with 

HCl (1 M) to pH 2. The suspension was extracted with ethyl acetate (3 × 50 

ml), dried over anhydrous magnesium sulfate, filtered and solvent evaporated 

under reduced pressure. The crude product was recrystallised from hot diethyl 

ether.391 

B(ii) Coupling of N-Boc-amide with a benzylamine - Coupled as described in 

A(ii), but carried on to the next step without purification. 

B(iii) Deprotection of N-Boc-amide - Trifluoroacetic acid (TFA, 20 ml) was 

added to the N-Boc-amide in DCM (20 ml) at 0 °C and stirred at room 

temperature for 1.5 hours. More DCM (20 ml) was added to the reaction 

mixture and washed with water (20 ml), neutralised (washed) with saturated 



124 
 

sodium carbonate (~30 ml), and further washed with water (10 ml) and brine 

(10 ml). The organic extract was dried over anhydrous magnesium sulfate, 

filtered and solvent evaporated under reduced pressure.392  

B(iv) Sulfonylation of aryl sulfonyl chloride with a secondary amine - 

Sulfonylated as described in A(i), but precipitated on acidifying and hence 

extraction was not carried out. The precipitate was obtained by vacuum 

filtration, washed with HCl (1 M) and dried. The product was purified by 

stirring it in a mixture of hot heptane-ethyl acetate (1:1, ~25 ml).   

 

 
 

 

Scheme 2.6: Synthesis of aryl sulfonamides using (A) 4-fluoro or hydro sulfonyl chlorides, or 

(B) 4-(chlorosulfonyl)benzoic acid.  
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2.3.2.1 (S)-N-(4-Chlorobenzyl)-1-((4-fluorophenyl)sulfonyl)pyrrolidine-2-

carboxamide (AC51) 

 

((4-Fluorophenyl)sulfonyl)-L-proline (AC51a) - Quantities: 4-fluorobenzene 

sulfonyl chloride (1.946 g, 0.01 mol) and L-proline (1.152 g, 0.01 mol). The 

A(i) procedure given under Section 2.3.2 was followed. Product: cream-white 

crystals (2.105 g, 77 %); m.p. 115-118 °C. 1H NMR (400 MHz, d6-DMSO) δ 

1.54-1.70 (m, 1H), 1.76-2.02 (m, 3H), 3.29-3.43 (m, 2H), 4.14 (dd, J = 8.6, 4.1 

Hz, 1H), 7.41-7.54 (m, 2H), 7.86-7.99 (m, 2H); 13C NMR (100 MHz, d6-

DMSO) δ 24.10, 30.31, 48.25, 60.30, 116.28, 116.50, 130.02, 130.12, 134.14, 

163.18, 165.69, 172.91. MS (ESI): m/z [M+H]+ 274. EA (%) C11H12FNO4S: 

calculated C, 48.35: H, 4.43: N, 5.13: S, 11.73; found C, 48.44: H, 4.37: N, 

5.09: S, 11.50. 

(S)-N-(4-Chlorobenzyl)-1-((4-fluorophenyl)sulfonyl)pyrrolidine-2-

carboxamide (AC51b) - Quantities: 4-chlorobenzylamine (0.708 g, 0.005 

mol), AC51a (1.366 g, 0.005 mol), HOBt (0.842 g, 0.0055 mol), EDAC.HCl 

(1.054 g, 0.0055 mol) and DIPEA (0.711 g, 0.0055 mol). Coupled following 

the A(ii) procedure given under Section 2.3.2. Product: white fine crystals 

(1.533 g, 77 %); m.p. 134-135 °C. 1H NMR (400 MHz, CDCl3) δ 1.57-1.85 (m, 

3H), 2.14-2.31 (m, 1H), 3.08-3.22 (m, 1H), 3.51-3.63 (m, 1H), 4.10 (dd, J = 

8.8, 2.9 Hz, 1H), 4.39-4.55 (m, 2H), 7.19-7.36 (m, 7H), 7.80-7.93 (m, 2H); 13C 

NMR (100 MHz, CDCl3) δ 24.43, 30.20, 42.92, 49.97, 62.67, 116.61, 116.83, 

128.83, 130.51, 130.60, 131.93, 133.28, 136.55, 164.39, 166.94, 170.96. MS 

(ESI): m/z [M+H]+ 398. EA (%) C18H18ClFN2O3S: calculated C, 54.48: H, 

4.57: N, 7.06: S, 8.08; found C, 54.45: H, 4.57: N, 7.08: S, 8.20. 
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2.3.2.2 2-((4-Fluoro-N-methylphenyl)sulfonamido)-N-(4-(trifluoromethyl) 

benzyl)acetamide (AC53) 

 

N-((4-Fluorophenyl)sulfonyl)-N-methylglycine (AC53a) - Quantities: 4-

fluorobenzenesulfonyl chloride (1.946 g, 0.01 mol) and N-methylglycine 

(0.891 g, 0.01 mol). The A(i) procedure given under Section 2.3.2 was 

followed. Product: white fine crystals (1.606 g, 65 %); m.p. 161-164 °C. 1H 

NMR (400 MHz, CDCl3--d6-DMSO) δ 2.88 (s, 3H), 3.91 (s, 2H), 7.18-7.28 (m, 

2H), 7.79-7.90 (m, 2H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 34.81, 

50.02, 115.30, 115.53, 129.25, 129.35, 133.90, 162.97, 165.49, 169.19. MS 

(ESI): m/z [M+Na]+ 270. EA (%) C9H10FNO4S: calculated C, 43.72: H, 4.08: 

N, 5.67: S, 12.97; found C, 43.53: H, 4.00: N, 5.58: S, 13.00. 

2-((4-Fluoro-N-methylphenyl)sulfonamido)-N-(4-(trifluoromethyl)benzyl) 

acetamide (AC53b) - Quantities: 4-(trifluoromethyl)benzylamine (0.701 g, 

0.004 mol), AC53a (0.989 g, 0.004 mol) ), HOBt (0.689 g, 0.0045 mol), 

EDAC.HCl (0.863 g, 0.0045 mol) and DIPEA (0.582 g, 0.0045 mol). Coupled 

following the A(ii) procedure given under Section 2.3.2. Product: white fine 

crystals (1.098, 68 %); m.p. 162-164 °C. 1H NMR (400 MHz, CDCl3) δ 2.81 

(s, 3H), 3.67 (s, 2H), 4.56 (d, J = 6.0 Hz, 2H), 7.08 (br s, 1H), 7.21-7.67 (m, 

6H), 7.76-7.92 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 36.19, 42.18, 52.91, 

115.85, 116.08, 124.84 (q, CF3), 127.35, 128.60, 128.92, 129.67, 129.77, 

132.52, 142.31, 163.50, 166.04, 167.17. MS (ESI): m/z [M+H]+ 405. EA (%) 

C17H16F4N2O3S: calculated C, 50.49: H, 3.99: N, 6.93: S, 7.93; found C, 50.29: 

H, 4.00: N, 6.84: S, 8.00. 
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2.3.2.3 2-(N-Methylphenylsulfonamido)-N-(4-(trifluoromethyl)benzyl) 

acetamide (AC54) 

 

N-Methyl-N-(phenylsulfonyl)glycine (AC54a) - Quantities: benzenesulfonyl 

chloride (2.296 g, 0.013 mol) and N-methylglycine (0.891 g, 0.01 mol). The 

A(i) procedure given under Section 2.3.2 was followed. Product: white crystals 

(2.031 g, 68 %); m.p. 177-180 °C with decomposition (lit.401 179.5-180.5 °C). 

1H NMR (400 MHz, CDCl3--d6-DMSO) δ 2.88 (s, 3H), 3.89 (s, 2H), 7.51-7.65 

(m, 3H), 7.77-7.85 (m, 2H); 13C NMR (100 MHz, CDCl3--d6-DMSO) δ 34.85, 

50.01, 126.40, 128.29, 131.97, 137.24, 169.23. MS (ESI): m/z [M+Na]+ 252. 

EA (%) C9H11NO4S: calculated C, 47.15: H, 4.84: N, 6.11: S, 13.98; found C, 

46.81: H, 4.61: N, 5.98: S, 14.05. 

2-(N-Methylphenylsulfonamido)-N-(4-(trifluoromethyl)benzyl)acetamide 

(AC54b) - Quantities: 4-(trifluoromethyl)benzylamine (0.876 g, 0.005 mol), 

AC54a (1.146 g, 0.005 mol), HOBt (0.842 g, 0.0055 mol), EDAC.HCl (1.054 

g, 0.0055 mol) and DIPEA (0.711 g, 0.0055 mol). Coupled following the A(ii) 

procedure given under Section 2.3.2. Product: white fine crystals (1.612 g, 83 

%); m.p. 151-153 °C. 1H NMR (400 MHz, CDCl3) δ 2.81 (s, 3H), 3.68 (s, 2H), 

4.56 (d, J = 6.1 Hz, 2H), 7.18 (br s, 1H), 7.42 (d, J = 8.2 Hz, 2H), 7.53-7.72 

(m, 5H), 7.73-7.85 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 37.22, 42.86, 

54.18, 122.68, 125.69 (q, CF3), 127.50, 127.76, 129.47, 129.97, 133.52, 

135.77, 141.84, 167.77. MS (ESI): m/z [M+H]+ 387. EA (%) C17H17F3N2O3S: 

calculated C, 52.84: H, 4.43: N, 7.25: S, 8.30; found C, 52.76: H, 4.40: N, 7.29: 

S, 8.32. 
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2.3.2.4 (S)-4-((2-((4-Chlorobenzyl)carbamoyl)pyrrolidin-1-yl)sulfonyl) 

benzoic acid (AC56) 

 

(tert-Butoxycarbonyl)-L-proline (AC56a) - Quantities: Boc2O (6.198 g, 0.0284 

mol) and L-proline (2.188 g, 0.019 mol). Protected following the B(i) procedure 

given under Section 2.3.2. Product: white crystals (3.370 g, 82 %). 1H NMR 

(400 MHz, CDCl3) δ 1.22-1.56 (m, 9H), 1.82-2.36 (m, 4H), 3.29-3.64 (m, 2H), 

4.15-4.44 (m, 1H), 9.73 (br s, 1H). 

tert-Butyl (S)-2-((4-chlorobenzyl)carbamoyl)pyrrolidine-1-carboxylate 

(AC56b) - Quantities: 4-chlorobenzylamine (0.991 g, 0.007 mol), AC56a 

(1.614 g, 0.0075 mol) ), HOBt (1.225 g, 0.008 mol), EDAC.HCl (1.534 g, 

0.008 mol) and DIPEA (1.034 g, 0.008 mol). Coupled following the B(ii) 

procedure given under Section 2.3.2. Product: pale yellow viscous liquid. 1H 

NMR (400 MHz, CDCl3) δ 0.94-1.56 (m, 9H), 1.62-2.51 (m, 4H), 2.83-3.60 

(m, 2H), 4.05-5.35 (m, 3H), 6.89-7.62 (m, 4H). 

(S)-N-(4-Chlorobenzyl)pyrrolidine-2-carboxamide (AC56c) - AC56b (0.007 

mol) was deprotected following the B(iii) procedure given under Section 2.3.2. 

Product: Pale yellow precipitate (0.709 g, 42 %). 1H NMR (400 MHz, CDCl3) 

δ 1.61-2.26 (m, 4H), 2.49 (br s, 1H), 2.81-3.12 (m, 2H), 3.82 (dd, J = 9.1, 5.4 

Hz, 1H), 4.39 (d, J = 6.1 Hz, 2H), 7.13-7.35 (m, 4H), 8.05 (br s, 1H); 13C NMR 

(100 MHz, CDCl3) δ 26.13, 30.73, 42.18, 47.19, 60.47, 128.68, 128.88, 133.00, 

137.18, 174.94. 

(S)-4-((2-((4-Chlorobenzyl)carbamoyl)pyrrolidin-1-yl)sulfonyl)benzoic acid 

(AC56d) - Quantities: 4-(chlorosulfonyl)benzoic acid (0.684 g, 0.0031 mol), 

THF (5 ml), AC56c (0.709 g, 0.0029 mol) and NaOH (10 % w/v, 5 ml). The 
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B(iv) procedure given under Section 2.3.2 was followed. Product: white 

precipitate (0.760 g, 62 %); m.p. 206-208 °C. 1H NMR (400 MHz, d6-DMSO) 

δ 1.48-1.64 (m, 1H), 1.73-1.91 (m, 3H), 3.20-3.60 (m, 2H), 4.09-4.19 (m, 1H), 

4.27-4.42 (m, 2H), 7.32-7.47 (m, 4H), 7.99-8.08 (m, 2H), 8.15-8.25 (m, 2H), 

8.71 (t, J = 6.1 Hz, 1H); 13C NMR (100 MHz, d6-DMSO) δ 24.16, 30.87, 41.47, 

49.21, 61.69, 127.68, 128.17, 128.87, 130.25, 131.26, 134.79, 138.50, 140.28, 

166.21, 171.20. MS (ESI): m/z [M+H]+ 424. EA (%) C19H19ClN2O5S: 

calculated C, 53.97: H, 4.53: N, 6.62: S, 7.58; found C, 53.60: H, 4.38: N, 6.33: 

S, 7.20.  

 

2.3.2.5 4-(N-Methyl-N-(2-oxo-2-((4-(trifluoromethyl)benzyl)amino)ethyl) 

sulfamoyl)benzoic acid (AC57) 

 

N-(tert-Butoxycarbonyl)-N-methylglycine (AC57a) - Quantities: Boc2O (6.198 

g, 0.0284 mol) and N-methylglycine (1.693 g, 0.019 mol). Protected following 

the B(i) procedure given under Section 2.3.2. Product: white crystals (3.383 g, 

94 %). 1H NMR (400 MHz, CDCl3) δ 1.35-1.54 (m, 9H), 2.94 (s, 3H), 3.95 (s, 

1H), 4.03 (s, 1H), 8.78 (br s, 1H). 

tert-Butyl methyl(2-oxo-2-((4-(trifluoromethyl)benzyl)amino)ethyl)carbamate 

(AC57b) - Quantities: 4-(trifluoromethyl)benzylamine (0.007 mol), AC57a 

(1.419 g, 0.0075 mol) ), HOBt (1.225 g, 0.008 mol), EDAC.HCl (1.534 g, 

0.008 mol) and DIPEA (1.034 g, 0.008 mol). Coupled following the B(ii) 

procedure given under Section 2.3.2. Product: yellowish-white precipitate 

(2.207 g, 91 %). 1H NMR (400 MHz, CDCl3) δ 1.42 (s, 9H), 2.96 (s, 3H), 3.91 

(s, 2H), 4.52 (d, J = 5.9 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.2 Hz, 

2H). 
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2-(Methylamino)-N-(4-(trifluoromethyl)benzyl)acetamide (AC57c) - AC57b 

(1.980 g, 0.0057 mol) was deprotected following the B(iii) procedure given 

under Section 2.3.2. Product: Pale yellow precipitate (0.508 g, 36 %). 1H NMR 

(400 MHz, CDCl3) δ 1.88 (br s, 1H), 2.44 (s, 3H), 3.32 (s, 2H), 4.53 (s, 2H), 

7.35-7.76 (m, 5H); 13C NMR (100 MHz, CDCl3) δ 36.83, 42.39, 54.48, 125.42, 

125.58 (q, CF3), 127.60, 127.82, 142.56, 171.58. 

4-(N-Methyl-N-(2-oxo-2-((4-(trifluoromethyl)benzyl)amino)ethyl)sulfamoyl) 

benzoic acid (AC57d) - Quantities: 4-(chlorosulfonyl)benzoic acid (0.684 g, 

0.0031 mol), THF (5 ml), AC57c (0.508 g, 0.0021 mol) and NaOH (10 % w/v, 

5 ml). The B(iv) procedure given under Section 2.3.2 was followed. Product: 

white precipitate (0.535 g, 59 %); m.p. 239-241 °C. 1H NMR (400 MHz, d6-

DMSO) δ 2.86 (s, 3H), 3.86 (s, 2H), 4.40 (d, J = 5.9 Hz, 2H), 7.51 (d, J = 8.0 

Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H), 7.96 (d, J = 8.6 Hz, 2H), 8.18 (d, J = 8.6 Hz, 

2H), 8.75 (t, J = 6.0 Hz, 1H); 13C NMR (100 MHz, d6-DMSO) δ 36.23, 41.75, 

52.05, 125.16 (q, CF3), 125.69, 127.47, 127.68, 127.86, 130.15, 134.59, 

140.93, 144.12, 166.21, 167.25. MS (ESI): m/z [M+H]+ 431. EA (%) 

C18H17F3N2O5S.H2O: calculated C, 48.21: H, 4.27: N, 6.25: S, 7.15; found C, 

48.09: H, 3.79: N, 6.09: S, 6.89. 
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2.4 Pharmacology 

2.4.1 HEK293 cell line  

The human embryonic kidney 293 (HEK293) cell line that is extensively used 

as a recombinant protein expression vehicle, due to its amenability to 

transfection with high efficiency, rapid growth rate (approximate cell-doubling 

time of 24 hours) and easy maintenance,402 was utilised in the study for stable 

transfection with the protein of interest. The HEK293 cell line is also known 

to be widely used in the study of neurobiology.402 In preference to native 

neurons expressing TRP channels, a cell line is used to study the receptor 

properties having isolated from other receptors of the same family. 

Furthermore, using the same cell line as the protein expression vehicle to study 

mutants of the protein of interest provides a similar environment as to the wild-

type and thus variability within assays are kept to a minimum. 

HEK293 cells stably transfected with either pcDNA3.1(+) constructs 

containing cDNA for hTRPA1,403 hTRPM8404 or hTRPA1 mutants, or 

pcDNA3 (mock), Figure 2.4, were grown in Dulbecco's Modified Eagle's 

Medium (DMEM), containing 25 mM 4-(2-hydroxyethyl)-1-piperazine 

ethanesulfonic acid (HEPES) and 4.5 g l-1 glucose, supplemented with 2 mM 

L-glutamine, 100 U ml-1 penicillin - 100 U ml-1 streptomycin (all from 

BioWhittaker™ Lonza), 10 % v/v heat inactivated Fetal Bovine Serum (FBS, 

Gibco® Life technologies™) and 0.25 mg ml-1 geneticin (G418 Sulfate, 

Corning), in a 75 cm2 tissue culture flask (T75, Greiner Bio-One CELLSTAR® 

or Corning) in a humidified cell culture incubator (New Brunswick Galaxy 170 

S or Sanyo) at 37 °C with 5 % CO2. 

When the cells reached ~90 % confluence, confirmed under an inverted light 

microscope (Olympus CK2 microscope or Nikon TMS), they were harvested 

in 10 ml phosphate buffered saline (PBS, Sigma-Aldrich) solution by gently 

tapping the flask by hand to lift the loosely adherent HEK293 cells. The cells 

in PBS were centrifuged at 205 × g (SciQuip Sigma or MSE Mistral 1000) for 

4 minutes in a 25 ml universal tube (Sarstedt) and the supernatant was removed. 

The cells were passaged and/or diluted in complete DMEM to an appropriate 
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concentration, as detailed in Sections 2.4.2.1 and 2.4.2.2, for calcium 

signalling experiments (Section 2.4.2).  

 

(a) pcDNA3.1(+) 

 
 

 

 

Comments for pcDNA3.1(+) 

5428 nucleotides 

CMV promoter: bases 232-819 

T7 promoter/priming site: bases 863-882 

Multiple cloning site: bases 895-1010 

pcDNA3.1/BGH reverse priming site: bases 1022-

1039 

BGH polyadenylation sequence: bases 1028-1252 

f1 origin: bases 1298-1726 

SV40 early promoter and origin: bases 1731-2074 

Neomycin resistance gene (ORF): bases 2136-2930 

SV40 early polyadenylation signal: bases 3104-3234 

pUC origin: bases 3617-4287 (complementary strand) 

Ampicillin resistance gene (bla): bases 4432-5428 

(complementary strand) 

ORF: bases 4432-5292 (complementary strand) 

Ribosome binding site: bases 5300-5304 

(complementary strand) 

bla promoter (P3): bases 5327-5333 (complementary 

strand) 

 

(b) pcDNA3 

 

 

Comments for pcDNA3 

5446 nucleotides 

CMV promoter: bases 209-863 

T7 promoter: bases 864-882 

Polylinker: bases 889-994 

Sp6 promoter: bases 999-1016 

BGH polyadenylation sequence: bases 1018-1249 

SV40 promoter: bases 1790-2115 

SV40 origin of replication: bases 1984-2069 

Neomycin ORF: bases 2151-2945 

SV40 polyadenylation: bases 3000-3372 

ColE1 origin: bases 3632-4305 

Ampicillin ORF: bases 4450-5310 

 

Figure 2.4: Vector maps of the mammalian expression vectors, (a) pcDNA3.1(+) and (b) 

pcDNA3. Abbreviations: CMV, cytomegalovirus; BGH, bovine growth hormone; SV40 Simian 

virus 40; ORF, open reading frame; pUC, plasmid University of California; ColE1, Colicin 

E1.      

 

 

2.4.2 Calcium signalling 

Protein expression level, activity, selectivity, reversibility and binding site  

To determine the levels of functional TRPA1 and TRPM8 protein stably 

expressed in the transfected HEK293 cells, they were characterised with known 

hTRPA1 and hTRPM8 specific agonists and antagonists (Figure 2.5) using a 

fluorescence-based calcium signalling assay as described in Sections 2.4.2.1 
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and 2.4.2.2, and the responses obtained were compared within assays and 

against the literature. 

The modulatory effects of the N-cinnamoylanthranilates (CADs) and the aryl 

sulfonamides (ASDs) series were evaluated on hTRPA1, hTRPM8 and 

pcDNA3 (mock) transfected-HEK293 cells using the fluorescence-based 

calcium signalling assays (Sections 2.4.2.1 and 2.4.2.2). The compounds were 

initially evaluated at a single concentration to determine if there is any activity, 

and further, dose-response curves were carried out within the concentration 

range 0 - 1000 µM to identify if the activities shown by the compounds were 

concentration-dependent. The efficacy and potency of the compounds were 

determined from the shape of the dose-response curves and from the obtained 

half-maximal effective concentration (EC50) or half-maximal inhibitory 

concentration (IC50) values, respectively.  

Agonism of the compounds was measured by assessing the influx of Ca2+ in 

hTRPA1-HEK293 cells upon exposure to the test compounds, and antagonism 

was measured using the ability of the test compounds to antagonise the 

standard agonist-evoked calcium response. To determine the channel 

selectivity of CADs and ASDs, they were assessed in pcDNA3 mock-HEK293 

cells for agonism, and in hTRPM8-HEK293 cells for both agonism and 

antagonism. The reversibility of a compound was assessed by carrying out a 

wash-out experiment as described in Sections 2.4.2.1 and 2.4.2.2. To determine 

the binding site(s) of hTRPA1 active ligands, including CADs and ASDs, the 

ligands were functionally characterised in HEK293 cell lines stably transfected 

with hTRPA1 mutants S873V/T874L150, F909A, F944A or C621A.  

 

Controls and Sample preparation 

The standard agonists used for the hTRPA1 channels were cinnamaldehyde 

(CA, 30 µM), acrolein (ACR, 30 µM) or allyl isothiocyanate (AITC, 10 µM), 

and for hTRPM8 were ethyl ((1R,2S,5R)-2-isopropyl-5-methylcyclohexane-1-

carbonyl)glycinate (WS5, 1 µM) or (1R,2S,5R)-2-isopropyl-N-(4-methoxy 

phenyl)-5-methylcyclohexane-1-carboxamide (WS12, 100 nM). The standard 

antagonists used were the potent TRPA1 selective (1E,3E)-1-(4-fluorophenyl)-

2-methylpent-1-en-3-one oxime (A967079, 100 or 300 nM] and TRPM8 
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selective N-(3-aminopropyl)-2-((3-methylbenzyl)oxy)-N-(thiophen-2-yl 

methyl)benzamide hydrochloride (AMTB.HCl, 1 or 3  µM). The chemical 

structures and suppliers of the standard ligands used in the assays are provided 

in Figure 2.5 and Table 2.1, respectively.  

The TRPA1 ligands characterised in the hTRPA1 mutants were 

cinnamaldehyde, allyl isothiocyanate, acrolein, menthol, thymol, carvacrol, 

eugenol, paracetamol, flufenamic acid (FFA), mefenamic acid (MFA), 

diclofenac (DCF), nordihydroguaiaretic acid (NDGA), cyclohexylcarbamic 

acid 3ʹ-carbamoyl-biphenyl-3-yl ester (URB597), farnesylthiosalicylic acid 

(FTS), (-)-nicotine, 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), N-

(3-methoxyphenyl)-4-chlorocinnamide (SB366791), N-(4-amylcinnamoyl) 

anthranilic acid (ACA), probenecid, 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-

tetrahydro-7H-purin-7-yl)-N-(4-isopropylphenyl)acetamide (HC030031), 4-

(4-chlorophenyl)-3-methylbut-3-en-2-oxime (AP18) and A967079. The 

chemical structures and suppliers of the ligands are provided in Figures 2.5 

and 2.6, and Table 2.1, respectively.  

The stock solutions of the compounds were made and serially diluted to lower 

half-log scale concentrations in DMSO (100 %, analytical reagent grade, Fisher 

Scientific), and thus the concentration of DMSO was maintained constant in a 

given total volume of sample. In each assay, DMSO (0.2 or 0.4 %) was 

included as the vehicle control, and calcimycin (calcium ionophore A23187, 

Fisher Scientific, 2 or 8 µM) was added at the end of each spectrum as a 

maximum response control and to ensure cell viability after the test. 

 

Isotonic assay buffer 

Isotonic assay buffer was prepared with 10 mM HEPES (Fisher Scientific), 145 

mM NaCl (Fisher Scientific), 5 mM KCl (99 % Sigma-Aldrich or Fisher 

Scientific), 1 mM MgCl2.6H2O (≥ 99 % Sigma-Aldrich or Fisher Scientific), 1 

mM CaCl2 (BDH AnalR Volumetric Solution 1 mol l-1) and 10 mM D-(+)-

glucose (ACS reagent Sigma or Fisher Scientific) in double distilled water 

(ddH2O, Ondeo - Purite Water Purification System or ELGA PURELAB flex 

18.2 MΩ), and the pH was adjusted to 7.4 using NaOH (98.8 % ACS reagent 

Sigma-Aldrich or Fisher Scientific). 
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Figure 2.5: Chemical structures and names of the standard agonists and antagonists used in 

the calcium signalling assays.  

 

 

Table 2.1: Information of the ligands used in the experiments. 

Ligand Vendor 

Cinnamaldehyde ≥ 95 %, natural, Sigma-Aldrich 

Allyl isothiocyanate analytical standard, Sigma-Aldrich 

Acrolein analytical standard, Sigma-Aldrich 

WS5 Millennium Specialty Chemicals Inc., 

Procter & Gamble 

WS12 Santa Cruz Biotechnology 

A967079 Tocris Bioscience 

AMTB.HCl Tocris Bioscience 

Menthol 99 %, Sigma-Aldrich 

(-)-Menthol Sigma-Aldrich 

Thymol ≥ 99.5 %, Sigma Life Science 

Carvacrol  98 %, Aldrich Chemistry 

Eugenol 99 %, Aldrich 

Flufenamic acid analytical standard, Fluka Analytical 

Mefenamic acid  98 %, Johnson Matthey Company 

Diclofenac > 98 %, Tokyo Chemical Industry 

Nordihydroguaiaretic acid Santa Cruz Biotechnology 

URB597 ≥ 98 %, Sigma Life Science 

Farnesylthiosalicylic acid Santa Cruz Biotechnology 

(-)-Nicotine ≥ 99 %, Sigma Life Science 

NPPB ≥ 98 %, Sigma-Aldrich 

SB366791 Tocris Bioscience 

N-(p-Amylcinnamoyl)anthranilic acid ≥ 98 %, Sigma Life Science 

4-Acetamidophenol 98 %, Acros Organics 

Probenecid Sigma Life Science 

AP18  ≥ 98 %, Sigma Life Science 

HC030031 Sigma Life Science 
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Figure 2.6: Chemical structures and names of the ligands characterised in hTRPA1. 
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2.4.2.1 Cuvette-based system 

A previously reported protocol was followed.404 Briefly, the cell pellet obtained 

from ~90 % confluence in T75 flask (Section 2.4.1) was resuspended in 0.5 ml 

complete DMEM and incubated with 2.5 µl Fluo-3AM fluorescent dye (λEx/Em 

506/526 nm, Life technologies) of 2.5 µg µl-1 (50 µg Fluo-3AM in 20 µl 

DMSO) for 30 minutes at room temperature with gentle (50 rpm) rotary 

mixing, during which the Fluo-3AM ester internalise and gets hydrolysed to 

Fluo-3 by the esterase in the cells. The cells were washed free of excess 

extracellular dye with 4.5 ml PBS by centrifuging as before, and the pellet was 

resuspended in isotonic assay buffer (2 ml) at a density of 5 × 106 cells ml-1 

(determined using a Sigma Bright-Line Hemacytometer). Cell suspension (100 

µl) was added to cuvettes (10 × 10 × 45 mm, 4 clear sides UV grade disposable 

cuvettes, polystyrene, Fisher Scientific) containing a small magnetic stirring 

flea and the isotonic assay buffer (1.9 ml).  

The assays were carried out at room temperature using a PTI™ (Photon 

Technology International) fluorometer with a photomultiplier tube (814 PMT) 

detector, interfaced to a computer with FelixGX version 4.2.2 software (PTI 

Inc.). An excitation and emission wavelengths of 506 and 526 nm were used 

for measurements, with the excitation and emission, and entrance and exit slit 

widths set as 5 nm. The stirrer speed was set to gentle stirring to evenly 

distribute the cells in the cuvette and for immediate mixing of any compound 

added during an assay. The amount of [Ca2+]i released upon activation of TRP 

channels were measured as a real-time-based fluorescence spectrum as the 

intracellular Fluo-3 dye fluoresce upon formation of Fluo-3-Ca2+ complex, as 

described in Section 1.1.7 of Chapter 1.  

The cuvette was placed in the cuvette holder of the PTI instrument and the 

baseline of the spectrum was recorded for 20 s before the addition [using an 

autopipette fitted with a disposable long end tip (Sapphire Pipette Tip, 10 µl 

XL, Greiner Bio-One)] of a test compound (4 µl agonist) and the response was 

recorded for another 90 s, followed by the addition of calcimycin (2 µM) and 

recording for further 30 s. In antagonist assays, the standard antagonist, the 

vehicle control or the test compounds were pre-incubated with cells for 10 

minutes prior to the addition of a standard agonist, and the spectrum was 
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recorded as before. As only 4 µl of a test compound prepared in DMSO is 

added to 2 ml assay buffer (total cell sample volume in the cuvette), the final 

concentration of DMSO in a sample was 0.2 %. To determine the reversibility 

of an antagonist, after pre-incubation for 10 minutes, the cells were washed 

with 5 ml assay buffer by centrifuging as before and resuspended in 2 ml fresh 

assay buffer, and the response for the TRPA1 standard agonist cinnamaldehyde 

(30 µM) was examined. Competitiveness of an antagonist was determined by 

pre-incubating cells with the test antagonist compound of a known 

concentration for 10 minutes and performing a dose-response curve for 

cinnamaldehyde, and considering the shift relative to the curve obtained with 

untreated cells.  

 

2.4.2.2 Micro-well plate system  

96-Well cell culture microplates (black polystyrene, flat µClear bottom, 

Greiner Bio-One) were coated with poly-D-lysine (PDL, MW 70-150 kDa, 

Sigma, 50 µg ml-1 prepared in sterile PBS and filtered through 0.22 µm filter) 

as follows: PDL was added to the wells (200 µl cm-2) and incubated for an hour 

at room temperature, excess PDL solution was aspirated and the wells were 

washed with PBS (2 × 100 µl per well), and air-dried at room temperature for 

2 hours in a safety cabinet. Cell suspension (200 µl of 12500 cells per well in 

complete DMEM, Section 2.4.1) was added to the coated wells and incubated 

in a cell culture incubator for 48 hours to yield a final concentration of 5 × 104 

cells per well. The cell concentration was determined using a haemocytometer 

(Fuchs-Rosenthal Counting Chamber).  

The culture medium was replaced with 100 µl of 2 µM Fluo-4AM [λEx/Em 

494/506 nm, Life technologies, diluted in phenol red-free DMEM (Gibco Life 

technologies) from 2.5 µg µl-1 DMSO stock] and incubated in the dark at room 

temperature for 45 minutes. The cells were rinsed with PBS (2 × 100 µl per 

well), and the assay buffer (100 µl per well for agonist assays and 50 µl per 

well for antagonist assays) was added to the wells. In antagonist assays, the 

cells in 50 µl assay buffer were incubated with 50 µl test compounds 

(antagonists) for 10 minutes before assaying. To determine agonism and 

antagonism, 50 µl of either test agonist or standard agonist, respectively, was 
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added to 100 µl initial volume, and was followed by the addition of 50 µl 

calcimycin. The test compound solutions were prepared in DMSO and diluted 

in assay buffer maintaining the final concentration of DMSO as 0.4 %. To 

determine the reversibility of an antagonist, after pre-incubation with the 

compound for 10 minutes, the cells were washed with assay buffer (2 × 100 µl) 

and the response to a standard agonist was measured as described below. 

The assays were carried out using a FlexStation 3 Molecular Devices interfaced 

to computer with SoftMax® Pro Software version 5. The protocol utilised was 

adapted from the literature.270,354 Briefly, the real-time-based fluorescence 

spectra were recorded using the read-mode/type: Flex fluorescence (RFUs) 

bottom-read. An excitation and emission wavelengths of 485 and 538 nm were 

used for measurements with 530 nm as an auto cut-off. Each spectrum was 

recorded for a total run time of 240 s, where the baseline was recorded for 20 s 

and at the end of which the first addition (compound) was made followed by 

the second addition (calcimycin) at 180 s. All assays were carried out at room 

temperature. FlexStation® Molecular Devices Pipet Tips (96, black) was used 

in the FlexStation automatic pipetting system.  

 

2.4.2.3 Data analysis 

Raw data traces from a typical agonist and antagonist assays carried out using 

the calcium signalling technique are shown in Figure 2.7. The agonism and 

antagonism responses ([Ca2+]i released) were calculated and presented either 

as a percentage of calcimycin or a standard agonist, respectively, using the 

differences in the maximum and minimum relative fluorescence unit (∆RFU) 

values, as illustrated in Equation 2.1 and Figure 2.7. ∆RFU1 is the agonist 

compound's ∆RFU (a.u.), and ∆RFU2 is the calcimycin's or standard agonist's 

∆RFU (a.u.). The maximum and minimum RFU values of the fluorescence 

spectra were obtained manually from the FelixGX software, whereas the raw 

data from the SoftMax® Pro Software were copied to Microsoft Excel 

spreadsheet to work out the ∆RFU. 

An increase in ΔRFU1 (Figure 2.7a) on addition of a test compound to cells 

shows that the compound has an agonising effect, whereas a compound is 

considered to have an antagonising effect when a decrease in ΔRFU1, relative 
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to ΔRFU2, (Figure 2.7b) is observed for the standard agonist on addition to 

cells pre-treated with the test compound. A compound is said to have a 

desensitising effect when a reduction in response is observed on exposure to an 

agonist when an agonist is continuously present at the receptor. A compound 

that has an agonistic effect but cannot reach a maximal response is a partial 

agonist. In a series of compounds, the compound with a low EC50 or IC50 value 

is considered to be more potent, whereas the compound that could reach a 

higher response relative to another compound at the same high concentration 

level is considered to be more efficacious. 

 

 [𝐶𝑎2+]𝑖 released =  
∆RFU1

∆RFU2
 × 100 %   Equation 2.1 

 

 

 

  
 

 

  

Figure 2.7: Traces from a typical (a) agonist and (b) antagonist assay, and illustration on 

calculating a compound's agonism and antagonism as a percentage of calcimycin or standard 

agonist, correspondingly.  
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Initial screening results correspond to three independent experiments (N = 3) 

and the errors reported are the standard error of the mean (SEM). The dose-

response curves were plotted and analysed using the standard slope (1.0 for 

stimulation, -1.0 for inhibition) dose-response stimulation [Yresponse = Ymin 

response + ((Ymax - Ymin)response / (1 + 10(logEC50 - X[dose])))] or inhibition [Yresponse = 

Ymin response + ((Ymax - Ymin)response / (1 + 10(X[dose] - logIC50)))] three parameters 

models with a non-linear regression curve fit in GraphPad Prism version 5, and 

the values of logEC50 and logIC50 were obtained with their SEM. The antilog 

of logEC50 and logIC50 values will give the corresponding EC50 and IC50, 

respectively. However, the use of antilog for their SEM will considerably shift 

the symmetry of uncertainty, that is, only when the error values are stated in 

log scale the uncertainty is symmetrical, and hence antilog of the errors will be 

inappropriate. Each data point on a dose-response curve corresponds to the 

mean of three independent experiments (N = 3), performed either in duplicates 

(n = 6) or triplicates (n = 9), with their SEM. The agonism responses were 

normalised by subtracting the noise/response obtained for the vehicle control 

(DMSO). In antagonist assays, the maximum response was obtained by 

normalising the standard agonist response to 100 %.  

 

2.4.2.4 Statistical analysis 

To determine any statistically significant difference between two logEC50 

values of the same compound obtained in the same cell line subjected to 

different treatments, the extra-sum-of-squares F-test at p < 0.05 was utilised in 

the GraphPad Prism version 7. To determine statistical significance between 

two or more groups, the one-way analysis of variance (ANOVA) at p < 0.05 

was carried out using Microsoft Excel 2013, and if any significant difference 

was obtained for more than two groups, Tukey's post-hoc test was considered 

to identify the significantly different group(s).   

 

2.5 Electrophysiology 

The electrophysiology measurements on vagus nerves were carried out by the 

IR Pharma (http://www.irpharma.co.uk/) company using the method outlined 

here. Vagus nerves of male Dunkin-Hartley guinea pigs were isolated, 

http://www.irpharma.co.uk/
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characterised and experimented as described previously.202,405 Compound 

stock solutions were prepared in DMSO and diluted 1000× in Krebs-Henseleit 

(KH) buffer. The depolarisation was recorded in mV. To determine if a 

compound caused activation of the nerve, non-cumulative concentration 

responses to potential tussive stimuli were carried out. A control response to 

the TRPV1 agonist capsaicin (1 µM) was carried out to determine nerve 

viability, following which the nerve was stimulated with single concentrations 

of a test compound for 2 minutes. After application of each concentration of 

the compound, the nerve was washed with KH buffer until it returned to 

baseline, and this was repeated with the full range of concentrations. A similar 

stimulation was also carried out with the vehicle control (DMSO). A further 

control response to TRPA1 agonist acrolein (300 µM) was carried out at the 

end of the experiment to determine nerve viability. 

In order to study antagonism in TRPA1, the nerve was exposed to acrolein (300 

µM) for 2 minutes and washed with KH buffer until the response returned to 

baseline. This was repeated to provide two control agonist responses. The nerve 

was then pre-treated with a test compound for 10 minutes, and then re-

stimulated with acrolein (300 µM) for 2 minutes 20 seconds (the additional 20 

seconds was to allow for the changeover of stimuli) to assess if the compound 

was able to affect the magnitude of the depolarisation induced by the acrolein. 

Following a brief washout, the nerve was exposed to acrolein (300 µM) for 2 

minutes to provide a recovery response to ensure nerve viability and that the 

compound was washed off. 

 

2.6 Indirect measure of covalent modification 

To determine if the CADs undergo covalent modification through conjugate 

addition,123 compound AC18a (4 equiv., 226 mM) and N-acetyl-L-cysteine 

methyl ester (1 equiv., 56 mM) or N-acetyl-L-cysteine (1 equiv., 61 mM) in d6-

DMSO were mixed together, and the progress of the reactions, if any, were 

monitored using 1H NMR spectra recorded at 25 °C and at known time 

intervals. 
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2.7 hTRPA1 mutants 

2.7.1 Primer design 

Primers for the hTRPA1 (sequence ID / accession number: Y10601) mutants 

(C621A, F909A, Y926S, and F944A) were designed using the online Agilent 

QuikChange Primer Design Program (http://www.genomics.agilent.com/ 

primerDesignProgram.jsp), and the mutants containing synthetic 

oligonucleotides were purchased from Eurofins Genomics (MWG Operon).  

 

2.7.2 Site-directed mutagenesis 

Information about the reagents and instruments that are not provided in the site-

directed mutagenesis methodology description in Sections 2.7.2.1 - 2.7.2.3 are 

provided in Table 2.2.  

 

Table 2.2: Information about materials, reagents, media and instruments used in the site-

directed mutagenesis. 

Materials Supplier and Preparation 

Nuclease-free ddH2O DEPC Water, Omega Bio-tek, Inc.  

Primers  (synthetic oligonucleotides) Eurofins Genomics MWG Operon 

hTRPA1 dsDNA  100 ng TRPA1 cDNA in pcDNA3.1(+) (Figure 2.4)  

PCR tubes 0.2 ml Thin-Walled Tubes with Domed Caps, Thermo Scientific 

Thermal cycler Techne® Prime 96 × 0.2 ml Thermal Cycler 

Shaker New Brunswick Scientific Innova® 40 Incubator Shaker Series 

Broth 

SOB Broth, Biotechnology grade, Amresco®  

Preparation: Broth (2.55 g) was dissolved in ddH2O (100 ml) and 

the pH was adjusted to 7.5 with NaOH. Autoclaved at 120 °C for 

20 minutes, and MgSO4 (2 ml of 1 M, Sigma®) was sterile filtered 

(0.22 µm filter) into the broth. 

Agar  

LB-Agar (Miller) for Microbiology, VWR Chemicals BDH 

Prolabo® 

Preparation: Agar (4 g) was added to ddH2O (100 ml), and 

autoclaved at 120 °C for 20 minutes. 

Ampicillin 
Ampicillin anhydrous, 96.0-100.5 % (anhydrous basis), Sigma-

Aldrich 

Agar plates  

Agar was melted in a microwave oven prior to use and ampicillin 

(200 µg ml-1) was added. Agar containing ampicillin (15 ml) was 

added to Petri-dishes (90 mm × 15 mm PE-LD) 

Incubator VWR® INCU-Line Digital Mini Incubator (for bacterial culture) 

Glycerol Glycerol for molecular biology, ≥ 99 %, G5516 Sigma-Aldrich 

Agarose 
Broad Separation range for DNA/RNA/Genetic Analysis Grade, 

Fisher BioReagents 

Continued… 

  

http://www.genomics.agilent.com/primerDesignProgram.jsp
http://www.genomics.agilent.com/primerDesignProgram.jsp


144 
 

Continued… 

Materials Supplier and Preparation 

PCR master mix 

(25 µl) 

2.5 µl 10× DreamTaqGreen buffer (Thermo Fisher Scientific) 

0.5 µl 10 µM  hTRPA1 Primer mix (sense):  

2D: 5ʹ-CACAGCCATTCATTTTGCTG-3ʹ (Figure 2.8) 

0.5 µl of 10 µM hTRPA1 Primer mix (antisense):  

3U: 5ʹ-AAGTGCAGTGTTCCCGTCT-3ʹ (Figure 2.8) 

0.5 µl 10 mM dNTP mix (Thermo Fisher Scientific) 

0.125 µl DreamTaq DNA Polymerase (Thermo Fisher 

Scientific) 

20.875 µl nuclease-free ddH2O 

1× TAE buffer 

50× Stock was diluted to 1× working solution in ddH2O.  

50× TAE stock solution was prepared in 1 litre ddH2O with:  

242 g Tris base (BP152-1, Fisher Scientific),  

57.1 ml Glacial acetic acid (Sigma-Aldrich),  

100 ml 0.5 M EDTA (pH 8.0) (Sigma-Aldrich). 

1× TAE buffer contained 40 mM Tris base (pH 7.6), 20 mM 

acetic acid and 1 mM EDTA.  

Midori Green  
Midori Green Advance DNA Stain, MG04 Nippon Genetics 

Europe GmbH  

1 kb DNA ladder Thermo Fisher Scientific 

Electrophoresis 

equipment 

Flowgen Bioscience electrophoresis tank with PowerPac™ Basic 

Bio-Rad power supply 

Molecular Imager 
VersaDoc™ Imaging System 4000 MP interfaced to a computer 

with Quality One - 4.6.9 software, Bio-Rad 

Microcentrifuge Heraeus™ Pico 17 Centrifuge ThermoScientific 

 

 

2.7.2.1 Mutant strand synthesis, Dpn I digestion and Bacterial 

transformation 

Site-directed mutagenesis was carried out using a Agilent Technologies 

QuikChange Lightning Site-Directed Mutagenesis Kit (Catalog # 210518) as 

instructed in their manual (available from: https://www.agilent.com/cs/library/ 

usermanuals/Public/210518.pdf). Briefly, TRPA1 mutants strands were 

synthesised by performing thermal cycling (PCR parameters are given in Table 

2.3), followed by digestion of the parental- and hemi-methylated supercoiled 

double-stranded (ds)DNA in the amplified products with Dpn I (Diplococcus 

pneumoniae) restriction enzyme. The amplified DNA was then transformed 

into XL10-Gold ultracompetent cells (E. coli) treated with β-mercaptoethanol 

(to increase transformation efficiency) for nick repair. The transformation 

reaction mixture was added to an agar plate containing ampicillin antibiotic 

(200 µg ml-1) and was incubated at 37 °C for 16 hours. 

  

https://www.agilent.com/cs/library/usermanuals/Public/210518.pdf
https://www.agilent.com/cs/library/usermanuals/Public/210518.pdf
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Table 2.3: Thermal cycling conditions used for the syntheses of mutants strands. 

Segment Steps Cycles Temperature / (°C) Time / (s) 

 Preheat lid  105  

1 Initial denaturation 1 95 120 

2 Denaturation 

18 

95 20 

 Annealing 60 10 

Extension 68 270 (30 s per kb 

of plasmid length) 

3 Final extension 1 68 300 

 Hold   10 ∞ 

 

 

2.7.2.2 hTRPA1 expression in transformed E. coli  

To verify the expression of hTRPA1 DNA in transformed E. coli, wherever 

possible, five single E. coli colonies from each agar plates were picked using a 

20 µl pipette tip end, and a tiny amount of each colony was amplified in PCR 

master mix (25 µl, Table 2.2) by thermal cycling (PCR parameters are given 

in Table 2.4). A positive control (parental hTRPA1 dsDNA template) and a 

negative control (just PCR master mix) were also included. The remaining 

bacterial colony samples in the tips were placed (along with the tip) in broth 

(SOB, 5 ml) containing ampicillin (100 µg ml-1) in separate 25 ml universal 

tubes at room temperature.  

Table 2.4: Thermal cycling conditions used to amplify the bacterial plasmids.  

Segment Steps Cycles Temperature / (°C) Time / (s) 

 Preheat lid  105  

1 Initial denaturation 1 95 180 

2 Denaturation 

27 

95 30 

Annealing 55 30 

Extension 72 60 

3 Final extension 1 72 600 

 Hold   10 ∞ 

 

The amplified product from PCR was analysed by gel electrophoresis. Agarose 

solution (1.3 %) prepared in 1× TAE buffer (112.5 ml, Table 2.2) was stained 

with Midori Green DNA stain (5.625 µl), and solidified in an electrophoresis 

tray (15 × 15 cm) containing combs. Combs were removed and the 

electrophoresis tank was filled with 1× TAE buffer. Controls and samples (20 

µl) were loaded into the wells (made in TAE agarose gel) along with 1 kb DNA 

ladder in a well. The electrophoresis was run at 110 V for ~45 minutes, and the 

gel was visualised using a molecular imager (UV illuminator) at 280 nm. 

Depending on the obtained DNA bands relative to the controls, the universal 

tubes containing the remaining bacterial samples in SOB were selected and 
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incubated at 37 °C overnight in an incubator shaker at 230 rpm, to allow 

expansion of the colonies and thereby to obtain high-copy plasmids. 

 

2.7.2.3 Plasmid DNA purification, quantification and sequencing 

Plasmid DNA was isolated from the saturated E-coli SOB culture (3 ml) using 

a NucleoSpin® Plasmid DNA purification miniprep kit (Macherey-Nagel) 

according to the manufacturer's protocol (available from: 

https://www.chemie.uni-kl.de/fileadmin/agpierik/Methoden/Nucleospin_Plas 

mid_no_lid_DNA_purification_Macherey-Nagel.pdf). The purified dsDNA in 

elution buffer was quantified using a NanoDrop spectrophotometer (NanoDrop 

Lite Spectrophotometer, Thermo Scientific). The instrument was calibrated to 

zero with a blank elution buffer (2 µl) before quantifying the samples, where 

the absorbance of the samples was measured at 260 nm. The samples were 

prepared for DNA sequencing by adding appropriate hTRPA1 primer (2 µl, 10 

pmol µl-1) to the purified DNA (15 µl, 50-100 ng µl-1, diluted in nuclease-free 

ddH2O) in a 1.5 ml safe-lock microcentrifuge tube. The primers were 

designated according to the conditions provided for DNA sequencing by the 

Eurofins Genomics (available from: https://www.eurofinsgenomics.eu/ 

media/892645/samplesubmissionguide_valuereadtube.pdf). The hTRPA1 

primer added to the DNA constructs containing the mutants F909, Y926 and 

F944 was 4D (5ʹ-TACCAGCTCATCTGCAGTGG-3ʹ), and to C621 was 3D 

(5′-AAGACGGGAACACTGCACTT-3′). The regions of the primers chosen 

in hTRPA1 sequence are shown in Figure 2.8. Premixed samples were DNA 

sequenced by the Eurofins Genomics DNA sequencing service 

(https://www.eurofinsgenomics.com/en/products/dna-sequencing/all-sequenci 

ng-options.aspx). The sequenced results were compared to the parent hTRPA1 

sequence (sequence ID: Y10601) using the Nucleotide BLAST tool on 

PubMed (https://blast.ncbi.nlm.nih.gov/Blast.cgi).  

  

https://www.chemie.uni-kl.de/fileadmin/agpierik/Methoden/Nucleospin_Plasmid_no_lid_DNA_purification_Macherey-Nagel.pdf
https://www.chemie.uni-kl.de/fileadmin/agpierik/Methoden/Nucleospin_Plasmid_no_lid_DNA_purification_Macherey-Nagel.pdf
https://www.eurofinsgenomics.eu/media/892645/samplesubmissionguide_valuereadtube.pdf
https://www.eurofinsgenomics.eu/media/892645/samplesubmissionguide_valuereadtube.pdf
https://www.eurofinsgenomics.com/en/products/dna-sequencing/all-sequencing-options.aspx
https://www.eurofinsgenomics.com/en/products/dna-sequencing/all-sequencing-options.aspx
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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        1 atgaagtgca gcctgaggaa gatgtggcgc cctggagaaa agaaggagcc ccagggcgtt 

       61 gtctatgagg atgtgccgga cgacacggag gatttcaagg aatcgcttaa ggtggttttt 

      121 gaaggaagtg catatggatt acaaaacttt aataagcaaa agaaattaaa aacatgtgac 

      181 gatatggaca ccttcttctt gcattatgct gcagcagaag gccaaattga gctaatggag 

      241 aagatcacca gagattcctc tttggaagtg ctgcatgaaa tggatgatta tggaaatacc 

      301 cctctgcatt gtgctgtaga aaaaaaccaa attgaaagcg ttaagtttct tctcagcaga 

      361 ggagcaaacc caaacctccg aaacttcaac atgatggctc ctctccacat agctgtgcag 

      421 ggcatgaata atgaggtgat gaaggtcttg cttgagcata gaactattga tgttaatttg 

      481 gaaggagaaa atggaaacac agctgtgatc attgcgtgca ccacaaataa tagcgaagca 

      541 ttgcagattt tgcttaacaa aggagctaag ccatgtaaat caaataaatg gggatgtttc 

      601 cctattcacc aagctgcatt ttcaggttcc aaagaatgca tggaaataat actaaggttt 

      661 ggtgaagagc atgggtacag tagacagttg cacattaact ttatgaataa tgggaaagcc 

      721 acccctctcc acctggctgt gcaaaatggt gacttggaaa tgatcaaaat gtgcctggac 

2D    781 aatggtgcac aaatagaccc agtggagaag ggaaggtgca cagccattca ttttgctgcc 

      841 acccagggag ccactgagat tgttaaactg atgatatcgt cctattctgg tagcgtggat 

      901 attgttaaca caaccgatgg atgtcatgag accatgcttc acagagcttc attgtttgat 

      961 caccatgagc tagcagacta tttaatttca gtgggagcag atattaataa gatcgattct 

     1021 gaaggacgct ctccacttat attagcaact gcttctgcat cttggaatat tgtaaatttg 

     1081 ctactctcta aaggtgccca agtagacata aaagataatt ttggacgtaa ttttctgcat 

     1141 ttaactgtac agcaacctta tggattaaaa aatctgcgac ctgaatttat gcagatgcaa 

     1201 cagatcaaag agctggtaat ggatgaagac aacgatgggt gtactcctct acattatgca 

     1261 tgtagacagg ggggccctgg ttctgtaaat aacctacttg gctttaatgt gtccattcat 

     1321 tccaaaagca aagataagaa atcacctctg cattttgcag ccagttatgg gcgtatcaat 

     1381 acctgtcaga ggctcctaca agacataagt gatacgaggc ttctgaatga aggtgacctt 

     1441 catggaatga ctcctctcca tctggcagca aagaatggac atgataaagt agttcagctt 

     1501 cttctgaaaa aaggtgcatt gtttctcagt gaccacaatg gctggacagc tttgcatcat 

     1561 gcgtccatgg gcgggtacac tcagaccatg aaggtcattc ttgatactaa tttgaagtgc 

3D,3U1621 acagatcgct tggatgaaga cgggaacact gcacttcact ttgctgcaag ggaaggccac 

     1681 gccaaagccg ttgcgcttct tctgagccac aatgctgaca tagtcctgaa caagcagcag 

     1741 gcctcctttt tgcaccttgc acttcacaat aagaggaagg aggttgttct tacgatcatc 

     1801 aggagcaaaa gatgggatga atgtcttaag attttcagtc ataattctcc aggcaataaa 

     1861 tgtccaatta cagaaatgat agaatacctc cctgaatgca tgaaggtact tttagatttc 

     1921 tgcatgttgc attccacaga agacaagtcc tgccgagact attatatcga gtataatttc 

     1981 aaatatcttc aatgtccatt agaattcacc aaaaaaacac ctacacagga tgttatatat 

     2041 gaaccgctta cagccctcaa cgcaatggta caaaataacc gcatagagct tctcaatcat 

     2101 cctgtgtgta aagaatattt actcatgaaa tggttggctt atggatttag agctcatatg 

     2161 atgaatttag gatcttactg tcttggtctc atacctatga ccattctcgt tgtcaatata 

     2221 aaaccaggaa tggctttcaa ctcaactggc atcatcaatg aaactagtga tcattcagaa 

     2281 atactagata ccacgaattc atatctaata aaaacttgta tgattttagt gtttttatca 

     2341 agtatatttg ggtattgcaa agaagcgggg caaattttcc aacagaaaag gaattatttt 

     2401 atggatataa gcaatgttct tgaatggatt atctacacga cgggcatcat ttttgtgctg 

4D   2461 cccttgtttg ttgaaatacc agctcatctg cagtggcaat gtggagcaat tgctgtttac 

     2521 ttctattgga tgaatttctt attgtatctt caaagatttg aaaattgtgg aatttttatt 

     2581 gttatgttgg aggtaatttt gaaaactttg ttgaggtcta cagttgtatt tatcttcctt 

     2641 cttctggctt ttggactcag cttttacatc ctcctgaatt tacaggatcc cttcagctct 

     2701 ccattgcttt ctataatcca gaccttcagc atgatgctag gagatatcaa ttatcgagag 

     2761 tccttcctag aaccatatct gagaaatgaa ttggcacatc cagttctgtc ctttgcacaa 

     2821 cttgtttcct tcacaatatt tgtcccaatt gtcctcatga atttacttat tggtttggca 

     2881 gttggcgaca ttgctgaggt ccagaaacat gcatcattga agaggatagc tatgcaggtg 

     2941 gaacttcata ccagcttaga gaagaagctg ccactttggt ttctacgcaa agtggatcag 

     3001 aaatccacca tcgtgtatcc caacaaaccc agatctggtg ggatgttatt ccatatattc 

     3061 tgttttttat tttgcactgg ggaaataaga caagaaatac caaatgctga taaatcttta 

     3121 gaaatggaaa tattaaagca gaaataccgg ctgaaggatc ttacttttct cctggaaaaa 

     3181 cagcatgagc tcattaaact gatcattcag aagatggaga tcatctctga gacagaggat 

     3241 gatgatagcc attgttcttt tcaagacagg tttaagaaag agcagatgga acaaaggaat 

     3301 agcagatgga atactgtgtt gagagcagtc aaggcaaaaa cacaccatct tgagccttag 

Figure 2.8: mRNA sequence of hTRPA1. Letters in blue shows the position of primers used in 

the mutagenesis study, where D denotes down codon (sense), and U denotes up codon 

(antisense). The yellow highlights are the bases of the residues, C621 (1861, 1862, 1863), F909 

(2725, 2726, 2727), Y926 (2776, 2777, 2778) and F944 (2830, 2831, 2832), respectively. 
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2.7.3 Generation of stable hTRPA1 transfected HEK293 cells 

2.7.3.1 Transfection 

HEK293 cells were grown to 50-80 % confluence in a petri-dish (60 × 15 mm, 

PS Tissue culture dish, Sarstedt) in complete DMEM (supplemented with 2 

mM L-glutamine, 100 U ml-1 penicillin - 100 U ml-1 streptomycin, and 10 % 

v/v FBS). On the day of transfection, the culture medium was replaced with 2 

ml Opti-MEM® (1×) Reduced Serum Medium (Gibco®, Life Technologies™). 

The transfection reagent was prepared in a polystyrene universal tube (30 ml 

Universal Container, Scientific Laboratory Supplies) by mixing 40 µl 

FuGENE® 6 Transfection Reagent (Promega) into 2 ml Opti-MEM at room 

temperature, and the mixture was incubated for 5 minutes at room temperature. 

To that, 13.3 µl of 0.3 µg µl-1 dsDNA was added, mixed and incubated for a 

further 15 minutes at room temperature to equilibrate. The transfection reagent 

FuGENE and DNA were added in 3:1 ratio. The Opti-MEM in the culture dish 

was replaced with the prepared transfection reaction mixture and incubated at 

37 °C for 24 hours in a humidified cell culture incubator with 5 % CO2.  

The reaction mixture was then replaced with 2 ml non-selective (no G418) 

complete DMEM and incubated in the cell culture incubator for 24 hours. The 

culture medium was then replaced with 4 ml fresh complete DMEM containing 

G418 (0.5 mg ml-1) and incubated for another 48 hours to allow selection of 

G418-resistance cells. The culture medium was changed frequently thereafter 

to remove dead cells and debris, and to maintain the G418 concentration. 

Depending on the confluency of the cells, they were transferred to a T25 

(Corning) or T75 cell culture flask and maintained in G418 selective DMEM 

for 7-14 days. 

 

2.7.3.2 Single cell cloning 

The transfected cells were single cell cloned by serial dilution in a 96-well cell 

culture plate (Polystyrene, Flat Bottom, Costar®) as per the Corning's 

procedure (available from: http://csmedia2.corning.com/LifeSciences/media 

/pdf/Single_cell_cloning_protocol.pdf). Briefly, 200 µl of cell suspension of 

concentration 1 × 105 cells ml-1 in culture medium (complete DMEM with 0.25 

mg ml-1 G418) was added to the first well (A1) of 96-well plate containing 100 

http://csmedia2.corning.com/LifeSciences/media/pdf/Single_cell_cloning_protocol.pdf
http://csmedia2.corning.com/LifeSciences/media/pdf/Single_cell_cloning_protocol.pdf
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µl culture medium in all 96 wells, and diluted in 1:2 down the column (A1-H1) 

from the previous well (i.e. A1-B1, B1-C1, C1-D1). Then fresh 100 µl culture 

medium was added to the wells in the first column (A1-H1). Using a 

multichannel pipette, 100 µl of cell suspension from the wells in the first 

column (A1-H1) was transferred to the wells in the second column (A2-H2), 

then from second (A2-H2) to the third column (A3-H3), and repeated this 1:2 

dilutions across the whole plate, and finally discarded 100 µl from the last 

column (A8-H8). Fresh culture medium, 100 µl, was added to all the 96 wells 

to make up the final volume to 200 µl, and the plate was incubated at 37 °C in 

a humidified cell culture incubator with 5 % CO2 for 7-10 days.  

On the seventh day, all the wells were visualised under an inverted microscope 

(VWR) and the wells containing single colonies were marked. The colonies 

were left to expand in the plate for another 3-4 days, and the monoclonal cells 

were first transferred to a 6-well cell culture plate (Polystyrene, Flat Bottom, 

Costar® or Greiner Bio-One CELLSTAR®) containing 3 ml culture medium 

and incubated for another 7 days for expansion before transferring to T75 

flasks.  

Once the cells reached 80-90 % confluence they were passaged and screened 

with known agonists and antagonists (standard ligands) by calcium signalling 

(Section 2.4.2) to identify the clones expressing hTRPA1. Unresponsive cells 

(non-transfected parental HEK293 cells) were discarded and the responses 

obtained with hTRPA1 mutant expressing cells were compared against the 

responses obtained with the wild-type hTRPA1. For the flask of cells that 

showed a diminished response (due to the presence of some parental HEK293 

cells), a second round of single cell cloning was carried out. 

 

2.7.4 Gene expression 

To determine the level of hTRPA1 gene expressed in the wild-type and mutant 

hTRPA1 transfected HEK293 cells, the cells were assessed using intracellular 

flow cytometric analysis. Cells grown in T75 flasks were harvested and diluted 

in 1× PBS to a density of 5 × 106 cells ml-1. The cell suspension (100 µl) was 

added to a 96-well plate (Round bottom, Standard TC-Plate, Sarstedt) and 

centrifuged at 370 × g (eppendorf Centrifuge 5810 R) for 5 minutes at 4 °C. 
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The cells were fixed with 100 µl of 1 % paraformaldehyde (Fluka Chemika, 

prepared in 1× PBS) by incubating at room temperature for 20 minutes, and 

washed with 1× PBS (2 × 100 µl) by centrifuging as before. The cells were 

permeabilised by incubating with 100 µl of 90 % cold methanol (VWR 

Chemicals) for 30 minutes on ice and washed with PBS as earlier. Before 

immunostaining, the cells were blocked using 0.5 % cold Bovine Serum 

Albumin (BSA, Standard Grade Powder, Fisher Scientific, prepared in 1× PBS) 

blocking buffer for 30 minutes at room temperature.  

The cells were first stained with either 10 µg ml-1 isotype antibody control 

(Purified Mouse IgG1, κ Isotype, BioLegend®) or 10 µg ml-1 primary antibody 

(ANKTM1 (C-5) mouse monoclonal IgG1, Santa Cruz Biotechnology) in 

blocking buffer (50 µl) for 30 minutes on ice, and washed with 100 µl fresh 

blocking buffer. The cells were then stained with 5 µg ml-1 secondary antibody 

(Anti-mouse IgG (Fc specific) FITC Conjugate, Sigma) for 30 minutes on ice 

in the dark, and washed with blocking buffer and resuspended in 1× PBS (100 

µl). The samples were transferred to FACS tubes (Tubes 5 ml, PP, Round 

bottom, Greiner bio-one) containing 1× PBS (150 µl), and analysed using a 

Flow Cytometer (Becton Dickinson FACSCalibur™) interfaced to a computer 

with BD CellQuest Pro™ software. The isotype antibody control was used to 

set or define the gate level. The data were further analysed using Flowing 

Software 2.5.1 (http://flowingsoftware.btk.fi/index.php?page=3).  

  

http://flowingsoftware.btk.fi/index.php?page=3
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CHAPTER 3: N-Cinnamoylanthranilates as 

modulators of TRPA1 

3.1 Introduction 

In numerous studies, analogues of N-cinnamoylanthranilic acid have shown a 

wide range of biological activities, including anti-allergic, anti-histaminic, anti-

inflammatory, anti-asthmatic,278,279,311 anti-oxidant,288,313 anti-fibrotic,406 anti-

proliferative,306,314 anti-cancer,310,407 anti-platelet,408 anti-coagulant304 and as 

modulators of B-cells and T-cells,336,337 and are under investigations for several 

medicinal applications. The derivative N-(3,4-dimethoxycinnamoyl) 

anthranilic acid (also known as tranilast or Rizaben™) is an anti-inflammatory 

drug marketed in South Korea and Japan, and has been used for more than 

twenty years to treat several allergic diseases such as bronchial asthma, allergic 

rhinitis, hypertrophic scars and scleroderma.275,278,279,406 It also possesses other 

biological activities (Section 1.2 of Chapter 1) to those mentioned above. 

Moreover, N-cinnamoylanthranilate derivatives (CADs) have been shown to 

inhibit TRP channels. For example N-(p-amylcinnamoyl)anthranilic acid 

(ACA), which is also a PLA2 inhibitor,330 was characterised as a novel TRPM2 

(IC50 4.5 μM), TRPM8 (IC50 3.9 μM), TRPC3 (IC 20 μM), TRPC6 (IC50 2.3 

μM) and TRPV1 (IC >20 μM) channel blocker.327 Similarly, N-(3-

methoxyphenyl)-4-chlorocinnamide (SB366791) has been shown to 

selectively block TRPV1 (IC50 6 nM)409 and inactive against TRPM8.410 The 

related compounds 5-nitro-2-(phenethylamino)benzoic acid (NPEB, EC50 5.65 

μM), 5-nitro-2-(phenethylamino)benzamide (NPBA, EC50 >100 μM) and 5-

nitro-2-(3-phenylpropylamino)benzoic acid (NPPB, EC50 0.37 μM) selectively 

activated TRPA1 channels.411  

Based on the reported evidence, it was anticipated that TRPA1 cation channel 

specific modulators could be attained by incorporating different substituents 

and substitution patterns in the N-cinnamoylanthranilic acid core structure. 

Consequently, a series of N-cinnamoylanthranilate derivatives (CADs) with 

different substituents were synthesised to study their structure-activity 

relationship (SAR) with the non-selective cation channel TRPA1, and thereby 

the pharmacology of TRPA1 modulators. The chemical structures of the 
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synthesised CADs are given in Figure 3.1 and also in the Appendix, and the 

mechanisms of the chemical reactions are shown in Section 3.2. All of the 

synthesised CADs exist in the literature (Section 3.3), except N-(3-ethoxy-4-

hydroxycinnamoyl)anthranilic acid (AC27) which is a novel compound. 

However, this is the first time CADs are being reported as TRPA1 modulators. 

Twenty-two derivatives of N-cinnamoylanthranilic acid and some of their 

corresponding methyl ester were screened for agonism and antagonism 

responses in HEK293 cells stably transfected with hTRPA1, where the 

transient elevations of [Ca2+]i were measured using a calcium signalling 

technique (Sections 3.4.1 and 3.4.2). The selectivity of these ligands was 

determined by evaluating in HEK293 cells stably transfected with pcDNA3 

(mock) and hTRPM8 (Section 3.4.3). In addition, the reversibility were 

assessed (Section 3.4.4), and the physicochemical properties of all the CADs 

were considered and correlated with their activities (Section 3.4.5). Some of 

the derivatives were further characterised in Dunkin-Hartley guinea pig vagus 

nerve preparation (Section 3.4.6), and any involvement of CAD in covalent 

modification of cysteines through conjugate addition were measured using a 

model thiol (Section 3.5). Further to the study undertaken and from the review 

of biological activities of CADs in the literature (Section 1.2 of Chapter 1), it 

is anticipated that there could be a correlation between several reported 

biological activities of CADs and TRP channels (Section 3.6). 

 

3.2 Synthetic chemistry 

The series of CADs given in Figure 3.1 were successfully synthesised in good 

yields by the synthetic approaches given in Section 2.2 of Chapter 2, and the 

underlying mechanisms of the chemical reactions carried out are shown in 

Schemes 3.1 to 3.6.   
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Figure 3.1: Chemical structures of the synthesised and screened N-cinnamoylanthranilates. 

 

 

3.2.1 N-Cinnamoylanthranilates from cinnamic acids  

N-Cinnamoylanthranilic acid was produced from cinnamic acid through the 

reaction mechanism shown in Scheme 3.1, in which the cinnamic acid first gets 

converted to its acid chloride by oxalyl chloride and couples to methyl 

anthranilate in the presence of pyridine to form methyl N-

cinnamoylanthranilate, and then hydrolyses under a strong basic condition to 

yield the product. Methyl anthranilate was used instead of anthranilic acid to 

couple with cinnamoyl chloride, since direct coupling of cinnamoyl chloride 

with anthranilic acid is known to produce (E)-2-styryl-4H-benzo[d][1,3] 

oxazin-4-one as a result of intramolecular cyclisation,378 as shown in Scheme 

3.2. With the use of methyl anthranilate, the cyclisation is prevented due to the 

absence of the carboxylic acid group and produces the corresponding methyl 

N-cinnamoylanthranilate. α-Methylcinnamic acid was produced using 

benzaldehyde and propionic anhydride via the Perkin reaction as shown in 

Scheme 3.3. 
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(a) Acylation of cinnamic acid 

 

(b) Coupling of cinnamoyl chloride with methyl anthranilate  

 

(c) Hydrolysis of methyl N-cinnamoylanthranilate 

 
Scheme 3.1: Reaction mechanism for the formation of N-cinnamoylanthranilate derivatives 

from cinnamic acid derivatives, (a) acylation of cinnamic acid, (b) coupling of cinnamoyl 

chloride with methyl anthranilate to form methyl N-cinnamoylanthranilate and (c) hydrolysis 

of the ester to produce N-cinnamoylanthranilic acid.    
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Scheme 3.2: Reaction mechanism showing that direct coupling of cinnamoyl chloride with 

anthranilic acid react in 2:1 ratio to produce (E)-2-styryl-4H-benzo[d][1,3]oxazin-4-one via 

intramolecular cyclisation.  

 

 

 

 

Scheme 3.3: Reaction mechanism for the formation of α-methylcinnamic acid via Perkin 

reaction. 
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3.2.2 N-Cinnamoylanthranilates from aldehydes  

The reaction mechanism by which Meldrum's acid is produced from malonic 

acid, acetic anhydride and acetone is shown in Scheme 3.4. To produce N-

cinnamoylanthranilic acid, Meldrum's acid reacts with anthranilic acid to form 

2-[(carboxy)acetyl]aminobenzoic acid, which then condenses with a 

benzaldehyde derivative via a piperidine-catalysed Knoevenagel condensation 

as shown in Scheme 3.5. 

 

 
 

Scheme 3.4: Reaction mechanism for the formation of Meldrum's acid. 
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(a) Formation of 2-[(carboxy)acetyl]aminobenzoic acid 

 

 

(b) Knoevenagel condensation 

 

 

Scheme 3.5: Reaction mechanism for the formation of N-cinnamoylanthranilate derivatives 

from aldehyde derivatives, (a) 2-[(carboxyacetyl)amino]benzoic acid is produced by reacting 

Meldrum's acid with anthranilic acid and (b) 2-[(carboxyacetyl)amino]benzoic acid is 

condensed with a benzaldehyde via Knoevenagel condensation to produce N-

cinnamoylanthranilic acid. 
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3.2.3 N-Cinnamoyl amino acids 

The mechanism by which a cinnamoyl chloride couples to a secondary amino 

acid under a basic condition is shown in Scheme 3.6. The method of this 

reaction was followed exactly as in the literature,382  and produced relatively 

low yield (30-50 %) compared to the other two approaches in Sections 3.2.1 

and 3.2.2. 

 

 

 

Scheme 3.6: Reaction mechanism for the formation of N-cinnamoyl amino acids.  

 

3.3 Chemical information 

All the chemical compound characterisation data are given in Section 2.2.4 of 

Chapter 2 along with the synthesis procedures. In 1H NMR, the peaks 

corresponding to the free carboxylic acid protons were not observed as was the 

amide proton peak for the compound AC41 (due to exchangeable NH proton). 

Due to the presence of rotamers for the compounds AC34 and AC36, and C-F 

coupling for the compounds AC14 and AC40, doubling or splitting of some 

carbon signals, respectively, were observed in the 13C NMR. The percentages 

of the CHN elemental composition found were within ± 0.4 % of the theoretical 

values. The chemical characterisation results obtained agreed closely with the 

data of the compounds already reported in the literature (Table 3.1). Highly 

pure compounds as determined by CHN combustion elemental microanalysis, 

1H and 13C NMR, and constant melting point were used in the biological 

activity assays. 
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Table 3.1: Chemical data for the synthesised N-cinnamoylanthranilates available in the 

literature. Abbreviations: nda - no data available, nf - not found.  

Compound name Code Reference(s) 

Methyl N-cinnamoylanthranilate  AC18a 383 

N-Cinnamoylanthranilic acid AC18b 378,381,384 

Methyl N-(4-fluorocinnamoyl)anthranilate AC14b nda 

N-(4-Fluorocinnamoyl)anthranilic acid AC14c 278 

Methyl N-(2-chlorocinnamoyl)anthranilate AC15b nda 

N-(2-Chlorocinnamoyl)anthranilic acid AC15c 384 

Methyl N-(4-bromocinnamoyl)anthranilate AC16b 320 

N-(4-Bromocinnamoyl)anthranilic acid AC16c 279,320 

Methyl N-(4-chlorocinnamoyl)anthranilate AC17b nda 

N-(4-Chlorocinnamoyl)anthranilic acid AC17c 384 

N-Hydrocinnamoylanthranilic acid AC21b 385,412 

N-(4-Methoxycinnamoyl)anthranilic acid AC20 276,282,381,384 

N-(3,4-Dimethoxycinnamoyl)anthranilic acid  AC24 381,384 

N-(2-Methoxycinnamoyl)anthranilic acid AC26 nda 

N-(3-Ethoxy-4-hydroxycinnamoyl)anthranilic acid AC27 nf 

Methyl N-(3,4-diacetoxycinnamoyl)anthranilate AC28c nda 

N-(3,4-Dihydroxycinnamoyl)anthranilic acid AC28d 276,381,386 

Methyl N-(4-acetoxycinnamoyl)anthranilate AC30c nda 

N-(4-Hydroxycinnamoyl)anthranilic acid AC30d 273,282 

N-Cinnamoylpipecolinic acid AC34 nda 

N-Cinnamoylproline  AC36 382 

Methyl N-(3-phenoxypropionoyl)anthranilate AC35b 387 

Methyl N-(4-methylcinnamoyl)anthranilate AC39b nda 

N-(4-Methylcinnamoyl)anthranilic acid AC39c 282 

Methyl N-(4-trifluoromethylcinnamoyl)anthranilate AC40b nda 

N-(4-Trifluoromethylcinnamoyl)anthranilic acid AC40c nda 

Methyl N-(4-nitrocinnamoyl)anthranilate AC41b nda 

N-(4-Nitrocinnamoyl)anthranilic acid  AC41c nda 

Methyl N-(α-phenylcinnamoyl)anthranilate AC42b nda 

N-(α-Phenylcinnamoyl)anthranilic acid AC42c nda 

Methyl N-(α-methylcinnamoyl)anthranilate  AC43c nda 

N-(α-Methylcinnamoyl)anthranilic acid AC43d nda 

Methyl N-(4-dimethylaminocinnamoyl)anthranilate AC45b nda 

N-(4-Dimethylaminocinnamoyl)anthranilic acid AC45c 413 

N-(4-Methoxyhydrocinnamoyl)anthranilic acid AC46c nda 
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3.4 Pharmacology of N-cinnamoylanthranilates 

3.4.1 Calcium signalling 

Agonism of the compounds were measured by assessing the influx of Ca2+ in 

TRPA1-HEK293 cells upon exposure to the test compounds relative to 

calcimycin, and antagonism of the compounds were measured by the ability of 

the test compounds to antagonise the agonism of a standard agonist (Section 

2.4.2 of Chapter 2). Hence the agonism and antagonism responses ([Ca2+]i 

released) of the compounds are presented as the percentage of calcimycin and 

the standard agonist, respectively. The responses were normalised by 

subtracting the noise/response obtained for the vehicle control (DMSO). The 

maximum response in antagonist assays was obtained by normalising the 

standard agonist-induced response (CA, ACR or WS5) to 100 %, and thus in 

antagonist assays, a higher percentage value indicates a lower inhibitory effect 

by the test compound. 

 

3.4.1.1 Solubility of compounds 

The compounds containing a free carboxylic acid group were evaluated in the 

cells as their corresponding carboxylate salt due to deprotonation in the slightly 

alkaline isotonic assay buffer (pH 7.4). For some derivatives, their 

insolubility/reprecipitation in the aqueous assay buffer at higher concentrations 

(300 μM or in some cases greater than 100 μM) was the limiting factor in 

obtaining a complete dose-response (concentration-effect) curve. Also, most of 

the methyl esters of CADs were partially soluble or insoluble above 3 µM in 

the aqueous phase, and hence screening of the esters at higher concentrations 

was not attainable. Reprecipitation was recorded as spikes in the fluorescence 

spectrum obtained, due to interruption of the light beam of the 

spectrophotometer by the solid particles formed once the compound solution 

prepared in DMSO was added to the assay buffer. 

  

3.4.1.2 Suitability of compounds 

As the CADs, AC28d (λEx/Em 393/461) and AC45c (λEx/Em 378/502) were found 

to autofluoresce (Figure 3.2) in the wavelength regions of Fluo-3 (λEx/Em 

506/526 nm) or Fluo-4 (λEx/Em 494/506 nm) dyes, screening of those two 
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compounds was not achievable. Due to broad absorption ranges for the two 

compounds, other long-wavelength calcium dyes such as Calcium Orange 

(λEx/Em 549/576 nm) and Calcium Crimson (λEx/Em 590/615 nm) were also not 

suitable for screening. 

 

 

 

Figure 3.2: UV-vis absorption and fluorescence spectra of the CAD, (a) AC28d (λEx/Em 

393/461 nm) and (b) AC45c (λEx/Em 378/502 nm), in isotonic assay buffer.  

 

3.4.1.3 Variability in responses with different methods  

Calcium signalling assays were carried out either in the cuvette-based system 

using a PTI instrument (Section 2.4.2.1 of Chapter 2) or in the micro-well 

plate system using a FlexStation (Section 2.4.2.2 of Chapter 2). The only 

major differences between the two methods were that in the cuvette-based 

system the cells were in suspension loaded with Fluo-3, whereas in the micro-

well plate system the cells loaded with Fluo-4 were adhered to the well surface 

(native state). However, the estimated EC50 values obtained from the fitted 
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dose-response curves for cinnamaldehyde with Fluo-3 and Fluo-4 (Figure 3.3) 

were 27 and 9 µM, respectively, which is a 0.5 log scale difference that is 

statistically significant (p < 0.0001). This could have been due to the effect of 

the higher sensitivity of Fluo-4 relative to Fluo-3, as specified in a 

characterisation study of Fluo-4414 and in a comparative study of Fluo Ca2+ 

indicators.415 In addition, different experimental systems might have had an 

effect, but that needs to be verified.  

 
Figure 3.3: Comparison of the cinnamaldehyde (CA) dose-response curves obtained in two 

different calcium signalling assay systems with hTRPA1-HEK293 cells either loaded with 

Fluo-3 or Fluo-4 fluorescent dye, where the obtained EC50 values, 27 and 9 µM, respectively, 

were significantly different (p < 0.0001). Each data point on the curve represents the mean of 

three independent experiments (N = 3) in triplicates (n = 9) with their SEM, and the statistical 

significance between the two data sets' logEC50 values was determined using the F-test at p < 

0.05. 

 

3.4.1.4 Choice of carrier solvent 

DMSO and ethanol (EtOH) are the commonly used carrier solvents for water 

insoluble lipophilic compounds in biochemical studies. These solvents are 

capable of solubilising both polar and non-polar compounds. However, a 

significantly different logEC50 values (p < 0.0001) were obtained when 

cinnamaldehyde solution prepared in DMSO and EtOH, separately, were 

evaluated against hTRPA1-HEK293 cells (Figure 3.4). The EC50 values 

obtained from the estimated non-linear curve fit for cinnamaldehyde in DMSO 

was 9 µM, but in EtOH it was 155 µM. The seventeen-fold difference in the 

values could have been due to membrane permeability issues. DMSO is known 
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to improve absorbability of drugs that are less water-soluble by increasing 

permeability across cell membranes,416 and hence a lower EC50 value could 

have been observed with the use of DMSO compared to ethanol. As a result, 

DMSO was used as the carrier solvent in the cell-based assays. 

 
Figure 3.4: Comparison of the responses obtained in hTRPA1-HEK293 cells for 

cinnamaldehyde (CA) made in either DMSO or ethanol (0.4 %) solvent, where the obtained 

EC50 values, 9 and 155 µM, respectively, were significantly different (p < 0.0001). Each data 

point represents the mean ± SEM (N = 3, n = 9), and the statistical significance between the 

two data sets' logEC50 values was determined using the F-test at p < 0.05.   

 

3.4.1.5 Controls 

The maximum response control, calcimycin, is an ionophore (mobile-ion 

carrier) which chelates divalent Ca2+ present in the cells, and thereby 

increases/saturates the intracellular Ca2+ concentration, giving a maximum 

possible response for a given particular amount of cells in a sample. Calcimycin 

tested at different concentrations (1 to 10 µM), including the concentrations (2 

or 8 µM) used in the experiments, did not show any significant difference (p ≥ 

0.05) in the change in relative fluorescence intensity (ΔRFU), that is, in the 

total amount of [Ca2+]i released (Figure 3.5). 

The standard agonists and antagonists for positive controls were chosen based 

on the ion channel specificity and potency of the ligands. To determine the 

EC50 and IC50 values of the standard TRPA1 agonist cinnamaldehyde and 

antagonist A967079, and TRPM8 agonist WS5 and antagonist AMTB.HCl, in 
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the experimental system used in the study, dose-response curves were carried 

out (Figures 3.6 and 3.7).  

 
Figure 3.5: Calcimycin response at different concentrations (1 - 10 µM) in hTRPA1-HEK293 

cells. The responses obtained at different concentrations were statistically insignificant (p ≥ 

0.05). Each data point represents the mean ± SD (N = 3), and the statistical significance was 

determined using one-way ANOVA at p < 0.05.  

 

  

 
Figure 3.6: Dose-response curves of the standard TRPA1 agonist and antagonist, (a) 

cinnamaldehyde (CA) and (b) A967079 (against 30 µM CA), respectively, evaluated in 

hTRPA1-HEK293 cells. Each data point represents the mean ± SEM (N = 3, n = 6). 
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Figure 3.7: Dose-response curves of the standard TRPM8 agonist and antagonist, (a) WS5 

and (b) AMTB (against 3 µM WS5), respectively, evaluated in hTRPM8-HEK293 cells. Each 

data point represents the mean ± SEM (N = 3, n = 6). 

 

In hTRPA1-HEK293 cells, the agonism of cinnamaldehyde at 30 µM (~EC50) 

was completely inhibited by the TRPA1 specific standard antagonist A967079 

at and above 100 nM. Similarly, in hTRPM8, the agonism by WS5 at 3 µM 

(closer to EC50) was completely inhibited by the antagonist AMTB.HCl at and 

above 1 µM, and therefore these concentrations were used in the experiments. 

On comparing the EC50 and IC50 values obtained against the original reports 

for the standard ligands, the IC50 of A967079 carried out in a similar system 

but against different agonist (AITC instead of cinnamaldehyde), closely agreed 

(Table 3.2). This further confirmed the validity of the assay methods utilised. 

However, perhaps due to use of different species, cell lines and assay methods, 

a discrepancy in the values for other compounds could have been observed 

(Table 3.2). The vehicle control (0.2 or 0.4 % DMSO) had no considerable 

activity in hTRPA1 (Section 3.4.2) and in mock transfected-HEK293 cells 

(data not shown), but had a slight antagonising effect in hTRPM8 (Section 

3.4.3.2). 

LogEC50 -5.89 ± 0.07 

EC50 1 µM 

LogIC50 -6.9 ± 0.1 

IC50 127 nM 

(a) 

(b) 
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Table 3.2: Comparison of the EC50 and IC50 values of the standard TRPA1 and TRPM8 

ligands, obtained in hTRPA1- or hTRPM8-HEK293 cells, against the literature values.  

Ligand Obtained Literature value 

CA EC50 27 µM EC50 61 ± 9 µM in mTRPA1-CHO cells104 

A967079 IC50 46 nM IC50 67 nM in hTRPA1-HEK293F cells (against 30 µM AITC)166 

WS5 EC50 1 µM EC50 26 ± 7 µM in Xenopus oocytes417 

AMTB IC50 127 nM pIC50 6.23 ± 0.02 hTRPM8-HEK293 cells (against icilin EC80)
418 

 

3.4.1.6 Fluorescence spectrum 

Examples of traces obtained in assays are shown in Figure 3.8. The starting 

point of the baseline level of each spectrum varied as the internalisation of the 

fluorescent-dye in cells increased with time during an assay. However, there 

are other possibilities for the baseline variation, including the use of different 

cuvettes (Figure 3.9) and the variable number of cells in each cuvette or well, 

but these were considered to have inconsiderable influences in the calcium 

signalling study undertaken. As can be seen in Figures 3.8 and 3.9, the basal 

fluorescence intensity observed in an assay is 10× higher compared to the 

intensity with cuvette alone.  

 

Figure 3.8: Examples of traces obtained in a calcium signalling assay with a compound at 

different concentrations. 
 

 
Figure 3.9: Spectra obtained with seven different cuvettes from the same batch/manufacturer 

showing the variation in baseline levels with the use of different cuvettes alone. 
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3.4.2 Screening of N-cinnamoylanthranilates in hTRPA1-HEK293 and 

structure-activity relationships  

The CADs (Figure 3.1) were evaluated in hTRPA1-HEK293 cells for agonism 

and antagonism using fluorescence-based calcium signalling assays. N-

Cinnamoylanthranilic acids were initially screened for agonism at 30 µM, and 

those found to be inactive were screened at 100 µM (Figure 3.10a), and for 

antagonism at 100 µM (Figure 3.10b). The methyl N-cinnamoylanthranilate 

esters were screened for agonism (Figure 3.11a) and antagonism (Figure 

3.11b), at 3 µM and some at 10 µM based on the solubility of the compounds. 

As can be seen in Figures 3.10 and 3.11, the responses obtained for the positive 

controls, CA agonist and A967079 antagonist were consistent between assays.  

In the initial screening of N-cinnamoylanthranilic acids, the CADs AC41c-(p-

NO2), AC40c-(p-CF3), AC16c-(p-Br), AC17c-(p-Cl), AC15c-(o-Cl), AC14c-

(p-F), AC18b-(p-H), AC39c-(p-CH3), AC20-(p-OCH3), AC26-(o-OCH3), 

AC43d-(α-CH3) and AC42c-(α-Ph) showed ≥25 % agonism at 30 µM (Figure 

3.10a) and ≥50 % inhibition at 100 µM (Figure 3.10b). The CADs AC24-

(m,p-(OCH3)2), AC27-(m-OCH2CH3-p-OH), AC21b-(p-H, α,β-saturated), 

AC46c-(p-OCH3, α,β-saturated), AC34-(pipecolinic acid) and AC36-(proline) 

showed weak agonism (<25 %), and the CAD AC30d-(p-OH) was found to be 

inactive at both 30 and 100 µM concentrations (Figure 3.10a). However, the 

CADs AC24-(m,p-(OCH3)2), AC27-(m-OCH2CH3-p-OH) and AC30d-(p-OH) 

showed ≥40 % inhibition, and the CADs AC21b-(p-H, α,β-saturated), AC46c-

(p-OCH3, α,β-saturated), AC34-(pipecolinic acid) and AC36-(proline) showed 

weak inhibitory effect (<30 %) as shown in Figure 3.10b. 

In the initial screening of methyl N-cinnamoylanthranilates, all the evaluated 

esters, including AC40b-(p-CF3), AC16b-(p-Br), AC17b-(p-Cl), AC15b-(o-

Cl), AC14b-(p-F), AC18a-(p-H), AC39b-(p-CH3), AC28c-(3,4-(OAc)2), 

AC30c-(p-OAc), AC45b-(p-N(CH3)2), AC43c-(α-CH3), AC42b-(α-Ph) and 

AC35b-(phenoxy), showed agonism (Figure 3.11a). Most of the methyl N-

cinnamoylanthranilate esters at 3 µM showed a similar level of agonism to that 

of their corresponding N-cinnamoylanthranilic acid derivatives at 30 µM 

(Figure 3.10a). However, except AC43c-(α-CH3) and AC42b-(α-Ph), none of 

the esters showed antagonism (Figure 3.11b).  
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Based on the activities observed in initial screenings, dose-response curves 

were carried out for N-cinnamoylanthranilic acids that showed higher than 25 

% agonism at 30 µM, and for those which had high antagonism and partial 

agonism. The dose-response curves for the N-cinnamoylanthranilic acids with 

agonism and antagonism responses are presented together in Figures 3.12 and 

3.13, respectively, to allow cross-comparison between compounds with 

different substituents. As can be seen from the curves, the effects observed 

were dose-dependent. Since the methyl N-cinnamoylanthranilate esters were 

insoluble above 3 or 10 µM, a range of concentrations were not testable. The 

initial screening results and the dose-response results are summarised in Tables 

3.3 and 3.4, to study the SAR and potency of compounds in the following 

Sections 3.4.2.1 - 3.4.2.6. 
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Figure 3.10: Initial screening results of N-cinnamoylanthranilate derivatives in hTRPA1-

HEK293 cells, (a) agonism and (b) antagonism. Each bar represents the mean ± SEM (N = 

3). 

 

 

 
Figure 3.11: Initial screening results of methyl N-cinnamoylanthranilate derivatives in 

hTRPA1-HEK293 cells, (a) agonism and (b) antagonism. Each bar represents the mean ± SEM 

(N = 3). 
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Continued… 

Figure 3.12: Dose-response curves (a - k) of substituted N-cinnamoylanthranilic acid agonists in hTRPA1-HEK293 cells. Each data point represents the mean ± SEM (N = 3, 

n = 6).  

LogEC50 -3.7 ± 0.2 

EC50 219 µM 

LogEC50 -4.57 ± 0.06 

EC50 27 µM 

LogEC50 -4.94 ± 0.09 

EC50 12 µM 

LogEC50 -5.00 ± 0.07 

EC50 10 µM 

LogEC50 -4.37 ± 0.07 

EC50 42 µM 

LogEC50 -4.5 ± 0.1 

EC50 30 µM 

(a)           (b)                          (c) 

(d)           (e)                           (f) 
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Continued… 

 

 
Figure 3.12: Dose-response curves (a - k) of substituted N-cinnamoylanthranilic acid agonists in hTRPA1-HEK293 cells. Each data point represents the mean ± SEM (N = 3, 

n = 6). 

LogEC50 -3.8 ± 0.1 

EC50 149 µM 

LogEC50 -4.1 ± 0.1 

EC50 75 µM 

 

LogEC50 -4.3 ± 0.2 

EC50 49 µM 

LogEC50 -3.9 ± 0.1 

EC50 133 µM 

LogEC50 -4.95 ± 0.04 

EC50 11 µM 

(g)            (h)               (i) 

       (j)            (k) 
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Continued… 

Figure 3.13: Dose-response curves (a - i) of substituted N-cinnamoylanthranilic acid antagonists in hTRPA1-HEK293 cells. Each data point represents the mean ± SEM (N 

= 3, n = 6). 

LogIC50 -5.0 ± 0.2 

IC50 9 µM 

LogIC50 -5.4 ± 0.1 

IC50 4 µM 

LogIC50 -5.0 ± 0.1 

IC50 11 µM 

LogIC50 -4.6 ± 0.1 

IC50 26 µM 

LogIC50 -4.3 ± 0.2 

IC50 51 µM 

LogIC50 -4.9 ± 0.1 

IC50 12 µM 

  (a)               (b)                              (c) 

  (d)               (e)                              (f) 
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Continued… 

 

Figure 3.13: Dose-response curves (a - i) of substituted N-cinnamoylanthranilic acid antagonists in hTRPA1-HEK293 cells. Each data point represents the mean ± SEM (N = 

3, n = 6). 

 

 

LogIC50 -3.9 ± 0.2 

IC50 126 µM 

LogIC50 -4.0 ± 0.3 

IC50 106 µM 

LogIC50 -4.4 ± 0.1 

IC50 43 µM 

  (g)               (h)                              (i) 
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Table 3.3: Screening results of the synthesised N-cinnamoylanthranilic acids in hTRPA1-

HEK293 cells. The concentrations at which the compounds were tested are specified in the 

corresponding column title. Dose-response curves were carried out for the compounds which 

showed >25 % agonist activity at 30 µM, and that had partial agonism and high antagonism, 

in the initial screening. Each value represents the mean ± SEM (N = 3).  

Compound Substituents hTRPA1-HEK293 cells 

 

Agonism /  

(% calcimycin) 

30 µM  

N = 3 ± SEM 

Antagonism, 

CA response 

/ (% CA) 

100 µM 

N = 3 ± SEM 

EC50 /(µM) 

n = 6,  N = 3 

IC50 /(µM) 

n = 6, N = 3 

AC18b - 24 ± 1 42 ± 3 - - 

AC41c 4-NO2 25 ± 1 33 ± 6 219 - 

AC40c 4-CF3 51 ± 1 28 ± 2 27 - 

AC16c 4-Br 60 ± 3 6 ± 2 12 9 

AC17c 4-Cl 62 ± 1 7 ± 1 10 4 

AC15c 2-Cl 44 ± 2 5 ± 2 42 11 

AC14c 4-F 37 ± 1 13 ± 4 30 26 

AC39c 4-CH3 30 ± 1 40 ± 1 149 - 

AC26 2-OCH3 33 ± 1 14 ± 2 75 51 

AC20 4-OCH3 27 ± 1 19 ± 6 49 12 

AC24 3,4-(OCH3)2 6 ± 3  56 ± 13 - 126 

AC27 3-OEt-4-OH 5 ± 1 34 ± 6 - 106 

AC30d 4-OH 1 ± 1 35 ± 11 - 43 

AC28d 3,4-(OH)2 
Fluorescing compounds  

AC45c 4-N(CH3)2 

AC21b α,β-saturated 10 ± 3 81 ± 11 - - 

AC46c α,β-saturated, 4-OCH3 6 ± 1 74 ± 14 - - 

AC34 Pipecolinic acid 7 ± 1 71 ± 9 - - 

AC36 Proline 5 ± 2 79 ± 4 - - 

AC43d α-CH3 33 ± 2 29 ± 2 133 - 

AC42c α-Ph 66 ± 2 22 ± 1 11 - 

 

Table 3.4: Screening results of the methyl N-cinnamoylanthranilates (3 µM) in hTRPA1-

HEK293 cells. As AC41b (4-NO2) was insoluble in DMSO at room temperature, it was not 

evaluated. Each value represents the mean ± SEM (N = 3). 

Compound Substituents hTRPA1-HEK293 cells 

 

Agonism 

/ (% calcimycin) 

3 µM 

N = 3 ± SEM 

Antagonism, 

CA response 

/ (% CA) 

3 µM 

N = 3 ± SEM 

AC18a - 22 ± 1 

No inhibitory 

effects. 

 

AC40b 4-CF3 29 ± 2 

AC16b 4-Br 41 ± 2 

AC17b 4-Cl 45 ± 2 

AC15b 2-Cl 29 ± 2 

AC14b 4-F 34 ± 3 

AC39b 4-CH3 28 ± 3 

AC30c 4-OAc 10 ± 1 

AC28c 3,4-(OAc)2 12 ± 1 

AC45b 4-N(CH3)2 27 ± 1 

AC43c α-CH3 49 ± 2 73 ± 7 

AC42b α-Ph 63 ± 2 51 ± 2  

AC35b Phenoxy  
45 ± 2  

(at 30 µM) 

No inhibitory 

effect. 
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3.4.2.1 Ring substituted and unsubstituted derivatives  

On comparing the SAR of the CADs in hTRPA1 (Figure 3.1 and Table 3.3), 

among the CADs containing the COOH group, the unsubstituted N-

cinnamoylanthranilic aicd [AC18b-(p-H)] had a moderate agonistic effect, 

and the electron withdrawing group (EWG)-substituted CADs [AC41c-(p-

NO2) and AC40c-(p-CF3)] were agonists. The halogenated CADs [AC16c-

(p-Br), AC17c-(p-Cl), AC15c-(o-Cl) and AC14c-(p-F)] with inductive 

electron withdrawing but lone pair donating properties showed potent 

agonism with desensitising effect, and the CADs [AC39c-(p-CH3), AC26-(o-

OCH3) and AC20-(p-OCH3)] with a weak/moderate electron donating group 

(EDG) showed bimodal activity, that is, they possessed partial agonism and 

antagonism. As the electron donating nature of the EDG becomes stronger 

(Figure 3.14) the agonism of the compounds decreased and became 

antagonists [AC24-(m,p-(OCH3)2), AC27-(m-OCH2CH3-p-OH) and AC30d-

(p-OH)].  

 
 

 

 

Figure 3.14: Electronic effects of the substituents, EWG - electron withdrawing group and 

EDG - electron donating group. 

 

The derivatives with strong EWGs, -NO2 (EC50 219 µM) and -CF3 (EC50 27 

µM), showed a slight deviation from the trend in the potency of agonism in 

comparison to the halogenated CADs (Table 3.3 and Figure 3.12a-f), which 

could have been due to different electronic effects (Figure 3.14) or due to the 

presence of large polar -NO2 group (Figure 3.15) and steric effects of the 

bulky groups. The halogenated CADs with bromo or chloro substituent at the 

para-position (AC16c and AC17c) had similar potency with EC50 values of 

12 and 10 µM, and IC50 of 9 and 4 µM (Figures 3.12c,d and 3.13a,b), 

respectively, whereas the fluorinated CAD (AC14c) showed slightly varying 

response, with EC50 30 µM and IC50 26 µM (Figure 3.12f and 3.13d), relative 

to other halogens in the series. The observed trend appeared to be related to 

the strength of the electronegativity (χ) of the halogen atoms [F (χ 4.0) > Cl 
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(χ 3.0) > Br (χ 2.8)], with highest electronegative atom substituted CAD being 

least potent. However, the small difference in the EC50 and IC50 values 

between the CADs with bromo and chloro substituent could be due to the 

balance between the steric effect and electronegativity difference, in which 

Cl with smaller atomic radius [Br (114 pm) > Cl (99 pm)] and lower 

electronegativity being more potent. As the halogenated CADs [AC16c-(p-

Br), AC17c-(p-Cl), AC15c-(o-Cl) and AC14c-(p-F)] showed potent agonism 

and antagonism (Table 3.3), it was thought that they possess desensitising 

effects after activation of the channel. Therefore, the desensitising effects of 

the halogenated CADs were studied by recording real-time spectra for 10 

minutes, that is, for the length of the pre-incubation period in an antagonist 

assay and by observing the changes in the spectrum during that time (Figure 

3.16). Since cinnamaldehyde and flufenamic acid are known to have 

desensitising effects,146,154 they were evaluated (Figure 3.16a,b) along with 

the CADs and other fenamate analogues, mefenamic acid and diclofenac, 

under the same conditions for comparison (Figure 3.16c-h). It was observed 

that at the concentration eliciting a maximum response, the elevated Ca2+ 

level caused by the agonism was sustained (Figure 3.16b). However, at a 

submaximal concentration the effect dropped over a few seconds (200-300 s) 

and on continuous exposure to an agonist (CA) a diminished response was 

obtained (Figure 3.16c-h), which is due to desensitisation of the channel as 

reported in a study.146 At the lower tested concentration of the CADs (10 µM), 

the agonism response dropped back nearer to the spectral baseline within 10 

minutes of administration and desensitised the agonism of the standard 

agonist cinnamaldehyde (30 µM) added to it (Figure 3.16e-h). 

The CADs with an electron donating methyl (AC39c, p-CH3, 30 ± 1 % 

agonism) or methoxy (AC20, p-OCH3, 27 ± 1 % agonism) group possessed 

similar agonist activity at 30 µM in the initial screening (Figure 3.10a). 

However, on comparing the EC50 of AC39c (p-CH3, 149 µM, Figure 3.12g) 

and AC20 (p-OCH3, 49 µM, Figure 3.12i), AC39c-(p-CH3) appeared to be 

less potent, perhaps due to different electronic effects (inductive/resonance) 

exerted by the substituents (Figure 3.14), and/or the hydrophobic/hydrophilic 

nature of the substituents (Figure 3.15).  
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Figure 3.15: Colour coded mapping of some analogues of N-cinnamoylanthranilic acid structures highlighting the lipophilicity/hydrophilicity nature of an atom/functional 

group/substructure. Green colour indicates the lipophilic (non-polar) parts, red indicates the hydrophilic (polar) groups, and the colour gradient represents the degree of 

lipophilicity/hydrophilicity.       

AC18b     AC41c     AC40c             AC17c 

  AC14c    AC39c           AC20       AC30d 

AC43d                AC42c          AC18a        AC35b 
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Figure 3.16: Real-time spectrum recorded for 10 minutes (incubation period) for the 

compounds with bimodal activity (potent agonism and desensitisation) in hTRPA1-HEK293 

cells, (a) cinnamaldehyde (CA, 30 µM), (b) flufenamic acid (FFA, 100 µM), (c) mefenamic 

acid (MFA, 10 µM), (d) diclofenac (DCF, 10 µM), (e) p-Cl CAD-AC17c (10 µM), (f) p-Br 

CAD-AC16c (10 µM), (g) o-Cl CAD-AC15c (10 µM) and (h) p-F CAD-AC14c (10 µM). 

The concentration of CA in the second addition was 30 µM. 
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Stronger EDG disubstituted CADs [AC24-(m,p-(OCH3)2) and AC27-(m-

OCH2CH3-p-OH)] exhibited partial agonist and antagonist activities, whilst 

AC30d-(p-OH) showed only an antagonistic effect and no agonism below 

100 µM (Figure 3.10). Nevertheless, the CADs AC24-(m,p-(OCH3)2) and 

AC27-(m-OCH2CH3-p-OH), disubstituted with EDGs, were less potent with 

IC50 126 and 106 µM (Figure 3.13g,h) respectively, whereas the IC50 of the 

monosubstituted CAD AC30d-(p-OH) was 43 µM (Figure 3.13i). The latter 

suggests that the bulkiness of the methoxy and ethoxy groups in AC24 and 

AC27 could have led to steric effects compared to the CAD AC30d with a 

hydroxy group. Additionally, the hydroxy group could have interacted with 

the receptor via hydrogen bonding. It was also found that AC30d-(p-OH) 

exhibit competitive insurmountable antagonism419,420 from the right-

downward shift observed in the cinnamaldehyde dose-response curve on pre-

incubation with AC30d (Figure 3.17). However, on comparing the obtained 

EC50 values, 27 µM (no inhibitor) and 37 µM (with 100 µM inhibitor 

AC30d), the difference was statistically insignificant. The reversibility of the 

compound is discussed in Section 3.4.4.  

 
Figure 3.17: Dose-response curves of cinnamaldehyde (CA) against hTRPA1-HEK293 cells 

untreated and pre-treated with the inhibitor (p-OH)CAD-AC30d (100 μM). The competitive 

insurmountable antagonism by AC30d can be seen by the right-downward shift of the CA 

curve. The EC50 of CA obtained without the inhibitor (27 μM, N = 3, n = 9) and in the 

presence of inhibitor (37 μM, N = 3, n = 6) were not significantly different. Each data point 

represents the mean ± SEM, and the statistical significance between the two data sets' 

logEC50 values was determined using the F-test at p < 0.05. 
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In general, the EDG substituted compounds with a higher number of 

hydrogen bond donors and acceptors had greater antagonistic effect in 

hTRPA1 channels. This perhaps suggests that the ligands which can bind to 

amino acid residues through greater hydrogen bonding are involved in 

blocking of the channels more effectively. Additionally, the agonism of 

structurally related compounds in the literature, including ACA an inhibitor 

of TRPM2 (IC50 4.5 μM), TRPM8 (IC50 3.9 μM), TRPC3 (IC 20 μM), TRPC6 

(IC50 2.3 μM) and TRPV1 (IC >20 μM),327 and SB366791 a selective TRPV1 

(IC50 6 nM) antagonist409,410 were evaluated against hTRPA1-HEK293 cells 

for comparison (Figure 3.18).  

 

 

 

Figure 3.18: Dose-response curves of the N-cinnamoylanthranilate analogues (a) ACA and 

(b) SB366791 in hTRPA1-HEK293 cells. Each data point represents the mean ± SEM (N = 

3, n = 9). 

 

Though ACA with a para n-pentyl group was reported to inhibit different 

TRP channels,327  in this study it was found to activate hTRPA1 (EC50 28 µM, 

Figure 3.18a) potently relative to the methyl substituted CAD AC39c (EC50 

149 µM). The TRPV1 inhibitor, SB366791 had no agonism in hTRPA1 at 

LogEC50 -4.55 ± 0.06 

EC50 28 µM 

 

 

(b) 

(a) 
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any of the tested concentrations (0.1 - 300 µM, Figure 3.18b). The structure 

of SB366791 was similar to AC17c-(p-Cl), but had an additional methoxy 

substituent meta to the amide linker in the anthranilate moiety that was 

lacking COOH group, which resulted in inactiveness.   

The trend observed with the EWG and EDG substituents in this study was 

also observed in another study which measured the activity of 

benzylidenemalononitriles (BMN) against hTRPA1.421 By comparing the 

agonism of selected para substituted BMN irritants at 3 µM, the following 

activities were observed: 4-NO2 10 %; 4-CF3 43 %; 4-Br 87 %; 4-Cl 67 %; 4-

F 87 %; 4-OMe 9 %; 3,4-(OMe)2 9 %; 4-OH 2 % of maximum mean 

fluorescence.421 The order of potency of the measured responses was similar 

to the trend found in this study.  

 

3.4.2.2 Ortho- and para-substituted derivatives 

Ortho-substituted CADs, AC15c (o-Cl, EC50 42 µM and IC50 11 µM, Figures 

3.12e and 3.13c) and AC26 (o-OCH3, EC50 75 µM and IC50 51 µM, Figures 

3.12h and 3.13e) were less efficacious, relative to their corresponding para-

substituted analogues AC17c (p-Cl, EC50 10 µM and IC50 4 µM, Figures 

3.12d and 3.13b) and AC20 (p-OCH3, EC50 49 µM and IC50 12 µM, Figures 

3.12i and 3.13f). The steric effects of the ortho substituents and the non-

planarity of the molecule resulting from steric strain could have led to less 

interaction with the channel. 

 

3.4.2.3 α,β-Unsaturated and α,β-saturated derivatives 

In hTRPA1, α,β-saturated CADs [AC21b-(p-H) and AC46c-(p-OCH3)] 

showed poor activity (AC21b 10 ± 3 and AC46c 6 ± 1 % agonism at 30 µM) 

compared to the CADs [AC18b-(p-H) and AC20-(p-OCH3)]with an α,β-

unsaturated (alkene) group (AC18b 24 ± 1 and AC20 27 ± 1 % agonism at 

30 µM), as seen in Figure 3.10a. This signified that the presence of non-

rotatable α,β-unsaturated bond enhances the activity of the compound 

distinctly, presumably by providing a more fixed molecular conformation to 

bind to the receptor. The presence of freely rotatable sp3 C-C single bonds, 

and the tetrahedral arrangement around the sp3 carbon centres results in non-
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planar structures with variable spatial arrangements, which in turn decreases 

the interactions between the compounds and the receptor sites, that is, the 

ligand binding affinity. As a consequence, poorer activities could have been 

observed.  

 

3.4.2.4 α-Substituted and α-unsubstituted derivatives 

The α-substituted CADs either with a methyl or a phenyl group were more 

potent agonists (AC43d 33 ± 2 and AC42c 66 ± 2 % agonism) relative to the 

unsubstituted CAD (AC18b 24 ± 1 % agonism), as shown in Figure 3.10a. 

Among the α-substituted and unsubstituted compounds, the derivative 

AC42c-(α-Ph) showed pronounced agonist potency (EC50 11 µM, Figure 

3.12k), suggesting that a unique π-π interaction may have a role in the activity 

of the compound. 

 

3.4.2.5 Planar and non-planar derivatives 

The compounds [AC34-(pipecolinic acid) and AC36-(proline)] with a non-

planar tertiary amide group showed weak responses (7 ± 1 and 5 ± 2 % 

agonism, and 29 ± 9 and 21 ± 4 % inhibition, respectively, Figure 3.10) 

relative to the planar secondary amide group containing parent compound 

(AC18b 24 ± 1 % agonism and 58 ± 3 % inhibition). This revealed that the 

presence of a secondary amide (-CONH) and the anthranilate moiety plays an 

important role in the activity of CADs. Similarly, in the literature2,8 most of 

the compounds reported as agonists or antagonists contained at least a 

secondary amine or an amide group. Also from the observed very weak 

responses for the non-planar compounds, AC34-(pipecolinic acid) and 

AC36-(proline), it is thought that π-stacking interactions of the aromatic 

anthranilate ring and conformation of the compound structure (Figure 3.19) 

could contribute an effect on modulating the channel. 
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Figure 3.19: Optimised geometry of the compounds, (a) planar N-cinnamoylanthranilic acid 

(AC18b), and (b) non-planar N-cinnamoyl pipecolinic acid (AC34), determined using the 

energy minimisation molecular mechanics force-field MM2. 

 

3.4.2.6 Carboxylic acid and carboxylate ester derivatives 

The methyl N-cinnamoylanthranilate esters evaluated in hTRPA1 at 3 µM 

(Figure 3.11a) showed a similar level of agonism to that of their 

corresponding N-cinnamoylanthranilic acid derivatives at 30 µM (Figure 

3.10a), but there were no considerable antagonism shown by the esters, 

except AC43c-(α-CH3) and AC42b-(α-Ph) with desensitising effects (Figure 

3.11b). Therefore, the methyl ester derivatives were potent agonists relative 

to their free carboxylic acids. However, the esters were less soluble in the 

assay buffer relative to the acid group containing compounds.  

 

3.4.3 Channel specificity 

3.4.3.1 Screening of N-cinnamoylanthranilates in mock-HEK293 

The derivatives of N-cinnamoylanthranilates, evaluated at 30 and 100 μM, 

and methyl N-cinnamoylanthranilates at 3 µM, did not show any response in 

the negative control pcDNA3 mock-transfected HEK293 cells (N = 3, data 

not shown). An example of the fluorescence spectrum obtained in mock-

transfected HEK293 cells is shown in Figure 3.20. This proved that in 

TRPA1 transfected HEK293 cells, the compounds were selective to TRPA1, 

and had no effect, with regard to triggering calcium flux, on other components 

of the cells, including endogenously expressed channels/receptors. HEK293 

cells endogenously express a number of ion channel receptors, including 

purinoceptors (P2Y1
422 and P2Y2

422), voltage-gated potassium channels,423,424 

sodium channels (β1A425 and Nav1.7426), sphingosine-1-phosphate receptors 

(a) (b) 



184 
 

(Edg-1, Edg-3 and Edg-5),427 calcium channels428 including TRPC channels 

(TRPC1, TRPC3, TRPC4, TRPC6 and TRPC7),429,430 and M3 muscarinic 

acetylcholine receptor.431 

 

Figure 3.20: An example of the fluorescence spectrum obtained for the compounds AC18b-

(p-H) and AC14c-(p-F), when screened in mock-transfected HEK293 cells. Similar 

responses were obtained for all the tested compounds. The CAD and A23187 arrows indicate 

the time points at which a test compound and the calcimycin were added. 

 

3.4.3.2 Screening of N-cinnamoylanthranilates in hTRPM8-HEK293 

TRPM8 is a cold-sensitive channel like TRPA1260,432 and stimulated by a 

number of ligands that could modulate TRPA1,127,433 and hence the 

compounds were evaluated against stably transfected hTRPM8-HEK293 

cells for relative selectivity. There were no agonism seen for all the CADs 

screened in hTRPM8-transfected HEK293 at the concentrations 30 and 100 

µM of N-cinnamoylanthranilates, and 3 µM of methyl N-cinnamoyl 

anthranilates (data not shown), where AC42c and AC42b with an α-phenyl 

substituent were exceptions exhibiting weak agonism (Figure 3.21a). The 

majority of the compounds that had an agonistic effect in hTRPA1 (Figures 

3.10a and 3.11a) showed a relatively weak inhibitory effect in hTRPM8 

evaluated at the high concentrations (Figure 3.21b). The vehicle control also 

had a slight antagonising effect in hTRPM8 (inhibits ~20 % of WS5 response, 

Figure 3.21b).  

Dose-response curves were carried out for the compounds [AC40c-(p-CF3), 

AC16c-(p-Br), AC15c-(o-Cl), AC26-(o-OCH3), AC43d-(α-CH3) and 

AC35b-(phenoxy)] that showed high antagonism (Figure 3.22), and among 

which AC35b (methyl 3-phenoxypropionoylanthranilate) was found to be a 
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most potent hTRPM8 antagonist (IC50 10 µM, Figure 3.22f). In addition, it 

was observed from the IC50 values that the CAD AC16c-(p-Br) which showed 

antagonism in both hTRPA1 (IC50 9 µM, Figure 3.13a) and hTRPM8 (IC50 

59 µM, Figure 3.22b) had more selectivity for TRPA1 as the compound was 

more potent in hTRPA1. However, the CAD AC15c-(o-Cl) and AC26-(o-

OCH3) had only a 10 µM difference in the IC50 values obtained against 

hTRPA1 (AC15c 11 and AC26 51 µM, Figure 3.13c,e) and hTRPM8 

(AC15c 21 and AC26 41 µM, Figure 3.22c,d).  

 

  

  

  

Figure 3.21: Initial screening results of N-cinnamoylanthranilate derivatives in hTRPM8-

HEK293 cells, (a) agonism, and (b)(i) antagonism of N-cinnamoylanthranilic acids and 

(b)(ii) antagonism of methyl N-cinnamoylanthranilates. Each bar represents the mean ± 

SEM (N = 3). 
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Figure 3.22: Dose-response curves (a - f) of N-cinnamoylanthranilate antagonists in hTRPM8-HEK293 cells. Each data point represents the mean ± SEM (N =3, n = 6).  

 

LogIC50 -4.5 ± 0.2 

IC50 34 µM 

LogIC50 -4.2 ± 0.4 

IC50 59 µM 

LogIC50 -4.7 ± 0.5 

IC50 21 µM 

LogIC50 -4.4 ± 0.3 

IC50 41 µM 

LogIC50 -4.6 ± 0.2 

IC50 27 µM 

LogIC50 -5.0 ± 0.2 

IC50 10 µM 

 (a)             (b)                             (c) 

 (d)             (e)                             (f) 
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Table 3.5: Screening results of the synthesised N-cinnamoylanthranilic acids in hTRPM8-

HEK293 cells. The concentrations at which the compounds were tested are specified in the 

corresponding column title. Dose-response curves were carried out for the compounds which 

showed >60 % inhibitory effect. Each value represents the mean ± SEM (N = 3). 

Compound Substituents hTRPM8-HEK293 cells 

 

Agonism  

/ (% calcimycin) 

30 and 100 µM 

N = 3 ± SEM 

Antagonism, 

WS5 response 

/ (% WS5) 

100 µM 

N = 3 ± SEM 

LogIC50  

n = 6,  

 N = 3 ± SEM 

IC50 

/(µM) 

AC18b - 

 

No agonism 

response was 

obtained for any 

of these 

compounds, and 

hence the effects 

of the compounds 

were specific to 

hTRPA1. 

48 ± 6 - - 

AC41c 4-NO2 39 ± 7 - - 

AC40c 4-CF3 17 ± 3 -4.5 ± 0.2 34 

AC16c 4-Br 35 ± 2 -4.2 ± 0.4 59 

AC17c 4-Cl 40 ± 5 - - 

AC15c 2-Cl 25 ± 4 -4.7 ± 0.5 21 

AC14c 4-F 61 ± 8 - - 

AC39c 4-CH3 48 ± 3 - - 

AC26 2-OCH3 32 ± 8 -4.4 ± 0.3 41 

AC20 4-OCH3 68 ± 8 - - 

AC24 3,4-(OCH3)2 65 ± 6 - - 

AC27 3-OEt-4-OH 73 ± 6 - - 

AC30d 4-OH 70 ± 5 - - 

AC28d 3,4-(OH)2 
Fluorescing compounds 

AC45c 4-N(CH3)2 

AC21b α,β-saturated 48 ± 4 - - 

AC46c α,β-saturated, 4-OCH3 57 ± 5 - - 

AC34 Pipecolinic acid 72 ± 6 - - 

AC36 Proline 65 ± 5 - - 

AC43d α-CH3 28 ± 7 -4.6 ± 0.2 27 

AC42c α-Ph 14 ± 1, 34 ± 3 not measured - - 

 

 

 

Table 3.6: Screening results of the methyl N-cinnamoylanthranilates (3 µM) in hTRPM8-

HEK293 cells. As AC41b (4-NO2) was insoluble in DMSO at room temperature, it was not 

evaluated. Each value represents the mean ± SEM (N = 3). 

Compound Substituents hTRPM8-HEK293 cells 

 

Agonism /  

(% calcimycin) 

3 µM 

N = 3 ± SEM  

Antagonism, 

WS5 response 

/ (% WS5) 

3 µM 

N = 3 ± SEM 

AC18a - 

No agonism 

response 

obtained for any 

of these 

compounds. 

61 ± 1 

AC40b 4-CF3 81 ± 11 

AC16b 4-Br 79 ± 4 

AC17b 4-Cl 70 ± 4 

AC15b 2-Cl 53 ± 1 

AC14b 4-F 85 ± 9 

AC39b 4-CH3 88 ± 3 

AC30c 4-OAc 84 ± 2 

AC28c 3,4-(OAc)2 102 ± 2 

AC45b 4-N(CH3)2 86 ± 22 

AC43c α-CH3 30 ± 4 

AC42b α-Ph 23 ± 4 48 ± 7 

AC35b Phenoxy  No agonism 
12 ± 2  

(at 30 µM) 

  



188 
 

Overall, the CADs that were active in hTRPM8 contained a halogen 

substituent, or an ortho- or α-position substitutions, and mostly the agonists 

of hTRPA1 showed antagonism in hTRPM8 at a higher concentration, and 

other compounds were selective to hTRPA1 over hTRPM8. The results are 

further summarised in Tables 3.5 and 3.6 for clarity. However, to conclude 

on the specificity, further selectivity assays against other ion channels are 

necessary. 

 

3.4.4 Reversibility 

Further to the competitive insurmountable antagonism observed with p-OH 

CAD-AC30d (Figure 3.17), its irreversibility nature was revealed in a 

washout experiment (Figure 3.23) performed as described in Section 2.4.2 

of Chapter 2. Irreversible competitive antagonists are referred to as 

insurmountable, because binding of such ligands results in a permanent 

reduction in the number of available receptors. Consequently, agonists are 

unable to bind to all the receptors and cannot exert the same level of response 

as with the untreated cells.419 

 

 

Figure 3.23: (a) Inhibitory effect shown in cells pre-treated with the compunds and (b) 

irreversibility of N-(4-hydroxycinnamoyl)anthranilic acid (AC30d) on hTRPA1-HEK293 

cells. Each bar represents the mean ± SEM (N = 3, n = 6), and the statistical significance 

was determined using one-way ANOVA at *p < 0.05.  

 

The reversibility of halogenated CADs with bimodal activity in hTRPA1 was 

also verified by a washout experiment. The desensitising effect shown by the 

halogenated CADs [AC16c-(p-Br), AC17c-(p-Cl), AC15c-(o-Cl) and 

AC14c-(p-F)] on hTRPA1 was found to be reversible up to 10 µM for 
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AC16c-(p-Br) and AC17c-(p-Cl), and up to 30 µM for AC15c-(o-Cl) and 

AC14c-(p-F), and were irreversible at higher concentrations (Figure 3.24). 

As the compounds were reversible at lower concentrations, the irreversibility 

at higher concentrations could have possibly been due to, but not limited to, 

slow dissociation of the ligand from the receptor.419 

 

  

 

 

 
 

Figure 3.24: (a) Desensitising effect and (b) reversibility of halogenated N-

cinnamoylanthranilic acids [AC16b-(p-Br), AC17b-(p-Cl), AC15b-(o-Cl) and AC14b-(p-

F)] on hTRPA1-HEK293 cells. Each bar represents the mean ± SEM (N = 3, n = 6), and the 

statistical significance was determined using one-way ANOVA at *p < 0.05.   

 

 

3.4.5 Physicochemical property-activity relationships 

With respect to the physicochemical properties, it was observed that among 

similar analogues, the compounds possessing higher n-octanol/water 

(calculated) partition coefficient (clogP) were the most potent agonists, and 

the agonism decreased with a decrease in clogP value (Tables 3.7 and 3.8), 

which was also in agreement with compounds in the literature.128,411 For 
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example, the EC50 of NPEB (5.65 μM)411 with clogP 4.7 is much lower than 

for NPBA (>100 μM)411 with clogP 3.3. The logP [log(cn-octanol/cwater)] is a 

measure of a compound's lipophilicity (hydrophobicity/hydrophilicity). 

Larger values indicate that the compound is less hydrophilic and could result 

in poor absorption or increased permeation. As logP increases, binding to 

serum albumin also increases due to the increased hydrophobicity. To check 

the reliability of the values calculated by different softwares, the clogP values 

obtained in ACD/I-Lab software were compared to the values calculated by 

ChemBioOffice 2014, and was found to tally within the limit of uncertainty 

stated by ACD/I-Lab. Distribution coefficient [logD = log(cn-octanol/cwater)] is 

also a measure of the lipophilicity, and is pH dependent. As the CADs with 

free carboxylic acid are ionised to carboxylate ion in the buffer at pH 7.4, 

their logD were compared and the observed trend in the activity was similar 

to that of logP. The CADs with small clogD values were more soluble, which 

was consistent with the corresponding high calculated solubility (clogS) 

values (Tables 3.7 and 3.8). 

Generally, the CADs with a higher number of hydrogen bond donors, 

hydrogen bond acceptors, larger topological polar surface area and logS, and 

lower logP had greater inhibitory effects with poorer or absence of agonism 

in hTRPA1. In addition, with the exception of AC42c-(α-Ph, COOH) and 

AC42b-(α-Ph, COOCH3) with clogP > 5, all the CADs assessed were 

consistent with Lipinski's rule-of-five434 [physicochemical parameter ranges: 

MW ≤ 500, logP ≤ 5, H-bond donors (sum of OHs and NHs) ≤ 5 and H-bond 

acceptors (sum of Os and Ns) ≤ 10], and Veber's rule435 [no. of rotatable bonds 

≤ 10 (ligand affinity decreases by 0.5 kcal on average for every two rotatable 

bonds) and polar surface area ≤ 140 Å2] of lead-likeness and oral 

bioavailability (Tables 3.7 and 3.8). 
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Table 3.7: Physicochemical properties of N-cinnamoylanthranilic acids showing that the compounds obeyed the Lipinski's rule-of-five and the Veber's rules of lead-likeness / 

oral bioavailability, except AC42c. Lipophilicity [partition coefficient (clogP) and distribution coefficient, (clogD)], solubility (clogS) and acid dissociation constant (pKa) 

parameters are given for comparison. Abbreviations: MW - molecular weight, H-bond - hydrogen bond, TPSA - topological polar surface area. 

Compound Substituent MW 

(≤ 500) 

H-bond 

donors (≤ 5) 

H-bond 

acceptors (≤ 10) 

Rotatable 

bonds (≤ 10) 

TPSA/(Å2) 

(≤ 140 Å2) 

clogP 

(≤ 5) 

clogD 

at pH 7.4 

pKa 

at pH 7.4 

clogS 

at pH 7.4 

AC41c 4-NO2 312.28 2 7 5 115.23 4.3 ± 0.4 -0.42 3.4 ± 0.8 -2.42 

AC40c 4-CF3 335.28 2 4 5 66.4 5.5 ± 0.6 0.77 3.4 ± 0.8 -2.66 

AC16c 4-Br 346.17 2 4 4 66.4 5.4 ± 0.5 0.53 3.4 ± 0.8 -2.47 

AC17c 4-Cl 301.72 2 4 4 66.4 5.1 ± 0.4 0.19 3.4 ± 0.8 -2.52 

AC15c 2-Cl 301.72 2 4 4 66.4 4.9 ± 0.4 0.18 3.4 ± 0.8 -2.47 

AC14c 4-F 285.27 2 4 4 66.4 4.5 ± 0.5 -0.38 3.4 ± 0.8 -2.36 

AC39c 4-CH3 281.31 2 4 4 66.4 5.0 ± 0.4 0 3.5 ± 0.8 -2.08 

AC26 2-OCH3 297.30 2 5 5 75.63 4.5 ± 0.4 -0.14 3.4 ± 0.8 -2.02 

AC20 4-OCH3 297.30 2 5 5 75.63 4.5 ± 0.4 -0.14 3.5 ± 0.8 -1.88 

AC24 3,4-(OCH3)2 327.33 2 6 6 84.86 4.4 ± 0.4 -0.74 3.5 ± 0.8 -1.89 

AC27 3-OCH2CH3-4-OH 327.33 3 6 6 95.86 4.3 ± 0.4 -0.45 3.5 ± 0.8 -1.97 

AC30d 4-OH 283.28 3 5 4 86.63 4.0 ± 0.4 -0.66 3.5 ± 0.8 -1.50 

AC28d 3,4-(OH)2 299.28 4 6 4 106.86 3.5 ± 0.4 -1.10 3.5 ± 0.8 -1.21 

AC45c 4-N(CH3)2 310.35 2 5 5 69.64 5.0 ± 0.5 -0.19 3.5 ± 0.8 -2.58 

AC18b - 267.28 2 4 4 66.4 4.5 ± 0.4 -0.21 3.5 ± 0.8 -1.73 

AC21b α,β saturated 269.29 2 4 5 66.4 4.1 ± 0.3 -0.46 3.5 ± 0.4 -0.68 

AC46c α,β saturated, 4-OCH3 299.32 2 5 6 75.63 4.0 ± 0.3 -0.37 3.5 ± 0.4 -0.77 

AC34 Pipecolinic acid 259.30 1 4 3 57.61 1.8 ± 0.4 -2.38 3.3 ± 0.8 0.57 

AC36 Proline 245.27 1 4 3 57.61 1.2 ± 0.4 -2.41 3.2 ± 0.9 0.61 

AC43d α-CH3 281.31 2 4 4 66.4 5.1 ± 0.4 0 3.5 ± 0.8 -1.96 

AC42c α-Ph 343.37 2 4 5 66.4 6.7 ± 0.8 1.00 3.4 ± 0.8 -3.43 
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Table 3.8: Physicochemical properties of methyl N-cinnamoylanthranilates showing that the compounds obeyed the Lipinski's rule-of-five and the Veber's rules of lead-likeness 

/ oral bioavailability, except AC42b. Lipophilicity [partition coefficient (clogP) and distribution coefficient, (clogD)], solubility (clogS) and acid dissociation constant (pKa) 

parameters are given for comparison. Abbreviations: MW - molecular weight, H-bond - hydrogen bond, TPSA - topological polar surface area. 

Compound Substituent MW 

(≤ 500) 

H-bond 

donors (≤ 5) 

H-bond 

acceptors (≤ 10) 

Rotatable 

bonds (≤ 10) 

TPSA/(Å2) 

(≤ 140 Å2) 

clogP 

(≤ 5) 

clogD 

at pH 7.4 

pKa 

at pH 7.4 

clogS 

at pH 7.4 

AC41b 4-NO2 326.31 1 7 6 104.23 4.6 ± 0.4 3.48 13.6 ± 0.9 -5.78 

AC40b 4-CF3 349.31 1 4 6 55.4 5.8 ± 0.6 4.73 13.7 ± 0.9 -6.01 

AC16b 4-Br 360.21 1 4 5 55.4 5.7 ± 0.5 4.50 13.8 ± 0.9  -5.82 

AC17b 4-Cl 315.75 1 4 5 55.4 5.4 ± 0.4 4.51 13.8 ± 0.9 -5.87 

AC15b 2-Cl 315.75 1 4 5 55.4 5.2 ± 0.4 4.51 13.7 ± 0.9 -5.83 

AC14b 4-F 299.30 1 4 5 55.4 4.8 ± 0.5 3.87 13.9 ± 0.9 -5.73 

AC39b 4-CH3 295.34 1 4 5 55.4 5.3 ± 0.4 3.87 13.9 ± 0.9 -5.44 

AC30c 4-OAc 339.35 1 6 7 81.7 4.3 ± 0.4 3.70 13.8 ± 0.9 -5.46 

AC28c 3,4-(OAc)2 397.38 1 8 9 108 3.3 ± 0.4 3.43 13.6 ± 0.9 -5.77 

AC45b 4-N(CH3)2 324.38 1 5 6 58.64 5.3 ± 0.5 4.15 4.8 ± 0.8 -5.90 

AC18a - 281.31 1 4 5 55.4 4.8 ± 0.4 3.79 13.9 ± 0.9 -5.09 

AC43c α-CH3 295.34 1 4 5 55.4 5.4 ± 0.4 4.14 13.9 ± 0.9 -5.31 

AC42b α-Ph 357.41 1 4 6 55.4 7.0 ± 0.8 5.31 13.9 ± 0.9 -6.76 

AC35b Phenoxy 299.32 1 5 7 64.63 3.6 ± 0.3 3.55 11.9 ± 0.5 -3.87 
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3.4.6 Electrophysiology 

The agonistic and antagonistic effects of the compounds, AC40c-(p-CF3) and 

AC17c-(p-Cl) at 100 µM and AC30d-(p-OH) at 300 µM, were tested on fully 

characterised isolated guinea pig vagus nerve preparations as described in 

Section 2.5 of Chapter 2. The compounds showed a small degree of 

activation of the vagus nerve (Figure 3.25a-c) with AC40c-(p-CF3) having 

the largest effect as in the HEK293 cells exogenously expressing hTRPA1 

(Figure 3.12b,d). However, the potency of the responses obtained in a tissue 

(nerves) could not be compared to those obtained in HEK293 cells 

overexpressing hTRPA1, primarily due to variations in the expression level 

of TRPA1, the type of assay and species difference.  

Acrolein was used as the TRPA1 standard agonist to determine the inhibitory 

effects of the compounds, as desensitisation of responses were observed with 

the use of cinnamaldehyde in depolarisation measurements.154,436 As a 

positive control, incubation with the TRPA1 standard antagonist HC030031 

(10 µM) inhibited the depolarisation induced by 300 µM acrolein (Figure 

3.25d). However, contrary to the antagonistic effects observed in hTRPA1-

HEK293 cells (Figure 3.26b), neither of the compounds AC17c-(p-Cl) nor 

AC30d-(p-OH) exhibited any antagonism against depolarisation of the 

guinea pig vagus nerve by acrolein. This discrepancy in results could possibly 

be due to, but not limited to, a consequence of species difference, and a higher 

concentration would have been required to elicit the response in the vagus 

nerve tissue. Comparing the TRPA1 amino acid sequences of Homo sapiens 

(human) and Cavia porcellus (guinea pig rodent), it was found that there is 

only 79 % identity (Figure 3.27). The low sequence homology with 21 % 

variation could have led to differences in responses. 

It has been reported that several ligands, including caffeine, menthol and 

thioaminals (e.g. 4-methyl-N-[2,2,2-trichloro-1-(4-nitro-phenylsulfanyl)-

ethyl]-benzamide), with potent antagonistic effects in hTRPA1 showed 

reduced potency, agonism or inactivity in rodent TRPA1.255,256,264 Similarly, 

it was also reported that rodent TRPA1 is activated by cold, whereas human 

and rhesus monkey TRPA1 are not stimulated.170 The menthol and cold 
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species difference were attributed to just a single residue, V875 in primates 

and G878 in rodents.170 

 

 

 

 
Figure 3.25: (a - c) Agonism and (d) antagonism against acrolein (ACR, 300 µM) induced 

depolarisation of CADs AC40c-(p-CF3), AC17c-(p-Cl) and AC30d-(p-OH), on isolated 

guinea pig vagus nerve preparations. Each bar represents the mean ± SEM (N = 4).  

 

 

       
Figure 3.26: (a) Dose-response of acrolein (ACR) and (b) antagonism of AC17c-(p-Cl) and 

AC30d-(p-OH) against acrolein (300 µM), in hTRPA1-HEK293 cells. Each data point 

represents the mean ± SEM (N = 3, n = 9). 
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 Identities Positives Gaps 

 882/1117 (79%) 995/1117 (89%) 8/1117 (0%) 

 

HUMAN  1     MKRSLRKMWRPGEKKEPQGVVYEDVPDDTEDFKESLKVVFEGSAYGLQNFNKQK-KLKRC  59 

             MKRSLRK+ R GE  EPQG VY+ V D   D K+  KVVFEG+   LQ+  K + KL +  

CAVPO  1     MKRSLRKLLRSGET-EPQGAVYQGVDDSMPDSKD-FKVVFEGNECRLQHIIKNRWKLNKY  58 

 

HUMAN  60    DDMDTFFLHYAAAEGQIELMEKITRDSSLEVLHEMDDYGNTPLHCAVEKNQIESVKFLLS  119 

             ++ +   LH+AA EGQ+ELM+ I   SS EVL+ MD+YGNTP+H A E NQ+ESVKFLL  

CAVPO  59    EEENVSALHHAAGEGQLELMKMIISGSSCEVLNLMDNYGNTPMHWAAENNQVESVKFLLI  118 

 

HUMAN  120   RGANPNLRNFNMMAPLHIAVQGMNNEVMKVLLEHRTIDVNLEGENGNTAVIIACTTNNSE  179 

              GANPNLRN NMMAPLHIAVQGM+NE+ KVL+EH + ++NLEGENGNTAV+I CT +NSE 

CAVPO  119   HGANPNLRNNNMMAPLHIAVQGMHNEMAKVLIEHSSTNINLEGENGNTAVMITCTKDNSE  178 

 

HUMAN  180   ALQILLKKGAKPCKSNKWGCFPIHQAAFSGSKECMEIILRFGEEHGYSRQLHINFMNNGK  239 

              L+ILLKKGAK CKSNKWG FP+HQAAFSG+K+CME+IL+FGEE GYSRQ HINF+NN + 

CAVPO  179   ILEILLKKGAKLCKSNKWGDFPVHQAAFSGAKKCMELILKFGEEDGYSRQCHINFVNNKQ  238 

 

HUMAN  240   ATPLHLAVQNGDLEMIKMCLDNGAQIDPVEKGRCTAIHFAATQGATEIVKLMISSYSGSV  299 

              +PLHLAVQ+G+LEMIKMCLDNGA I+ +E G+C A+HFAATQGATEIVKLM+SSYSG+  

CAVPO  239   VSPLHLAVQSGNLEMIKMCLDNGAHIEKIENGKCMALHFAATQGATEIVKLMLSSYSGNS  298 

 

HUMAN  300   DIVNTTDGCHETMLHRASLFDHHELADYLISVGADINKIDSEGRSPLILATASASWNIVN  359 

             +I+N  DG HET+LHRASLFDHHELADYLISVGADIN  DSEGR+PL+LATASASWNIVN 

CAVPO  299   NIINAVDGNHETLLHRASLFDHHELADYLISVGADINITDSEGRTPLVLATASASWNIVN  358 

 

HUMAN  360   LLLSKGAQVDIKDNFGRNFLHLTVQQPYGLKNLRPEFMQMQQIKELVMDEDNDGCTPLHY  419 

             LLLSKGA+VDIKD  GRNFLH TVQQPYGLKNLRPEFMQMQ+IK LVMDEDNDGCTPLHY 

CAVPO  359   LLLSKGARVDIKDYLGRNFLHFTVQQPYGLKNLRPEFMQMQEIKALVMDEDNDGCTPLHY  418 

 

HUMAN  420   ACRQGGPGSVNNLLGFNVSIHSKSKDKKSPLHFAASYGRINTCQRLLQDISDTRLLNEGD  479 

             AC+QG   SVNNLLGFNVSI+SKSKDKKSPLHFAASYGRINTCQRLLQDISDTRLLNEGD 

CAVPO  419   ACKQGVHVSVNNLLGFNVSIYSKSKDKKSPLHFAASYGRINTCQRLLQDISDTRLLNEGD  478 

 

HUMAN  480   LHGMTPLHLAAKNGHDKVVQLLLKKGALFLSDHNGWTALHHASMGGYTQTMKVILDTNLK  539 

             LHGMTPLHLAAKNGHDKVVQLLLKKGALFLSDHNGWTALHHASMGGYTQTMKVILDTN+K 

CAVPO  479   LHGMTPLHLAAKNGHDKVVQLLLKKGALFLSDHNGWTALHHASMGGYTQTMKVILDTNMK  538 

 

HUMAN  540   CTDRLDEDGNTALHFAAREGHAKAVALLLSHNADIVLNKQQASFLHLALHNKRKEVVLTI  599 

             CTDRLDE+GNTALHFAAREGHAKAVALLL+H+ADIVLNKQQASFLH+ALHNKRKEVV+T  

CAVPO  539   CTDRLDEEGNTALHFAAREGHAKAVALLLNHDADIVLNKQQASFLHIALHNKRKEVVITT  598 

 

HUMAN  600   IRSKRWDECLKIFSHNSPGNKCPITEMIEYLPECMKVLLDFCMLHSTEDKSCRDYYIEYN  659 

             IR+KRWDECLK+F+H SP N+CPITEMIEYLPECMK+LLDFCM+ STEDKSC+DY+IEYN 

CAVPO  599   IRNKRWDECLKVFTHCSPSNRCPITEMIEYLPECMKILLDFCMIPSTEDKSCQDYHIEYN  658 

 

HUMAN  660   FKYLQCPLEFTKKTPT-QDVIYEPLTALNAMVQNNRIELLNHPVCKEYLLMKWLAYGFRA  718 

             F+YLQCPL+FT+K P  Q+V YEPL+ LN MVQ+NRIELLNHPVCKEYLLMKW AYGFRA 

CAVPO  659   FRYLQCPLQFTRKLPAEQEVHYEPLSTLNVMVQHNRIELLNHPVCKEYLLMKWCAYGFRA  718 

 

HUMAN  719   HMMNLGSYCLGLIPMTILVVNIKPGMAFNSTGIINETSDHSEILDTTNSYLIKTCMILVF  778 

             HMMNLGSYCLGLIPMT+LV+NIKPG AFNSTGIINET + +   DTTNSY IK CMILVF 

CAVPO  719   HMMNLGSYCLGLIPMTLLVINIKPGTAFNSTGIINETHNQT---DTTNSYPIKVCMILVF  775 

 

HUMAN  779   LSSIFGYCKEAGQIFQQKRNYFMDISNVLEWIIYTTGIIFVLPLFVEIPAHLQWQCGAIA  838 

             LSSIFGYCKE  QIFQQKRNYF+D +N LEW+IYT  IIFVLPLFV IPA++QWQCGAIA 

CAVPO  776   LSSIFGYCKEVIQIFQQKRNYFLDYNNALEWVIYTKSIIFVLPLFVSIPAYVQWQCGAIA  835 

 

HUMAN  839   VYFYWMNFLLYLQRFENCGIFIVMLEVILKTLLRSTVVFIFLLLAFGLSFYILLNLQDPF  898 

             ++ YWMNFL+YLQRFEN GIFIVMLEVI +TLLRST VFIFLLLAFGLSFY+LLN QD F 

CAVPO  836   IFLYWMNFLMYLQRFENWGIFIVMLEVIFRTLLRSTGVFIFLLLAFGLSFYVLLNAQDAF  895 

 

HUMAN  899   SSPLLSIIQTFSMMLGDINYRESFLEPYLRNELAHPVLSFAQLVSFTIFVPIVLMNLLIG  958 

              SPLLS++QTF+MMLGD+NYR+++L+P+L+NEL +PVLSF QL++FT+FVPIVLMNLLIG 

CAVPO  896   RSPLLSLVQTFTMMLGDVNYRDTYLQPFLKNELTYPVLSFVQLIAFTMFVPIVLMNLLIG  955 

 

HUMAN  959   LAVGDIAEVQKHASLKRIAMQVELHTSLEKKLPLWFLRKVDQKSTIVYPNKPRSGGMLFH  1018 

             LAVGDIAEVQKHASLKRIAMQVELHTSLEKKLP+WFLR+VDQKSTIVYPN+PR G +L   

CAVPO  956   LAVGDIAEVQKHASLKRIAMQVELHTSLEKKLPIWFLRRVDQKSTIVYPNRPRYGPVL-R  1014 

 

HUMAN  1019  IFCFLFCTGEIRQEIPNADKSLEMEILKQKYRLKDLTFLLEKQHELIKLIIQKMEIISET  1078 

             +F + F   E RQE+PN D  LE+E+LKQKYRLKDLT LLEKQHELIKLIIQKMEIISET 

CAVPO  1015  LFHYFFGVQETRQELPNTDTCLELEMLKQKYRLKDLTSLLEKQHELIKLIIQKMEIISET  1074 

 

HUMAN  1079  EDDDSHCSFQDRFKKEQMEQRNSRWNTVLRAVKAKTH  1115 

             ED+D+H SFQDRFKKE++EQ NS+WN VLRAVK K H 

CAVPO  1075  EDEDNHSSFQDRFKKERLEQMNSKWNFVLRAVKTKPH  1111 

 

Figure 3.27: The sequence alignment of human (Homo sapiens) and guinea pig (Cavia 

porcellus) TRPA1, aligned using NCBI BLAST, showing 79 % identity. Terms: identities, 

number of amino acids that are identical; positives (+), number of amino acids that are 

identical plus the number of different amino acids that have similar chemical properties; 

gaps (-), denotes a gap in the alignment; space ( ), amino acids that are completely different. 
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3.5 Indirect measure of covalent modification of cysteines 

It was considered that the CADs may conceivably undergo covalent 

modification due to the presence of α,β-unsaturated carboxamide function 

(Michael acceptor). In previous work, the rates of NMR scale model reactions 

as a proxy for monitoring covalent modification of TRPA1 cysteine residues 

has been correlated with agonism levels observed in vitro.123 Hence the 

propensity of CADs to undergo covalent modification through conjugate 

addition of the thiol group in cysteine (N-acetyl- L-cysteine methyl ester or N-

acetyl-L-cysteine) to the α,β-unsaturated double bond was evaluated for a 

representative CAD AC18a (Scheme 3.7), using a proton NMR time study.123 

This revealed that the CAD had no reactivity with the thiol group of cysteine 

in d6-DMSO (Figure 3.28), as there were no differences in the intensity of 

the peaks for the protons at δ 6.64 (d, 1H5) and 7.77 (d, 1H6), nor appearance 

of any new peaks over the time intervals monitored (10 minutes, 1, 3.5 and 6 

hours). Other potential non-covalent ligand binding sites for the CADs are 

discussed in Chapter 5. 

 

 

Scheme 3.7: Example of a 1H NMR reaction carried out to assess the possibility of covalent 

modification of cysteine residues by CADs. 
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(a)  Methyl N-cinnamoylanthranilate (AC18a) 

 
 

  

Continued… 

 

Figure 3.28: 1H NMR spectra of the reactions carried out to assess, if any, covalent 

modification of cysteine residues, (a) CAD AC18a in CDCl3, (b) the CAD with N-acetyl-L-

cysteine methyl ester, and (c) CAD with N-acetyl-L-cysteine, in d6-DMSO at time intervals 

(i) 10 minutes, (ii) 1 hour, (iii) 3.5 hours and (iv) 6 hours. 
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Continued… 

(b) AC18a + N-acetyl-L-cysteine methyl ester 

 

 

 

 

Continued… 

Figure 3.28: 1H NMR spectra of the reactions carried out to assess, if any, covalent 

modification of cysteine residues, (a) CAD AC18a in CDCl3, (b) the CAD with N-acetyl-L-

cysteine methyl ester, and (c) CAD with N-acetyl-L-cysteine, in d6-DMSO at time intervals 

(i) 10 minutes, (ii) 1 hour, (iii) 3.5 hours and (iv) 6 hours. 
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Continued… 

(c) AC18a + N-acetyl-L-cysteine 

 

 

 

 

Figure 3.28: 1H NMR spectra of the reactions carried out to assess, if any, covalent 

modification of cysteine residues, (a) CAD AC18a in CDCl3, (b) the CAD with N-acetyl-L-

cysteine methyl ester, and (c) CAD with N-acetyl-L-cysteine, in d6-DMSO at time intervals 

(i) 10 minutes, (ii) 1 hour, (iii) 3.5 hours and (iv) 6 hours. 
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3.6 TRP channels could be the reason behind numerous 

activities of N-cinnamoylanthranilates in the literature  

In addition to the overall findings, it is postulated that there could be a 

correlation between the several biological activities of CADs reported in the 

literature (Section 1.2 of Chapter 1) and TRP channels. This is plausible due 

to the known participation of TRP channels in a wide range of cellular 

functions.3 Key to this suggestion is a recent study,437 which reports that 

TRPA1 is necessary for TGF-β signalling. Loss of the receptor significantly 

suppresses the mRNA expression of the inflammatory cytokines, interleukin-

6 (IL-6), α-smooth muscle actin (α-SMA) involved in fibrosis, substance P 

involved in inflammation, vascular endothelial growth factor (VEGF), 

collagen Iα1 and the phosphorylation of kinases induced by TGF-β, and 

thereby results in attenuation of fibrogenic and inflammatory reactions. 

Likewise, in the literature, the anti-allergic, anti-inflammatory,278,279,311 anti-

oxidant,288,313 anti-fibrotic,406 anti-proliferative,306,314 and anti-cancer310,407 

properties of CADs were related to inhibition of cytokines, chemokines and 

growth factors. Hence it is summarised that the fundamental reason behind 

attenuation of cytokines and growth factors shown by CADs, might be the 

consequence of effects imposed by CADs on TRP channels. 

 

 

3.7 Conclusions 

The series of N-cinnamoylanthranilates with electron-withdrawing and/or 

electron-donating substituents evaluated were found to possess various 

activities ranging from agonism, partial agonism, antagonism and 

desensitising effect in hTRPA1, in a concentration-dependent manner and 

with a trend in the SAR. From the overall observations and information, it 

was deduced that hydrogen bonding from the amide and the carboxylic acid 

groups, and hydrophobic π-π stacking interactions of the aromatic rings 

contribute to the channel modulation. Screening of compounds in hTRPM8 

and pcDNA3 mock cells verified that the majority of the CADs were selective 

to hTRPA1. Moreover, the structurally related compound in the literature, 

ACA, an inhibitor of TRPM2, TRPM8, TRPC3, TRPC6 and TRPV1327 
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channels was found to activate hTRPA1 (EC50 28 µM) with similar potency 

to those of other CADs evaluated in the study. 

Different substituents and substitution patterns on the derivatives have shown 

differences in biological activities, which agree with the hypothesis, that is, 

the functional groups present on the compounds triggers the action of TRPA1 

channels. The CAD AC30d (p-OH, IC50 43 µM) with strong EDG-substituent 

and CAD AC42c (α-Ph, EC50 11 µM) with an α-phenyl substituent show 

promise as selective hTRPA1 antagonist and agonist for further study. Using 

the key SARs found in the study, the structures of the compounds could be 

optimised to make the CADs more potent modulators of TRPA1. Moreover, 

owing to the fact that the CAD, tranilast is a clinically accepted anti-allergic 

drug with reduced side effects,291 CADs could have the potential in clinical 

development in general. However, the functional characterisation of some of 

the CADs in guinea pig vagus nerve showed poor activity, and was thought 

to be due to species difference and/or limitations with tested concentrations, 

as discussed in Section 3.4.6. In addition to this study, it is predicted that the 

diverse activities of CADs reported in the literature could possibly be due to 

existence of some correlation between TRP channels and cytokines and 

growth factors, which warrants further study. 
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CHAPTER 4: Aryl sulfonamides as modulators of 

TRPA1 

4.1 Introduction 

Probenecid [p-(dipropylsulfamyl)benzoic acid, M1, Figure 4.1], a 

competitive inhibitor of organic anion transporters, is commonly used to 

prevent leakage of Ca2+ sensitive fluorescent dyes from cells.348,349,354 

However, in a recent study,354 it was found that TRPA1 is activated (EC50 4.2 

mM) by probenecid, and prolonged incubation with probenecid during dye-

loading process leads to desensitisation of the channel and consequently 

decreases the potency of the agonists evaluated. For instance, when hTRPA1 

expressing CHO cells were dye-loaded with probenecid (2 mM), the EC50 

obtained for the TRPA1 agonist AITC significantly (p < 0.01) increased from 

1.5 to 7.3 µM.354 In addition, different pharmaceutical companies have 

claimed analogues of aryl sulfonamides as potent TRPA1 antagonists.372-376  

It was observed that most of the compounds claimed as TRPA1 antagonists 

by the companies, Janssen Pharmaceuticals,372 Orion Corporation,373 

Pharmeste374 and Hoffmann-La Roche,375,376 possessed a 4-

fluorobenzenesulfonamide motif (A1, Figure 4.1), as shown in Figure 1.34 

(Section 1.3.2 of Chapter 1). As probenecid with the structure 4-

carboxybenzenesulfonamide activates, and aryl sulfonamides with 4-

fluorobenzenesulfonamide inhibit the channel, it was hypothesised that the 

carboxylic acid group on the probenecid leads to activation and fluoro group 

on the antagonists are important for the antagonistic effect on TRPA1 channel 

modulation.  

 

Figure 4.1: The chemical structure of probenecid (M1), and observed core structure of the 

TRPA1 antagonists (A1).   

 

Consequently, derivatives of aryl sulfonamide derivatives (ASDs) were 

synthesised to study their structure-activity relationship (SAR) with the non-
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selective cation channel TRPA1. The chemical structures of the synthesised 

ASDs are given in Figure 4.2 and also in the Appendix, and the mechanisms 

of the chemical reactions and some of the compound information are given in 

Sections 4.2 and 4.3, respectively. Though aryl sulfonamides have been 

reported as potent TRPA1 antagonists in previous studies,372-376 this is the 

first approach to study their SAR in hTRPA1 by assessing small and extended 

structures of sulfonamide derivatives. 

Twenty-two aryl sulfonamides were screened for agonism and antagonism 

responses in HEK293 cells stably transfected with hTRPA1, where the 

transient elevations of [Ca2+]i were characterised by performing calcium 

signalling using a FlexStation (Sections 4.4.1 and 4.4.2). The selectivity of 

the compounds was determined by evaluating in HEK293 cells stably 

transfected with either pcDNA3 (mock) or hTRPM8 (Section 4.4.3). 

Furthermore, the physicochemical properties of the ASDs were assessed and 

correlated with their activities (Section 4.4.4).  

 

4.2 Synthetic chemistry  

A series of ASDs (Figure 4.2) were successfully synthesised using the 

classical methodologies described in Section 2.3 of Chapter 2. The 

mechanisms of the chemical reactions carried out to synthesise ASDs are 

shown in Schemes 4.1 and 4.2. 

 
Continued… 

Figure 4.2: Chemical structures of the synthesised and screened aryl sulfonamides. 
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Continued… 

 

Figure 4.2: Chemical structures of the synthesised and screened aryl sulfonamides. 

 

 

4.2.1 Aryl sulfonamides  

The reaction mechanism by which a secondary amine couples to a sulfonyl 

chloride via sulfonylation to form a small aryl sulfonamide followed by 

formation of the amide on further coupling to a benzylamine to produce an 

extended aryl sulfonamide is shown in Scheme 4.1. When 4-

(chlorosulfonyl)benzoic acid was used in the reaction, an alternative reaction 

path was followed as shown in Scheme 4.2, otherwise it would lead to two 

carboxylic acid groups on reacting with an amino acid (sulfonylation) that 

can react with benzylamine in the following step. As shown in Scheme 4.2, 

first the secondary amine was protected using Boc2O and was coupled to 

benzylamine, followed by deprotection using TFA and sulfonylation to 4-

(chlorosulfonyl)benzoic acid to produce the extended aryl sulfonamide.  
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(a) Sulfonylation 

 
 

(b) Coupling of aryl sulfonamide with benzylamine 

 
 

Scheme 4.1: Reaction mechanism for the formation of aryl sulfonamides, (a) sulfonylation, 

and (b) amide formation. 
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Scheme 4.2: Reaction mechanism for the formation of aryl sulfonamides with protection and 

deprotection steps. 
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4.2.2 4-(Chlorosulfonyl)benzoic acid  

4-(Chlorosulfonyl)benzoic acid was produced via modified Sandmeyer 

reaction through the mechanism shown in Scheme 4.3. The nitrous acid 

produced in situ from sodium nitrite in the presence of hydrochloric acid 

undergoes protonation to form the nitrosonium ion. The electrophilic 

nitrosonium ion reacts with 4-aminobenzoic acid and forms the diazonium 

salt via a nitrosamine intermediate. The aromatic diazo group is then replaced 

via an aryl radical addition to sulfur dioxide, catalysed by copper(I) chloride, 

to form the aryl sulfonyl chloride.   

 

 

 

 
 
 

 

Scheme 4.3: Reaction mechanism for the formation of 4-(chlorosulfonyl)benzoic acid via 

modified Sandmeyer reaction. 
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4.3 Chemical information 

All the chemical compound characterisation data are given in Sections 2.3.1 

and 2.3.2 of Chapter 2 along with the synthesis procedures. Due to C-F 

couplings, doubling of some carbon signals were observed in the 13C NMR 

spectra of the compounds AC51 and AC53. The percentages of the CHN 

elemental composition found were within ± 0.4 % of the theoretical values. 

The chemical characterisation results obtained agreed closely with the data of 

the compounds already reported in the literature (Table 4.1). Among the 

synthesised ASDs, AC53b, AC54b, AC56d and AC57d were found to be 

novel compounds. Highly pure compounds as determined by CHN 

combustion elemental microanalysis, 1H and 13C NMR, and constant melting 

point were used in the biological activity assays.  

 

Table 4.1: Chemical data for the synthesised aryl sulfonamides available in the literature. 

Abbreviations: nda - no data available, nf - not found.  

Compound name Code Reference(s) 

N,N-Diethylbenzenesulfonamide  M2 393,398,438 

N,N-Diethyl-4-methoxybenzenesulfonamide  M3 394,395 

1-((4-Methoxyphenyl)sulfonyl)pyrrolidine  M4 395 

N,N-Diethyl-4-fluorobenzenesulfonamide  M5 396 

1-((4-Fluorophenyl)sulfonyl)pyrrolidine M6 439 

1-((4-Fluorophenyl)sulfonyl)piperidine  M7 397 

4-((4-Fluorophenyl)sulfonyl)morpholine  M8 398 

1-((4-Fluorophenyl)sulfonyl)indoline  M9 nda 

N-(4-(N,N-Diethylsulfamoyl)phenyl)acetamide  M10 399,440 

4-(N,N-Diethylsulfamoyl)benzoic acid  M11 400,441 

4-(Pyrrolidin-1-ylsulfonyl)benzoic acid  M12 442 

4-(Piperidin-1-ylsulfonyl)benzoic acid  M13 400,443 

4-(Morpholinosulfonyl)benzoic acid  M14 400 

((4-Fluorophenyl)sulfonyl)-L-proline  AC51a 372 

(S)-N-(4-Chlorobenzyl)-1-((4-fluorophenyl)sulfonyl) 

pyrrolidine-2-carboxamide  

AC51b 373 

N-((4-Fluorophenyl)sulfonyl)-N-methylglycine  AC53a 376 

2-((4-Fluoro-N-methylphenyl)sulfonamido)-N-(4- 

(trifluoromethyl)benzyl)acetamide  

AC53b nf 

N-Methyl-N-(phenylsulfonyl)glycine  AC54a 401,444 

2-(N-Methylphenylsulfonamido)-N-(4-(trifluoromethyl) 

benzyl)acetamide  

AC54b nf 

(S)-4-((2-((4-Chlorobenzyl)carbamoyl)pyrrolidin-1-yl) 

sulfonyl)benzoic acid  

AC56d nf 

4-(N-Methyl-N-(2-oxo-2-((4-(trifluoromethyl)benzyl) 

amino)ethyl)sulfamoyl)benzoic acid  

AC57d nf 
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4.4 Pharmacology of aryl sulfonamides 

4.4.1 Calcium signalling 

Agonism of the compounds were measured by assessing the influx of Ca2+ in 

TRPA1-HEK293 cells upon exposure to the test compounds relative to 

calcimycin, and antagonism of the compounds were measured by the ability 

of the test compounds to antagonise the agonism of a standard agonist 

(Section 2.4.2 of Chapter 2). Hence the agonism and antagonism responses 

([Ca2+]i released) of the compounds are presented as the percentage of 

calcimycin and the standard agonist, respectively. The responses were 

normalised by subtracting the noise/response obtained for the vehicle control 

(DMSO). The maximum response in antagonist assays was obtained by 

normalising the standard agonist-induced response (AITC) to 100 %, and thus 

in antagonist assays, a higher percentage value indicates a lower inhibitory 

effect by the test compound. 

 

4.4.1.1 Solubility of compounds 

The compounds containing a free carboxylic acid group were evaluated in the 

cells as their corresponding carboxylate salt due to deprotonation in the 

slightly alkaline isotonic assay buffer (pH 7.4). However, higher 

concentrations of ASDs made in DMSO precipitated in the assay buffer, and 

hence the maximum concentration evaluated was limited to 300 or 1000 μM. 

 

4.4.1.2 Controls 

Calcimycin (8 µM) was used as the maximum response control. The standard 

agonists AITC and WS12, and antagonists A967079 and AMTB, used as the 

positive controls in hTRPA1 and hTRPM8, respectively, were chosen based 

on the ion channel specificity and potency of the ligands. Dose-response 

curves carried out for the positive controls to determine the EC50 and IC50 

values are given in Figures 4.3 and 4.4.  

The EC50 and IC50 values obtained for these standard ligands were broadly 

consistent with the values found in the original reports104,166,417,418 as can be 

seen in Table 4.2. Perhaps, variations in the assay methods, conditions, 

species and/or cell lines between the studies could have contributed to the 
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differences in the results (Table 4.2). In hTRPA1-HEK293 cells, the agonism 

of AITC at 10 µM (~EC50) was completely inhibited by the TRPA1 specific 

standard antagonist A967079 at and above 300 nM. Similarly, in hTRPM8, 

the agonism by WS12 at 100 nM (~EC50) was completely inhibited by the 

antagonist AMTB.HCl at 3 µM. The vehicle control (0.4 % DMSO) had no 

activity in hTRPA1 and in mock transfected-HEK293 cells, but had 

antagonising effect in hTRPM8. 

 

 

 
Figure 4.3: Dose-response curves of the standard TRPA1 agonist and antagonist, (a) AITC 

and (b) A967079 (against 10 µM AITC), respectively, evaluated in hTRPA1-HEK293 cells. 

Each data point represents the mean ± SEM (N = 3, n = 9). 

 

 

Table 4.2: Comparison of the EC50 and IC50 values of the standard TRPA1 and TRPM8 

ligands, obtained in hTRPA1- or hTRPM8-HEK293 cells, against the literature values. 

Ligand Obtained Literature value 

AITC EC50 4 µM EC50 22 ± 3 µM in mTRPA1-CHO cells104 

A967079 IC50 79 nM IC50 67 nM in hTRPA1-HEK293F cells (against 30 µM AITC)166 

WS12 EC50 80 nM EC50 12 ± 5 µM in Xenopus oocytes417 

AMTB IC50 0.5 µM pIC50 6.23 ± 0.02 hTRPM8-HEK293 cells (against icilin EC80)
418 

(a) 

(b) 

LogEC50 -5.36 ± 0.04 

EC50 4 µM 

LogIC50 -7.10 ± 0.09 

IC50 79 nM 
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Figure 4.4: Dose-response curves of the standard TRPM8 agonist and antagonist, (a) WS12 

and (b) AMTB (against 100 nM WS12), respectively, evaluated in hTRPM8-HEK293 cells. 

Each data point represents the mean ± SEM (N = 3, n = 9). 

 

4.4.2 Screening of aryl sulfonamides in hTRPA1-HEK293 and structure-

activity relationships  

A dose-response curve for probenecid (M1) was carried out on hTRPA1-

HEK293 cells to determine the active concentration range of the compound 

in the fluorescence-based calcium signalling assay method utilised (Figure 

4.5). However, a complete dose-response curve was not attainable due to 

insolubility of the compound at higher concentrations as mentioned earlier, 

and a considerable amount of activity was observed only at the high 

concentrations, 100, 300 and 1000 µM, tested (Figure 4.5). The activity of 

M1 obtained at the maximum concentration (1000 µM) in hTRPA1-HEK293 

cells was approximately 50 % higher than that reported354 in hTRPA1-CHO 

cells, with an EC50 value of 4.2 mM, using a FlexStation calcium-imaging 

assay.354 

(b) 

LogEC50 -7.10 ± 0.06 

EC50 80 nM 

LogIC50 -6.3 ± 0.2 

IC50 0.5 µM 

(a) 
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Figure 4.5: Dose-response curve of probenecid (M1) obtained against hTRPA1-HEK293 

cells. Each data point represents the mean ± SEM (N = 3, n = 9). 

 

The aryl sulfonamides M2 - M14 (Figure 4.2) along with M1 were screened 

against hTRPA1-HEK293 cells for agonism and antagonism at the 

concentrations 100, 300 and 1000 µM (Figure 4.6). Among the derivatives 

tested for agonism (Figure 4.6a), M1, M3, M4 and M9 - M14 showed 

activity, in a concentration-dependent manner, whereas M2 and M5 - M8 

were inactive at any of the concentrations tested. The active derivatives M3, 

M4 and M9 - M11 showed only <20 % of calcimycin response at the 

concentrations 100 and 300 µM, as observed with M1, and differences in 

potency of the compounds were observed only at 1000 µM (Figure 4.6a). 

Among the derivatives M1 - M14 screened for antagonism, except M5 with 

weak antagonism (inhibited 26 ± 5 % of AITC agonism) other derivatives had 

no antagonistic effect (Figure 4.6b). 

On comparing the SAR of the active ASDs M2 - M14 on hTRPA1 (Figures 

4.2 and 4.6a), irrespective of the amine attached to the aryl sulfonyl group, 

the derivatives M3 and M4 with -OCH3 as their R substituent showed similar 

weak agonism (10 ± 5 and 13 ± 4 % of calcimycin, respectively, at 1000 µM). 

The -COOH group containing derivatives M11 - M14, and acetanilide 

(CH3CONH-) containing derivative M10 also showed agonism, with M13 

being the most potent (50 ± 4 % of calcimycin) among them. The derivatives, 

M10 with CH3CONH- and M11 with -COOH as the R group, and having the 

same R1 diethylamide group attached to the sulfonyl group, showed similar 

agonism (23 ± 1 and 21 ± 6 % of calcimycin, at 1000 µM, respectively). 
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However, the derivatives with H or F atom as the R substituent, M2 and M5 

- M8, had no agonism. A drop in the activity of M9 with an increase in 

concentration was observed due to high insoluble nature of the compound 

relative to other derivatives. The observed trend was that the derivatives with 

hydrophilic substituents para to the sulfonyl group showed agonism. Colour 

coded mapping of the aryl sulfonamide structures (M1 - M14) highlighting 

the lipophilicity/hydrophilicity nature of the functional groups are shown in 

Figure 4.7. 

 

  

 

  

Figure 4.6: Screening results of probenecid derivatives in hTRPA1-HEK293 cells, (a) 

agonism and (b) antagonism. As M9 was partially soluble at 1000 µM, its antagonism was 

not tested. Each bar represents the mean ± SEM (N = 3, n = 9). 
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Figure 4.7: Colour coded mapping of small aryl sulfonamide derivative structures highlighting the lipophilicity/hydrophilicity nature of an atom/functional group/substructure. 

Green colour indicates the lipophilic parts, red indicates the hydrophilic groups, and the colour gradient represents the degree of lipophilicity/hydrophilicity.      

   M1                     M2           M3              M4                  M5 

        M6                M7        M8         M9                  M10 

    M11         M12      M13      M14  
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Further to the acquired SAR, the ASD AC51b (Figures 4.2 and 4.8) reported 

as a TRPA1 antagonist by the Orion Corporation company,373 and an 

analogue of AC51b (AC56d) with COOH substituent were synthesised and 

screened (Figure 4.9) to determine if the antagonistic effect of AC51b shifts 

to an agonist with the COOH group, as observed with M1 - M14 small aryl 

sulfonamides (Figure 4.6). Moreover, by identifying the common core 

structures of the aryl sulfonamides those have been claimed as TRPA1 

antagonists by the pharmaceutical companies, including Janssen 

Pharmaceuticals,372 Orion Corporation,373 Pharmeste374 and Hoffmann-La 

Roche,375,376 the ASD AC53b and its analogues with R substituent H 

(AC54b) or COOH (AC57d) were also synthesised, screened (Figure 4.9) 

and compared to identify any changes in the activity. In addition, some of 

their sub-structures (AC51a, AC53a and AC54a) were also screened (Figure 

4.9). The IC50 obtained for AC51b (10 µM, Figure 4.8) closely agreed with 

the reported value (12.5 µM evaluated against 5 µM AITC agonist in 

hTRPA1-HEK293 cells using FlexStation).247,373 Along with AC51b, the 

ASDs AC51a, AC53a, AC54a, AC53b, AC54b, AC56d and AC57d were 

screened for agonism at 30, 100, 300 and 1000 µM (Figure 4.9a), and for 

antagonism at 100 and 300 µM (Figure 4.9b).  

 

 

Figure 4.8: Dose-response curve of AC51b obtained against hTRPA1-HEK293 cells. Each 

data point represents the mean ± SEM (N = 3, n = 9). 

 

 

 

 

LogIC50 -5.0 ± 0.1 

IC50 10 µM 
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Figure 4.9: Screening results of aryl sulfonamide derivatives in hTRPA1-HEK293 cells, (a) 

agonism and (b) antagonism. As AC51b, AC53b, AC54b, AC56d and AC57d were 

partially soluble at 300 µM, their antagonism were not tested above 100 µM. Each bar 

represents the mean ± SEM (N = 3, n = 9). 

 

 

The derivatives, AC51a, AC53a, AC54a, AC53b, AC54b, AC56d and 

AC57d, except AC51b with no agonism, showed a similar level of weak 

agonism (<15 % of calcimycin) at different concentrations tested (Figure 

4.9a). However, only AC51a at 1000 µM showed 38 ± 1 % of calcimycin 

response, which is the highest observed agonism response among the latter 

ASDs screened. In the antagonist assay, the reference compound AC51b at 

100 µM had antagonistic effect (inhibited 89 ± 2 % of AITC agonism) as 

reported in the literature,373 and AC54a showed poor antagonism (inhibits 14 

± 4 % of AITC agonism) at 300 µM, but other derivatives did not have any 

inhibitory effects (Figure 4.9b).  

With respect to the SAR, strikingly, replacement of the fluoro group in 

AC51b with a carboxylic acid (AC56d) led to complete elimination of the 

antagonism response. This could have been due to different electronic effects 
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of the substituents, and moreover, the size of the COOH group could have 

limited site accessibility and thereby interaction with the same binding site(s) 

as of AC51b in the receptor. However, the proposed structure, AC53b, and 

its analogues, AC54b and AC57d, with few variations relative to AC51b, 

showed weak agonism. This might be due to different structural 

conformations/spatial arrangements at their minimum energy level that could 

have led to different interactions with the TRPA1 protein. For comparison, 

the optimised geometry of the compounds, AC51b and AC53b, determined 

using the energy minimisation molecular mechanics force-field MM2 is 

shown in Figure 4.10. 

 

         
 

  

Figure 4.10: Optimised geometry of the compounds (a) AC51b and (b) AC53b, determined 

using the energy minimisation molecular mechanics force-field MM2. 

 

(a) 

(b) 
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4.4.3 Channel specificity 

The ASDs were evaluated against pcDNA3 mock-transfected HEK293 cells 

(N = 3) as a negative control, and against hTRPM8-HEK293 cells (N = 3) for 

relative selectivity as TRPM8 is a cold-sensitive channel like TRPA1 and 

stimulated by a number of ligands that could modulate TRPA1. All the ASDs 

tested at 300 µM were inactive on pcDNA3 mock-HEK293 cells, and neither 

showed agonism nor antagonism on hTRPM8-HEK293 cells (data not 

shown). Hence it was revealed that the ASDs were selective for TRPA1 over 

TRPM8 and endogenously expressed ion channels/receptors in HEK293 cells 

as described in Section 3.4.3.1 of Chapter 3.  

 

4.4.4 Physicochemical property-activity relationships 

The derivatives with a higher total number of hydrogen acceptors and donors, 

and large topological polar surface area (Table 4.3) have shown activity in 

TRPA1. However, as the structures of the aryl sulfonamide derivatives varied 

substantially, a clear trend between the activity and clogP was not observable.    
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Table 4.3: Physicochemical properties of aryl sulfonamides showing that the compounds obeyed the Lipinski's rule-of-five and the Veber's rules of lead-likeness / oral 

bioavailability. Lipophilicity [partition coefficient (clogP) and distribution coefficient, (clogD)], solubility (clogS) and acid dissociation constant (pKa) parameters are given 

for comparison. Abbreviations: MW - molecular weight, H-bond - hydrogen bond, TPSA - topological polar surface area. 

Compound MW 

(≤ 500) 

H-bond 

donors (≤ 5) 

H-bond 

acceptors (≤ 10) 

Rotatable 

bonds (≤ 10) 

TPSA/(Å2) 

(≤ 140 Å2) 

clogP 

(≤ 5) 

clogD 

at pH 7.4 

pKa 

at pH 7.4 

clogS 

at pH 7.4 

M1 285.36 1 5 7 83.06 3.3 ± 0.3 -0.69 3.6 ± 0.4 -0.01 

M2 213.30 0 3 4 45.76 2.4 ± 0.3 1.87 - -2.89 

M3 243.32 0 4 5 54.99 2.9 ± 0.3 1.76 - -3.07 

M4 241.31 0 4 3 54.99 2.3 ± 0.3 1.56 - -2.36 

M5 231.29 0 3 4 45.76 2.7 ± 0.4 1.73 - -2.80 

M6 229.27 0 3 2 45.76 2.1 ± 0.4 1.50 - -2.56 

M7 243.30 0 3 2 45.76 2.7 ± 0.4 2.14 - -2.80 

M8 245.27 0 4 2 54.99 1.4 ± 0.5 0.80 - -2.19 

M9 277.31 0 3 2 45.76 2.5 ± 0.4 3.20 - 0 

M10 270.35 1 5 5 74.86 2.0 ± 0.3 1.17 - -3.17 

M11 257.31 1 5 5 83.06 2.2 ± 0.3 -1.48 3.6 ± 0.4 0.59 

M12 255.29 1 5 3 83.06 1.6 ± 0.3 -1.72 3.6 ± 0.4 0.59 

M13 269.32 1 5 3 83.06 2.2 ± 0.3 -1.30 3.6 ± 0.4 0.57 

M14 271.29 1 6 3 92.29 0.9 ± 0.4 -2.57 3.6 ± 0.4 0.57 

AC51a 273.28 1 5 3 83.06 1.4 ± 0.5 -3.38 3.4 ± 0.4 0.56 

AC53a 247.24 1 5 4 83.06 1.6 ± 0.5 -3.13 3.4 ± 0.4 0.61 

AC54a 229.25 1 5 4 83.06 1.3 ± 0.4 -3.20 3.4 ± 0.4 0.64 

AC51b 396.86 1 5 5 74.86 3.0 ± 0.6 2.50 - -4.84 

AC53b 404.38 1 5 7 74.86 3.4 ± 0.6 3.31 - -4.57 

AC54b 386.39 1 5 7 74.86 3.0 ± 0.6 3.30 - -4.80 

AC56d 422.88 2 7 6 112.16 2.6 ± 0.5 -0.82 3.6 ± 0.4 -1.19 

AC57d 430.40 2 7 8 112.16 2.9 ± 0.6 -0.63 3.6 ± 0.4 -1.22 
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4.5 Conclusions 

The aryl sulfonamides evaluated were found to be weakly active on hTRPA1. 

As hypothesised, substitution of the fluoro group in an aryl sulfonamide 

hTRPA1 antagonist (AC51b) to a carboxylic acid group (AC56d), led to 

complete elimination of the antagonism response and shifted to an agonist as 

observed with -COOH group containing small aryl sulfonamides in the study. 

A minor alteration in the structure showed a substantial change in the activity. 

Screening of the compounds in hTRPM8 and pcDNA3 mock cells showed 

that the sulfonamides evaluated in the study were relatively selective to 

hTRPA1. Determining the binding site of the reference derivative AC51b 

would further lead to better understanding of the compound interactions in 

TRPA1, and thus aid in optimising the sulfonamide structure for potent and 

selective hTRPA1 modulators. Hence binding site studies were carried out 

and the results are discussed in the following Chapter 5.  
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CHAPTER 5: Ligand binding sites in TRPA1 

5.1 Introduction 

The mechanism by which electrophilic compounds activate TRPA1 had been 

described systematically in previous studies.118,119,123 However, the non-

covalent mechanism(s) of TRPA1 modulation (activation or inhibition) by 

non-reactive compounds have not yet been completely resolved. The lack of 

complete understanding of the mechanism hinders the development of drug-

like antagonists for TRPA1 channel. Hence additional pharmacological 

studies on the non-reactive activators against TRPA1 are essential for the 

better understanding of the channel function. Moreover, the understanding of 

the mechanism could potentially aid in the development of novel TRPA1 

specific modulators. 

In the literature, targeted gene mutation studies revealed three cysteine 

residues (C621, C641 and C665 in human) located at the N-terminus of 

TRPA1 to be crucial for the activation of TRPA1 by electrophilic compounds 

such as cinnamaldehyde (CA), allyl isothiocyanate (AITC) and acrolein 

(ACR).118,119 However, among the three cysteines, C621 was shown to be the 

most important residue for electrophilic activation.119,377 Mutagenesis studies 

had also demonstrated that non-electrophilic activators such as menthol 

interact directly with TRPA1 residues S873 and T874 located within the 

transmembrane S5.150 Whereas, multiple binding sites including S873, T874, 

F909, F944, T945, V948 and I950 residues in the pore loop of S5 and S6 

linker (Figure 5.1) have been reported for the potent TRPA1 specific 

antagonist A967079.103,151,152 Amongst those residues, the greatest reduction 

in antagonism was seen when the phenylalanine (F944 or F909) was 

substituted with a residue (alanine or threonine) without the phenyl ring.103,152 

In this study, to identify the molecular binding sites of N-

cinnamoylanthranilate derivatives (CADs, Figure 3.1), aryl sulfonamides 

(ASDs, Figure 4.1) and some known TRPA1 ligands (Figure 5.2), selected 

amino acid residues within the TRPA1 putative pore region S5-S6 (F909, 

Y926 and F944, Figure 5.1) and at the N-terminus (C621) were mutated 

separately using site-directed mutagenesis, and studied. The S873/T874 
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double mutant previously made in-house at the University of Hull 

(unpublished work) was also incorporated in this study.  

 

   Cytoplasmic           Extracellular   Extracellular 

topological domain                 topological domain                  topological domain  

 

VILKTLLRSTVVFIFLLLAFGLSFYILLNLQDPFSSPLLSIIQTFSMMLGDINYRESFLEPYLRNELAHPVLSFAQLVSFTIFVPI 

865                950 

       Transmembrane helix   Intramembrane        Transmembrane helix 

    S5                pore-forming region      S6 

Figure 5.1: Locations of hTRPA1 residues (V865 - I950) within segments 5 (S5) and 6 (S6), 

determined using a single-particle cryo-electron microscopy.103 The highlighted residues 

were mutated in this study.     

 

The residues S873/T874, F909, F944 and C621 were chosen from four 

different studies in the literature.103,150,152,377 The selection of the residues 

were based on the functional groups on the ligands and the residues that could 

participate in either non-covalent interactions, such as hydrogen bonding 

(S873/T874150) or π-π stacking (F909103 and F944152), or covalent 

modification (C621377). The Y926 residue was proposed in this study as it is 

capable of participating in both hydrogen bonding and π-π stacking non-

covalent interactions, and is also located between the reported F909 and F944 

residues.  

The hTRPA1 mutants were stably transfected into HEK293 cells and were 

characterised with known TRPA1 ligands using calcium signalling assays, as 

described in Section 2.4 of Chapter 2, and compared against the wild-type 

(WT)-hTRPA1 responses (Section 5.2.1). Calcium signalling assays were 

performed using a PTI fluorescence spectrophotometer for the mutant 

S873V/T874L (Section 5.2.2), whereas the other three mutants including 

F909A, F944A and C621A were assayed using a FlexStation (Sections 5.2.3 

- 5.2.5). 
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Figure 5.2: Chemical structures, names and codes of the known TRPA1 ligands 

characterised in wild-type and mutant hTRPA1. 
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5.2 Site-directed mutagenesis 

DNA constructs of the hTRPA1 mutants, C621A, F909A, Y926S and F944A, 

were successfully prepared as described in Section 2.7 of Chapter 2. The 

details of the designed mutagenic primer sequences are provided in Table 

5.1. Existence of a band similar to the WT-hTRPA1 positive control in gel 

electrophoresis analysis confirmed the presence of hTRPA1 DNA constructs 

in the samples from transformed bacterial colonies (Figure 5.3).  

 

Table 5.1: Information about the designed primer sequences and oligonucleotides 

containing the mutants C621A, F909A, Y926S and F944A. 

C621A 

Primer sequences: 
 

Primer Name Primer Sequence (5′ to 3′) 
 5′-attctatcatttctgtaattggagctttattgcctggagaattatgactgaaaatc-3′ 

t1861g_g1862c 5′-gattttcagtcataattctccaggcaataaagctccaattacagaaatgatagaat-3′ 

  
 

Oligonucleotide information: 
 

Length / 

(nucleotides) 

Primer melting 

temperature / (°C) 

Duplex Energy at 68 °C 

/ (kcal mol-1) 

Energy Cost of 

 Mismatches / (%) 

56 78.32 -46.72 6.54 

56 78.32 -51.73 1.41 

  

Primer-template duplexes: 
  

5 ′ - g a t t t t c a g t c a t a a t t c t c c a g g c a a t a a a t g t c c a a t t a c a g a a a t g a t a g a a t - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |   | | | | | | | | | | | | | | | | | | | | | | |  

3 ′ - c t a a a a g t c a g t a t t a a g a g g t c c g t t a t t t c g a g g t t a a t g t c t t t a c t a t c t t a - 5 ′  

5 ′ - g a t t t t c a g t c a t a a t t c t c c a g g c a a t a a a g c t c c a a t t a c a g a a a t g a t a g a a t - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |   | | | | | | | | | | | | | | | | | | | | | | |  

3 ′ - c t a a a a g t c a g t a t t a a g a g g t c c g t t a t t t a c a g g t t a a t g t c t t t a c t a t c t t a - 5 ′  

 

F909A 

Primer sequences: 
 

Primer Name Primer Sequence (5′ to 3′) 
 5′-gatatctcctagcatcatgctggcggtctggattatagaaagcaat-3′ 

t2725g_t2726c 5′-attgctttctataatccagaccgccagcatgatgctaggagatatc-3′ 

  
 

Oligonucleotide information: 
 

Length / 

(nucleotides) 

Primer melting 

temperature / (°C) 

Duplex Energy at 68 °C 

/ (kcal mol-1) 

Energy Cost of 

 Mismatches / (%) 

46 78.52 -50.24 3.41 

46 78.52 -50.11 1.02 

 

Primer-template duplexes: 
 
5 ′ - a t t g c t t t c t a t a a t c c a g a c c t t c a g c a t g a t g c t a g g a g a t a t c - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | |   | | | | | | | | | | | | | | | | | | | | | |  

3 ′ - t a a c g a a a g a t a t t a g g t c t g g c g g t c g t a c t a c g a t c c t c t a t a g - 5 ′  

5 ′ - a t t g c t t t c t a t a a t c c a g a c c g c c a g c a t g a t g c t a g g a g a t a t c - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | |   | | | | | | | | | | | | | | | | | | | | | |  

3 ′ - t a a c g a a a g a t a t t a g g t c t g g a a g t c g t a c t a c g a t c c t c t a t a g - 5 ′  
 

 

Continued… 

  



225 
 

Continued… 

 

Table 5.1: Information about the designed primer sequences and oligonucleotides 

containing the mutants C621A, F909A, Y926S and F944A. 

Y926S 

Primer sequences: 
 

Primer Name Primer Sequence (5′ to 3′) 
 5′-caattcatttctcagagatggttctaggaaggactctcga-3′ 

a2777c 5′-tcgagagtccttcctagaaccatctctgagaaatgaattg-3′ 

  
 

Oligonucleotide information: 
 

Length / 

(nucleotides) 

Primer melting 

temperature / (°C) 

Duplex Energy at 68 °C 

/ (kcal mol-1) 

Energy Cost of 

 Mismatches / (%) 

40 78.52 -46.48 4.64 

40 78.52 -44.41 0.32 

 

Primer-template duplexes: 
 

5 ′ - t c g a g a g t c c t t c c t a g a a c c a t a t c t g a g a a a t g a a t t g - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | | |  | | | | | | | | | | | | | | | |  

3 ′ - a g c t c t c a g g a a g g a t c t t g g t a g a g a c t c t t t a c t t a a c - 5 ′  

5 ′ - t c g a g a g t c c t t c c t a g a a c c a t c t c t g a g a a a t g a a t t g - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | | |  | | | | | | | | | | | | | | | |  

3 ′ - a g c t c t c a g g a a g g a t c t t g g t a t a g a c t c t t t a c t t a a c - 5 ′  
 

F944A 

Primer sequences: 
 

Primer Name Primer Sequence (5′ to 3′) 
 5′-gacaattgggacaaatattgtggcggaaacaagttgtgcaaaggac-3′ 

t2830g_t2831c 5′-gtcctttgcacaacttgtttccgccacaatatttgtcccaattgtc-3′ 

  
 

Oligonucleotide information: 
 

Length / 

(nucleotides) 

Primer melting 

temperature / (°C) 

Duplex Energy at 68 °C 

/ (kcal mol-1) 

Energy Cost of 

 Mismatches / (%) 

46 78.52 -50.21 3.41 

46 78.52 -45.77 1.12 

 

Primer-template duplexes: 
 
5 ′ - g t c c t t t g c a c a a c t t g t t t c c t t c a c a a t a t t t g t c c c a a t t g t c - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | |   | | | | | | | | | | | | | | | | | | | | | |  

3 ′ - c a g g a a a c g t g t t g a a c a a a g g c g g t g t t a t a a a c a g g g t t a a c a g - 5 ′  

5 ′ - g t c c t t t g c a c a a c t t g t t t c c g c c a c a a t a t t t g t c c c a a t t g t c - 3 ′  

   | | | | | | | | | | | | | | | | | | | | | |   | | | | | | | | | | | | | | | | | | | | | |  

3 ′ - c a g g a a a c g t g t t g a a c a a a g g a a g t g t t a t a a a c a g g g t t a a c a g - 5 ′  
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Figure 5.3: UV illumination of the bands obtained in a gel electrophoresis analysis 

(performed on a 1.3 % agarose gel containing Midori green DNA stain) of the samples from 

transformed bacterial colonies. Wherever possible, in each type of mutant, five different 

bacterial colonies were picked, and the wells are labelled accordingly. 

 

DNA sequencing results of the synthesised hTRPA1 DNA constructs, 

confirmed the presence of the mutants C621A, F909A, Y926S and F944A 

(Figure 5.4) in the extracted bacterial clone samples [C621A (1), F909A (5), 

Y926S (1) and F944A (1), Figure 5.3]. Alignment of the DNA sequenced 

results with the parent hTRPA1 FASTA using the nucleotide BLAST tool on 

PubMed showed that the sequences in the sequenced regions, 1740-2646 for 

C621A, 2516-3357 for F909A, 2517-3357 for Y926S and 2518-3357 for 

F944A, matched exactly with that of the primary hTRPA1 sequence, 

excluding the substituted nucleotides those highlighted in yellow in Figure 

5.4. As the mutants were present in the analysed samples, other bacterial 

clone samples were not DNA sequenced. 

 

However, only three (C621A, F909A and F944A) out of four mutants were 

stably transfected into HEK293 cells and single cell cloned. To produce the 

Y926S mutant cell line, another transfection or few more repeats of single 

cell cloning would be required, but due to time constrains this could not be 

accomplished in this study. The mutant, S873V/T874L-hTRPA1 DNA was 

constructed and transfected into HEK293 cells previously in-house at the 

University of Hull.  

  

 C621A  F909A  F909A F909A  F909A  F909A Y926S  Y926S Y926S  Y926S  Y926S  F944A F944A F944A  F944A F944A negative positive  1 kb  

    (1)        (5)         (4)       (3)         (2)        (1)        (5)         (4)       (3)         (2)        (1)         (5)       (4)       (3)         (2)       (1)      control   control   ladder  

 

La     dder  
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C621A (1) 

GGCCTCCTTTTTGCACCTTGCACTTCACAATAAGAGGAAGGAGGTTGTTCTTACGATCATCAGGAGCAAAAGATGGG

ATGAATGTCTTAAGATTTTCAGTCATAATTCTCCAGGCAATAAAGCTCCAATTACAGAAATGATAGAATACCTCCCT

GAATGCATGAAGGTACTTTTAGATTTCTGCATGTTGCATTCCACAGAAGACAAGTCCTGCCGAGACTATTATATCGA

GTATAATTCAAATATCTTCAATGTCCATTAGAATTCACCAAAAAAACACCTACACAGGATGTTATATATGAACCGCT

TACAGCCCTCAACGCAATGGTACAAAATAACCGCATAGAGCTTCTCAATCATCCTGTGTGTAAAGAATATTTACTCA

TGAAATGGTTGGCTTATGGATTTAGAGCTCATATGATGAATTTAGGATCTTACTGTCTTGGTCTCATACCTATGACCA

TTCTCGTTGTCAATATAAAACCAGGAATGGCTTTCAACTCAACTGGCATCATCAATGAAACTAGTGATCATTCAGAA

ATACTAGATACCACGAATTCATATCTAATAAAAACTTGTATGATTTTAGTGTTTTTATCAAGTATATTTGGGTATTGC

AAAGAAGCGGGGCAAATTTTCCAACAGAAAAGGAATTATTTTATGGATATAAGCAATGTTCTTGAATGGATTATCTA

CACGACGGGCATCATTTTTGTGCTGCCCTTGTTTGTTGAAATACCAGCTCATCTGCAGTGGCAATGTGGAGCAATTG

CTGTTTACTTCTATTGGATGAATTTCTTATTGTATCTTCAAAGATTTGAAAATTGTGGAATTTTTATTGTTATGTTGGA

GGTAATTTTGAAAACTTTGTTGAGGTCTACAGTTGTATTTATCTTCCTTCTTCTG  

F909A (5) 
TTTACTTCTATTGGATGAATTTCTTATTGTATCTTCAAAGATTTGAAAATTGTGGAATTTTTATTGTTATGTTGGAGGT

AATTTTGAAAACTTTGTTGAGGTCTACAGTTGTATTTATCTTCCTTCTTCTGGCTTTTGGACTCAGCTTTTACATCCTC

CTGAATTTACAGGATCCCTTCAGCTCTCCATTGCTTTCTATAATCCAGACCGCCAGCATGATGCTAGGAGATATCAAT

TATCGAGAGTCCTTCCTAGAACCATATCTGAGAAATGAATTGGCACATCCAGTTCTGTCCTTTGCACAACTTGTTTCC

TTCACAATATTTGTCCCAATTGTCCTCATGAATTTACTTATTGGTTTGGCAGTTGGCGACATTGCTGAGGTCCAGAAA

CATGCATCATTGAAGAGGATAGCTATGCAGGTGGAACTTCATACCAGCTTAGAGAAGAAGCTGCCACTTTGGTTTCT

ACGCAAAGTGGATCAGAAATCCACCATCGTGTATCCCAACAAACCCAGATCTGGTGGGATGTTATTCCATATATTCT

GTTTTTTATTTTGCACTGGGGAAATAAGACAAGAAATACCAAATGCTGATAAATCTTTAGAAATGGAAATATTAAAG

CAGAAATACCGGCTGAAGGATCTTACTTTTCTCCTGGAAAAACAGCATGAGCTCATTAAACTGATCATTCAGAAGAT

GGAGATCATCTCTGAGACAGAGGATGATGATAGCCATTGTTCTTTTCAAGACAGGTTTAAGAAAGAGCAGATGGAA

CAAAGGAATAGCAGATGGAATACTGTGTTGAGAGCAGTCAAGGCAAAAACACACCATCTTGAGCCTGAACAAAAA

CTTATTTCTGAAGATCTGTAGCTCGAGCATGCATCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTC

GCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCC 

Y926S (1) 

TTACTTCTATTGGATGATTTCTTATTGTATCTTCAAAGATTTGAAAATTGTGGAATTTTTATTGTTATGTTGGAGGTAA

TTTTGAAAACTTTGTTGAGGTCTACAGTTGTATTTATCTTCCTTCTTCTGGCTTTTGGACTCAGCTTTTACATCCTCCT

GAATTTACAGGATCCCTTCAGCTCTCCATTGCTTTCTATAATCCAGACCTTCAGCATGATGCTAGGAGATATCAATTA

TCGAGAGTCCTTCCTAGAACCATCTCTGAGAAATGAATTGGCACATCCAGTTCTGTCCTTTGCACAACTTGTTTCCTT

CACAATATTTGTCCCAATTGTCCTCATGAATTTACTTATTGGTTTGGCAGTTGGCGACATTGCTGAGGTCCAGAAACA

TGCATCATTGAAGAGGATAGCTATGCAGGTGGAACTTCATACCAGCTTAGAGAAGAAGCTGCCACTTTGGTTTCTAC

GCAAAGTGGATCAGAAATCCACCATCGTGTATCCCAACAAACCCAGATCTGGTGGGATGTTATTCCATATATTCTGT

TTTTTATTTTGCACTGGGGAAATAAGACAAGAAATACCAAATGCTGATAAATCTTTAGAAATGGAAATATTAAAGCA

GAAATACCGGCTGAAGGATCTTACTTTTCTCCTGGAAAAACAGCATGAGCTCATTAAACTGATCATTCAGAAGATGG

AGATCATCTCTGAGACAGAGGATGATGATAGCCATTGTTCTTTTCAAGACAGGTTTAAGAAAGAGCAGATGGAACA

AAGGAATAGCAGATGGAATACTGTGTTGAGAGCAGTCAAGGCAAAAACACACCATCTTGAGCCTGAACAAAAACTT

ATTTCTGAAGATCTGTAGCTCGAGCATGCATCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCGCT

GATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAG

GG  

F944A (1) 
TACTTCTATTGGATGATTTCTTATTGTATCTTCAAAGATTTGAAAATTGTGGAATTTTTATTGTTATGTTGGAGGTAAT

TTTGAAAACTTTGTTGAGGTCTACAGTTGTATTTATCTTCCTTCTTCTGGCTTTTGGACTCAGCTTTTACATCCTCCTG

AATTTACAGGATCCCTTCAGCTCTCCATTGCTTTCTATAATCCAGACCTTCAGCATGATGCTAGGAGATATCAATTAT

CGAGAGTCCTTCCTAGAACCATATCTGAGAAATGAATTGGCACATCCAGTTCTGTCCTTTGCACAACTTGTTTCCGCC

ACAATATTTGTCCCAATTGTCCTCATGAATTTACTTATTGGTTTGGCAGTTGGCGACATTGCTGAGGTCCAGAAACAT

GCATCATTGAAGAGGATAGCTATGCAGGTGGAACTTCATACCAGCTTAGAGAAGAAGCTGCCACTTTGGTTTCTACG

CAAAGTGGATCAGAAATCCACCATCGTGTATCCCAACAAACCCAGATCTGGTGGGATGTTATTCCATATATTCTGTT

TTTTATTTTGCACTGGGGAAATAAGACAAGAAATACCAAATGCTGATAAATCTTTAGAAATGGAAATATTAAAGCA

GAAATACCGGCTGAAGGATCTTACTTTTCTCCTGGAAAAACAGCATGAGCTCATTAAACTGATCATTCAGAAGATGG

AGATCATCTCTGAGACAGAGGATGATGATAGCCATTGTTCTTTTCAAGACAGGTTTAAGAAAGAGCAGATGGAACA

AAGGAATAGCAGATGGAATACTGTGTTGAGAGCAGTCAAGGCAAAAACACACCATCTTGAGCCTGAACAAAAACTT

ATTTCTGAAGATCTGTAGCTCGAGCATGCATCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCGCT

GATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCG  

 

Figure 5.4: DNA sequencing results of the hTRPA1 DNA constructs extracted from the 

bacterial clone samples, C621A (1), F909A (5), Y926S (1) and F944A (1). As the mutants 

were present in these samples, other bacterial clone samples were not DNA sequenced. 
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Using flow cytometry, attempts were made to determine the levels of TRPA1 

expressed in the cloned cells. However, a positive response for the negative 

control, pcDNA3 mock-transfected HEK293 cells, was observed. Thus, the 

positive responses obtained for the mutants were thought to be unreliable 

(Figure 5.5). This could have been observed due to the non-specificity of the 

chosen TRPA1 monoclonal IgG1 antibody, ANKTM1 (C-5).  

ANKTM1 (C-4) is another available TRPA1 monoclonal antibody that could 

have been utilised, but its specificity is also not known. The difference 

between the two antibodies is that the antibody, ANKTM1 (C-5) is used for 

mapping amino acids 965-1119, and ANKTM1 (C-4) for epitope mapping of 

amino acids 1088-1112, at the C-terminus region of human origin ANKTM1. 

At present, other than these two antibodies, there is no other suitable 

monoclonal TRPA1 antibody available.89 Another possible protein 

quantification experiment that is suitable is a tag-based assay that could 

possibly be performed as described in the literature,103 but this remains as a 

further work. 

On the other hand, the mutants were characterised using known TRPA1 

activators by calcium signalling assays and were compared against the wild-

type responses. The chemical structures of the ligands screened in wild-type 

and mutant (S873V/T874L, F909A, F944A and C621A) hTRPA1 stably 

transfected HEK293 cells are given in Figures 3.1, 4.1 and 5.2 (all the 

chemical structures of the ligands are also given in the Appendix), and the 

characterisation results are provided in Sections 5.2.1 - 5.2.5. 
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Figure 5.5: Spectra obtained from intracellular flow cytometric analysis, to determine the 

expression levels of hTRPA1 gene in the hTRPA1 mutants. As a positive and a negative 

control, wild-type (WT)-hTRPA1 and pcDNA3 (mock) were used, respectively. Isotype 

antibody was used to define the gates. The dotted-lines indicate pre-incubation with an 

isotype antibody and the solid-lines indicate primary antibody (ANKTM1). 
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5.2.1 Screening of TRPA1 ligands in WT-hTRPA1  

To choose the concentration of the ligands to test in hTRPA1 mutants, dose-

response curves were first carried out for all the ligands in WT-hTRPA1 

HEK293 cells (Figures 5.2 and 5.6 - 5.10). The EC50 and IC50 values obtained 

were broadly consistent with the values found in the original reports (Table 

5.2). Perhaps, variations in the assay methods, conditions, species and/or cell 

lines between the studies could have contributed to the differences in the 

results (Table 5.2).   

Dose-response curves of the electrophilic compounds, CA,104 ACR109 and 

AITC,104 which covalently modify the cysteine residues at the N-

termini,118,119 are grouped together in Figure 5.6. The observed order of 

agonising potency was AITC (EC50 4 µM) > CA (EC50 9 µM) > ACR (EC50 

27 µM), and CA was less efficacious relative to AITC and ACR with the latter 

two displaying similar efficacy.  

 
Figure 5.6: Dose-response curves of the electrophilic compounds, CA, ACR and AITC, in 

WT-hTRPA1 HEK293 cells. Each data point represents the mean ± SEM of N = 3 (n = 9). 

 

Similarly, dose-response curves of non-electrophilic activators, including 

menthol127 that has been shown to interact directly with the hTRPA1 residues 

S873 and T874 in the S5,150 and other structurally related compounds, 

thymol,127,128 carvacrol,129 eugenol104,445 and paracetamol,145 are presented 

together in Figure 5.7. Among those, the most potent compound was 

carvacrol with an observed order of potency, carvacrol (EC50 17 µM) > 

 EC50 

9 µM 

27 µM 

4 µM 
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menthol (EC50 30 µM) > thymol (EC50 60 µM) > eugenol (EC50 168 µM). Of 

those, thymol was found to be most efficacious and menthol the least. 

Paracetamol was found to be essentially inactive in hTRPA1, which was 

consistent with the earlier finding.145 

 
Figure 5.7: Dose-response curves of the non-electrophilic compounds, menthol, thymol, 

carvacrol, eugenol and paracetamol, in WT-hTRPA1 HEK293 cells. Each data point 

represents the mean ± SEM of N = 3 (n = 9). 

 

Dose-response curves of hTRPA1 active non-steroidal anti-inflammatory 

drugs (NSAIDs), FFA, MFA and DCF fenamates,146 are shown in Figure 

5.8a. The observed order of potency, FFA (EC50 7 µM) > MFA (EC50 16 µM) 

> DCF (EC50 56 µM), was consistent with the original report146 (Table 5.2), 

and the three fenamates had similar efficacy. The dose-response curves of 

structurally related anthranilate derivatives, NPPB, ACA and SB366791 are 

given in Figure 5.8b. As found in the literature, NPPB was found to be a 

potent hTRPA1 agonist with EC50 0.6 µM, which was very close to the 

reported value 0.32 µM411 (Table 5.2). Interestingly, ACA, a TRPM2, 

TRPM8, TRPC3, TRPC6 and TRPV1327 channels blocker, was found to 

activate hTRPA1 with EC50 28 µM, whereas structurally related SB366791, 

a TRPV1 antagonist,409,410 was ineffective in hTRPA1. 
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Figure 5.8: Dose-response curves of the anthranilic acid derivatives, (a) FFA, MFA and 

DCF (NSAIDs) and (b) NPPB, ACA and SB366791, in WT-hTRPA1 HEK293 cells. Each 

data point represents the mean ± SEM of N = 3 (n = 9). 

 

The dose-response curves of structurally diverse TRPA1 activators, NDGA446 

(EC50 35 µM), FTS447 (EC50 0.8 µM), URB597448 (EC50 0.1 µM) and (-)-

nicotine156 (EC50 2 M), are presented in Figure 5.9. With respect to the EC50 

values of the ligands evaluated, URB597 (EC50 0.1 µM) was found to be the 

most potent hTRPA1 activator. Though a response of 87 % of calcimycin at 

100 µM was reached, the curve of URB597 did not form a sigmoidal curve 

(Figure 5.9c) as seen for other compounds in Figures 5.6 - 5.10. (-)-Nicotine 

was found to activate mouse TRPA1 with EC50 ~10 µM in 

electrophysiological measurements,156 and the estimated EC50 obtained in 

hTRPA1 using the fluorescence-based assay was 2 M. Since a complete 
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sigmoidal curve was not attainable (Figure 5.9d) within the range of 

concentrations tested (1 - 1000 µM), and as it is only effective (25 % of 

calcimycin) at the highest concentration tested (1000 µM), the compound 

could have shown a non-specific effect. 

 

 
 

 
Continued… 

 

Figure 5.9: Dose-response curves of the TRPA1 activators, (a) NDGA, (b) FTS, (c) URB597 

and (d) (-)-nicotine, in WT-hTRPA1 HEK293 cells. Each data point represents the mean ± 

SEM of N = 3 (n = 9). 
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Continued… 

 
 

 

Figure 5.9: Dose-response curves of the TRPA1 activators, (a) NDGA, (b) FTS, (c) URB597 

and (d) (-)-nicotine, in WT-hTRPA1 HEK293 cells. Each data point represents the mean ± 

SEM of N = 3 (n = 9). 

 

The antagonism of well-known hTRPA1 inhibitors A967079,166 AP18,449 and 

HC030031253 were evaluated against 10 µM AITC elicited agonism, and the 

obtained dose-response curves are shown in Figure 5.10. Among the 

antagonists tested, the oxime compound A967079 was highly potent (IC50 79 

nM, Figure 5.10a) compared to its derivative AP18 (IC50 4 µM, Figure 

5.10b) and HC030031 (IC50 18 µM, Figure 5.10c), which was consistent with 

other reports as given in Table 5.2.   
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Figure 5.10: Dose-response curves of the TRPA1 antagonists, (a) A967079, (b) AP18 and 

(c) HC030031, in WT-hTRPA1 HEK293 cells. Each data point represents the mean ± SEM 

of N = 3 (n = 9). 
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Table 5.2: The EC50 and IC50 values of the known ligands obtained in hTRPA1-HEK293 cells 

using a FlexStation are compared with the literature values of the original findings. 

Abbreviations: FLIPR, fluorometric imaging plate reader assay; EP, electrophysiology; FS, 

FlexStation ND, not determined. 

 Obtained value  Literature value 

Ligand LogEC50 ± SEM EC50 EC50, species, assay 

CA104 -5.07 ± 0.09 9 µM 61 ± 9 µM, mouse TRPA1-CHO cells, FLIPR.104 

ACR109 -4.57 ± 0.07 27 µM 5 ± 1 µM, human TRPA1-Xenopus oocytes, EP.109 

AITC104 -5.36 ± 0.04 4 µM 22 ± 3 µM, mouse TRPA1-CHO cells, FLIPR.104 

Menthol127 -4.5 ± 0.1 30 µM 95 ± 15 µM, mouse TRPA1-CHO cells, EP.127 

Thymol127,128 -4.22 ± 0.06 60 µM 20 µM, human TRPA1-HEK293 cells, FLIPR.128 

Carvacrol129 -4.78 ± 0.09 17 µM ND 

Eugenol104,445 -3.77 ± 0.09 168 µM 261 ± 9 µM, human TRPA1-HEK293 cells, EP.445 

Paracetamol145 inactive - ND 

FFA146 -5.16 ± 0.06 7 µM 
24 ± 3 µM, WI-38 cells (human fibroblast), FS.146 

57 ± 5 µM, human TRPA1-HEK293 cells, FS.146 

MFA146 -4.78 ± 0.09 16 µM 61 ± 5 µM, WI-38 cells (human fibroblast), FS.146 

DCF146 -4.2 ± 0.1 56 µM 
210 ± 22 µM, WI-38 cells (human fibroblast), 

FS.146 

NPPB411 -6.22 ± 0.09 0.6 µM 0.32 µM, human TRPA1-HEK293 cells, FLIPR.411 

ACA -4.55 ± 0.06 28 µM ND 

SB366791 inactive - ND 

NDGA446 -4.45 ± 0.08 35 µM 
4.9 ± 1.7 µM, human TRPA1-HEK293 cells, 

FS.446 

FTS447 -6.08 ± 0.07 0.8 µM 
7 ± 4 µM, human TRPA1-HEK293 cells, 

FLIPR.447 

URB597448 -0.87 0.1 µM 
24.5 ± 3.2 µM, human TRPA1-HEK293F cells, 

FLIPR.448 

Nicotine156 0.34 2 M ~10 µM, mouse TRPA1-CHO cells, EP.156 

Ligand LogIC50 ± SEM IC50 IC50, species, assay 

A967079166 -7.10 ± 0.09 79 nM 
67 nM against AITC (30 µM), human TRPA1- 

HEK293F cells, FLIPR166 

AP18449 -5.35 ± 0.08 4 µM 
3.1 µM against CA (50 µM), human TRPA1-CHO 

cells, FLIPR.449 

HC030031253 -4.75 ± 0.09 18 µM 

6.2 ± 0.2 µM against AITC (5 µM), human 

TRPA1-HEK293 cells, fluorescence-based plate 

reader.253 

 

 

The dose-response curves of the CADs and the ASDs were presented and 

discussed in Chapters 3 (Figures 3.12 and 3.13, Section 3.4.2) and 4 

(Figures 4.5 and 4.8, Section 4.4.2). The concentration of the ligand 

corresponding to the maximum response or closer to EC50 or IC50 were chosen 

and screened in the mutant-hTRPA1. 
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5.2.2 Screening of TRPA1 ligands in S873V/T874L-hTRPA1  

The S873V/T874L-hTRPA1 HEK293 cells were characterised with known 

TRPA1 agonists (Figure 5.2), including electrophilic compounds and ligands 

which can potentially form hydrogen bonding to the S873 and/or S874 

residues (Figure 5.11). As can be seen in Figure 5.11a, an unexpected 

reduction in response was observed with the electrophilic compound CA, 

relative to WT-hTRPA1, and therefore it was suspected that non-transfected 

parental HEK293 cells were present. Hence the mutant cell line made 

previously in-house was single cell cloned to isolate the transfected cells from 

the parental HEK293 cells, and the re-isolated cell-line was characterised 

again with TRPA1 active ligands (Figure 5.11b).  

 

 

 

 
 

Figure 5.11: Characterisation of hTRPA1 mutant S873V/T874L with known agonists, (a) 

before and (b) after single cell isolation, and compared against the responses obtained in 

WT-hTRPA1 HEK293 cells. Each bar represents the mean ± SEM of N = 3, and statistical 

significance was compared relative to WT at *p < 0.05 and **p < 0.01, using one-way 

ANOVA. 
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As expected from the literature reports, significantly diminished responses (p 

< 0.05 or 0.01) were obtained for menthol,150 thymol150 and AITC450 (Figure 

5.11b). Since CA undergoes covalent modification at cysteine residues at the 

N-termini and does not bind to the mutated site, no significant differences in 

responses were, as expected, observed at the concentrations tested (30 and 

100 µM) relative to WT-hTRPA1 (Figure 5.11b). Similarly, it was found that 

the eugenol response was not affected by the mutation as no significant 

differences were observed at the tested concentrations (Figure 5.11b). In the 

mutant hTRPA1, agonism of carvacrol and antagonism of A967079 were also 

significantly reduced (p < 0.05 or 0.01, Figures 5.11b and 5.12b).  

In the original finding150 of the double mutant S873V/T874L, as determinants 

of menthol and thymol sensitivity in hTRPA1, it was reported that the 

response shown by mustard oil (active compound AITC) was unaffected in 

the mutant. Whereas in another study,450 it was observed that the AITC 

induced response was substantially reduced with the single mutant of either 

S873A or T874A residues of hTRPA1, where it is worth noting that the 

substituted residues in the two studies were different. In this study, however, 

it was found that the AITC response was significantly reduced with the double 

mutant S873V/T874L (Figure 5.11b). As described in another finding,150 

thymol showed reduced activity in the mutant, but a significant reduction was 

observed only at 100 µM and not at 30 µM (Figure 5.11b). Unsurprisingly in 

this study, carvacrol, a structural analogue of thymol (Figure 5.2), showed 

significantly reduced responses at both 30 and 100 µM concentrations 

(Figure 5.11b). 

It was reported that the hTRPA1 antagonist AP18 failed to inhibit the mustard 

oil-elicited agonism in the mutant S873V/T874L-hTRPA1.150 Whereas, it 

was identified in the mutant S873I/T874V-hTRPA1, that the residues S873 

and T874 are essential for the antagonistic effect of A967079 (an analogue of 

AP18) against CA elicited response.151 Similarly, it was found that the 

antagonism of A967079 against CA was significantly diminished in the 

double mutant S873V/T874L (Figure 5.12b). However, as the responses 

were only reduced and not completely abolished, the ligands are only partially 
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dependent on these two residues, and thus other exploitable sites on hTRPA1 

have to be considered. 

In order to determine the binding site(s) of the CADs (Figure 3.1), they were 

screened in the S873V/T874L mutant for agonism at 100 µM (Figure 5.12a) 

and for antagonism at different concentrations (Figure 5.12b). However, the 

CADs did not show any significant changes in responses relative to WT-

hTRPA1. Thus, it was revealed that the CADs do not bind at the menthol 

binding site.  

 

 

 

 

Figure 5.12: Evaluation of CADs for (a) agonism and (b) antagonism, in S873V/T874L-

hTRPA1 HEK293 cells, and compared against the responses obtained in WT-hTRPA1 

HEK293 cells. Each bar represents the mean ± SEM of N = 3, and statistical significance 

was compared relative to WT at *p < 0.05, **p < 0.01 and ****p < 0.0001, using one-way 

ANOVA. 
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5.2.3 Screening of TRPA1 ligands in C621A-hTRPA1 

The chemical structures of the ligands characterised in the mutant C621A-

hTRPA1 are given in Figures 5.2, 3.1 and 4.1. As reported in the literature, 

significantly reduced agonism responses were obtained for the electrophilic 

compounds, CA (p < 0.01), AITC (p < 0.01) and ACR (p < 0.0001), in the 

mutant C621A-hTRPA1 relative to the responses obtained in WT-hTRPA1 

HEK293 cells (Figure 5.13a).118,119 In the literature, a complete abolition of 

CA agonism was observed with the triple mutant C621S/C641S/C665S of 

hTRPA1.118,451 Whereas, it was found that CA and AITC responses are 

partially reduced in the single mutant C621A-hTRPA1, as observed in other 

studies.119,411 However, the ACR response was almost fully eradicated in the 

C621A mutant, and this signified the importance of the particular cysteine 

residue in TRPA1 activation by electrophilic compounds. The TRPA1 

antagonists could not be evaluated in the mutant, since the standard agonists 

(CA, AITC and ACR) of hTRPA1 bind to the mutated site.  

Intriguingly, significantly diminished agonism responses were obtained with 

non-reactive compounds, including menthol (p < 0.05), carvacrol (p < 0.01) 

(Figure 5.13b), FFA (p < 0.01), DCF (p < 0.05), NPPB (p < 0.05) (Figure 

5.13c), FTS (p < 0.05, Figure 5.13d), AC35b (p < 0.01, Figure 5.14a), and 

probenecid (p < 0.01, Figure 5.15a). A similar type of effect with non-

reactive compounds had been previously described for menthol, NPPB and 

FTS.411 Though the reduced effects observed with NPPB and FTS in the 

mutant C621A were not statistically significant in their study, a significant 

reduction in agonism were observed with the mutations of different cysteine 

residues at the N-terminus. FTS was reported to show significantly reduced 

response in C641A and C665A single mutants,411 and NPPB in C641A single 

mutant411 and C621S/C641S/C665S triple mutant451. In another study, single 

mutations of the two cysteine residues C641A and C665A, have shown to 

significantly decrease and increase the responses of menthol activity, 

respectively, relative to wild-type.411  

Menthol is known to have its determinants in the S5 (S873/S874),150 and these 

cysteine residues are located within the N-termini topological domain 

proximate to S1. The influence on the activity of menthol by the cysteine 
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mutants, suggests that S5 might closely interact with the N-termini cysteines. 

In addition, the electrophilic compound AITC is known to activate TRPA1 

via covalent modification at the N-termini cysteines (C621, C641 and 

C665).118,119 However, in the double mutant of the S5 residues S873/S874, 

AITC was found to show significantly reduced agonism (Figure 5.11b, 

Section 5.2.2). Therefore, it seems to be that the interaction between these 

two domains/regions could possibly have a critical impact on the modulation 

of TRPA1. 

According to the above observations, the cysteine residues not only serve as 

determinants of reactive electrophilic compounds, but also have a substantial 

effect on the modulation of non-reactive compounds. Hence the cysteine 

residues at the N-terminus play a general role in the function of TRPA1 

channel. The disruption to the disulfide bridges between and within the N-

termini cysteine monomers, including between C621 and C645, and other 

cysteines97 could perhaps resulted in reduced activities of non-reactive 

compounds due to changes in the conformation of TRPA1 rather than 

covalent modification at the cysteines. 

Due to the presence of an α,β-unsaturated carbonyl unit (Michael acceptor) 

in CADs, it was considered that these compounds may undergo covalent 

modification through conjugate addition. However, except for AC35b with a 

more divergent structure to the parent CAD (AC18b), other CADs did not 

show any reduced responses, but led to increased responses relative to that 

observed in the WT-hTRPA1 (Figure 5.14a). 
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Continued… 

 

Figure 5.13: Screening results of TRPA1 ligands in the hTRPA1 mutants, F909A, F944A and 

C621A, and comparison of the responses against WT-hTRPA1 HEK293 cells (a - e). Each 

bar represents the mean ± SEM of N = 3 (n = 6), and statistical significance was compared 

relative to WT at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, using one-way 

ANOVA; black stars indicate significant reduction and grey stars indicate significant 

increase in response relative to WT. 
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Figure 5.13: Screening results of TRPA1 ligands in the hTRPA1 mutants, F909A, F944A and 

C621A, and comparison of the responses against WT-hTRPA1 HEK293 cells (a - e). Each 

bar represents the mean ± SEM of N = 3 (n = 6), and statistical significance was compared 

relative to WT at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, using one-way 

ANOVA; black stars indicate significant reduction and grey stars indicate significant 

increase in response relative to WT. 
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Figure 5.14: Screening results of CADs in the hTRPA1 mutants, F909A, F944A and C621A, and comparison of the responses against WT-hTRPA1 HEK293 cells, (a) agonism 

and (b) antagonism. Each bar represents the mean ± SEM of N = 3 (n = 6), and statistical significance was compared relative to WT at *p < 0.05, **p < 0.01, ***p < 0.001 

and ****p < 0.0001, using one-way ANOVA; black stars indicate significant reduction and grey stars indicate significant increase in response relative to WT. 
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Figure 5.15: Screening results of ASDs in the hTRPA1 mutants, F909A, F944A and C621A, 

and comparison of the responses against WT-hTRPA1 HEK293 cells, (a) agonism and (b) 

antagonism. Each bar represents the mean ± SEM of N = 3 (n = 6), and statistical 

significance was compared relative to WT at **p < 0.01, ***p < 0.001 and ****p < 0.0001, 

using one-way ANOVA. 
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significantly higher than that observed in WT-hTRPA1 as shown in Figures 

5.13a-d and 5.14a, in which the level of significance is indicated with grey 

stars. This could have been observed due to changes in the structural 

conformation of hTRPA1 as a result of the substitution of the aromatic residue 

F909 to alanine. Though it had been already reported that the antagonists, 

A967079 bind to the F909 residue and HC030031 does not show any 

significant change in response relative to wild-type,103 this is the first time the 

other compounds were evaluated and studied at this site. 

 

5.2.5 Screening of TRPA1 ligands in F944A-hTRPA1 

A significant drop in activity was found for many of the ligands (Figures 5.2, 

3.1 and 4.1) evaluated in the mutant F944A-hTRPA1 HEK293 cells, which 

includes ACR (p < 0.05, Figure 5.13a), menthol, carvacrol and eugenol (p < 

0.01, Figure 5.13b), FFA (p < 0.01, Figure 5.13c) and ACA (p < 0.05, 

Figure 5.13c), NDGA (p < 0.05, Figure 5.13d), A967079 and AP18 (p < 

0.0001, Figure 5.13e), AC40c and AC35b (p < 0.01, Figure 5.14a), AC39c 

and AC43d (p < 0.05, Figure 5.14a), probenecid (p < 0.001, Figure 5.15a), 

and AC51b (p < 0.001, Figure 5.15b), relative to the responses obtained in 

WT-hTRPA1. Though it had been already reported that the antagonists, 

A967079 binds to the F944 residue, and HC030031 does not show any 

significant differences in response relative to the wild-type,152 this is the first 

time the other compounds were evaluated and studied at this site.  

The reduced responses obtained for the non-aromatic compounds, ACR and 

menthol that cannot participate in π-π stacking interactions, suggest that the 

compounds interact with the residue through hydrophobic interactions. In the 

case of ACA and AC40c, reduced responses were obtained only at a lower 

concentration (10 µM) and not at a higher concentration (30 µM), as shown 

in Figures 5.13c and 5.14a, respectively. Also, the deviation in the response 

of thymol compared to its analogue carvacrol could be due to testing of the 

compound at a high concentration (Figure 5.13b). It has been stated in a 

report, that testing a ligand only at a supramaximal concentration does not 

show the actual effect.83 Hence a complete dose-response curve of the 
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compounds against the mutant is required to demonstrate the effect more 

clearly and reliably.   

The responses obtained for A967079 in both F909 and F944 mutants were 

equal (p < 0.0001) as shown in Figure 5.13e. However, the analogue AP18 

had significant difference in response (Figure 5.13e), in which the inhibition 

was nearly abolished in the mutant F944A (p < 0.0001), but not in F909A (p 

< 0.001). On the other hand, the ASD AC51b preferentially binds to F909 (p 

< 0.0001) compared to F944 (p < 0.001) as can be seen in Figure 5.15, which 

could be due to the ligand size, site accessibility and location of the amino 

acid residue in the TRPA1 channel structure. The F909 residue is located in 

the upper region of the pore, and the ligands have to pass this residue before 

reaching the inner region of the pore containing F944 residue. Thus, the larger 

size ligand like AC51b could have interacted with the first available F909A 

residue. As most of the ligands with different functional groups and structures 

have shown significant reductions in responses in the mutant F944A, the F944 

residue might serve as a general determinant in the modulation of hTRPA1 

channel.  

 

5.3 Conclusions 

In addition to the 1H NMR studies carried out with a CAD (Section 3.5 of 

Chapter 3), the findings with the C621A mutant (Section 5.2.3) further 

suggest that the CADs do not undergo covalent modification at the N-terminal 

cysteine. The drop in activities of the TRPA1 modulators in the mutants 

F909A and F944A demonstrated that the corresponding compounds may 

possibly bind to the aromatic phenylalanine in the hTRPA1 putative pore 

region non-covalently via π-π stacking and/or hydrophobic interactions. Of 

the two residues, F944 was found to be the priority site for many TRPA1 

active ligands, including derivatives with hydroxy groups (menthol 

analogues), NSAIDs (fenamates), anthranilic acid derivatives, CADs and 

ASDs, suggesting that this is a key residue vital for the modulation of TRPA1 

channel in general. Whereas, the oxime derivatives preferably bound to the 

F909 residue. Since a complete elimination of the responses were not 

observed with most of the ligands, it seems to be that the ligands might 
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additionally interact with other nearby residues, which remains to be verified. 

Moreover, complete dose-response curves for the compounds those have 

shown different effects in the mutants will demonstrate the difference in 

potency of the ligands relative to wild-type.  

Overall, the residues within the S5-S6 putative pore region were found to be 

crucial for the chemosensation role of TRPA1. Moreover, a possible 

interaction between N-termini cysteines (proximate to S1) and putative pore 

(S5-S6) was deduced, as a result of the electrophilic compounds those activate 

TRPA1 channels via covalent modification showed a significant effect on the 

TRPA1 mutants within the pore region and vice versa. These interesting 

findings on the binding site(s) of various structurally distinct TRPA1 ligands 

will certainly lead to a better understanding of the modulation of TRPA1 

channels, and potentially contribute in the development of TRPA1 specific 

modulators. 
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CHAPTER 6: Summary 

6.1 Calcium signalling 

Fluorescence-based calcium signalling assays were utilised throughout the 

study to measure the [Ca2+]i on activation of the cation channel, TRPA1 or 

TRPM8, by chemical modulators. This was a suitable approach to screen a 

large number of compounds at different concentrations in a population of 

cells either in suspension or in the adherent form. The use of a high 

wavelength fluorescent probe [Fluo-3 (λEx/Em 506/526 nm) or Fluo-4 (λEx/Em 

494/506 nm)] ensured that the spectral properties of the test compounds did 

not interfere with the assay and thereby lead to false positives. Variations in 

responses were observed when the assays were carried out using slightly 

altered methods (Section 3.4.1.3 of Chapter 3). For example, the EC50 

obtained for cinnamaldehyde in the cuvette-based system with cells in 

suspension loaded with Fluo-3 was 27 µM, whereas in the micro-well plate 

system with cells adhered to the surface loaded with Fluo-4 was 9 µM, which 

is significantly different (p < 0.0001). Also, with the use of different carrier 

solvents, such as DMSO or ethanol, significantly varied compound potency 

(p < 0.0001) was observed (Section 3.4.1.4 of Chapter 3). The EC50 obtained 

for cinnamaldehyde in DMSO was 9 µM, but in EtOH it was 155 µM. As a 

small variability between assays can lead to different results, these were 

considered when comparing any results against the literature findings.   

 

6.2 N-Cinnamoylanthranilates as modulators of TRPA1 

As TRPA1 modulators, a series of N-cinnamoylanthranilate derivatives 

(CADs) with different substituents were successfully synthesised in good 

yields (Section 2.2.4 of Chapter 2). Among the CADs synthesised, N-(3-

ethoxy-4-hydroxycinnamoyl)anthranilic acid (AC27) was found to be a novel 

compound. Though all other CADs exist in the literature, this was the first 

time CADs were found as TRPA1 modulators. The series of twenty-two N-

cinnamoylanthranilic acid derivatives with electron-withdrawing and/or 

electron-donating substituents, and some of their corresponding methyl ester, 

screened using calcium signalling assays for agonism and antagonism 

responses in HEK293 cells stably transfected with hTRPA1 were found to 
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possess various activities ranging from agonism, partial agonism, antagonism 

and desensitising effects in hTRPA1 (Section 3.4.2 of Chapter 3). The 

effects observed were concentration-dependent, and interestingly, a clear 

trend in the structure-activity relationship (SAR) was observed with different 

functional groups. 

Among the CADs containing the COOH group, the unsubstituted N-

cinnamoylanthranilic acid (AC18b) had a moderate agonistic effect, and the 

electron withdrawing group (EWG) substituted CADs were agonists. The 

halogenated CADs, with inductive electron withdrawing but lone pair 

donating properties, showed potent agonism with a desensitising effect, and 

the CADs with weak/moderate electron donating group (EDG) showed 

bimodal activity, that is, they possessed partial agonism and antagonism. As 

the electron donating nature of the EDG becomes stronger, the agonism of 

the compounds decreased and became antagonists. The trend observed with 

the EWG and EDG substituents in this study was also observable in another 

study in the literature, which measured the potency of 

benzylidenemalononitriles with different substituents in hTRPA1.421  

In general, the EDG substituted compounds with a higher number of 

hydrogen bond donors and acceptors had greater antagonistic effect in 

hTRPA1 channels. This perhaps suggested that the ligands which can bind to 

amino acid residues through greater hydrogen bonding are involved in 

blocking of the channels more effectively. Moreover, it was found that the 

ortho-substituted CADs were less efficacious relative to their corresponding 

para-substituted analogues, and the presence of a non-rotatable α,β-

unsaturated bond enhanced the activity of the compound distinctly. The α-

substituted CADs were found to be more potent agonists relative to the 

unsubstituted CAD. The non-planar compounds with a tertiary amide group 

showed weak responses relative to the planar, secondary amide group 

containing parent compound (AC18b). This revealed that the presence of a 

secondary amide (-CONH) and the anthranilate moiety plays an important 

role in the activity of CADs. All the methyl ester CADs evaluated in hTRPA1 

were potent agonists with no considerable antagonism compared to their 

corresponding free carboxylic acid derivative, but esters had solubility 
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limitations. Additionally, the structurally related compounds in the literature, 

including ACA, an inhibitor of TRPM2, TRPM8, TRPC3, TRPC6 and 

TRPV1327 channels was found to activate hTRPA1, and SB366791, an 

inhibitor of TRPV1409 was inactive in hTRPA1. From the overall 

observations and information, it was deduced that hydrogen bonding from the 

amide and the carboxylic acid groups, and hydrophobic π-π stacking 

interactions of the aromatic rings are key contributors to the channel 

modulation. 

All the CADs evaluated in pcDNA3 mock-transfected HEK293 cells as a 

negative control (Section 3.4.3.1 of Chapter 3) did not show any response, 

which demonstrated that in the transfected HEK293 cells, with regard to 

triggering calcium flux, the compounds were selective to TRPA1 and/or 

TRPM8 channels, and had no effect on other components of the cells 

including endogenously expressed channels/receptors: P2Y1,
422 P2Y2,

422 

voltage-gated potassium channels,423,424 sodium channels (β1A425 and 

Nav1.7426), sphingosine-1-phosphate receptors (Edg-1, Edg-3 and Edg-5),427 

calcium channels428 including TRPC (TRPC1, TRPC3, TRPC4, TRPC6 and 

TRPC7),429,430 and M3 muscarinic acetylcholine receptor.431 

Moreover, all the compounds evaluated in HEK293 cells stably transfected 

with hTRPM8 for selectivity (Section 3.4.3.2 of Chapter 3) did not show any 

agonism, except α-phenyl substituted CAD AC42c with weak agonism. 

However, the majority of the compounds that had an agonistic effect in 

hTRPA1 showed a relatively weak inhibitory effect in hTRPM8 at a high 

concentration (100 µM). Nevertheless, to conclude on the specificity, further 

selectivity assays against other ion channels are necessary. 

With respect to the physicochemical properties of CADs (Section 3.4.5 of 

Chapter 3), it was observed that among similar analogues, the compounds 

possessing higher clogP values were the most potent agonists and the agonism 

decreased with a decrease in clogP value, which was also in agreement with 

compounds in the literature.128,411 Furthermore, the CADs with a higher 

number of hydrogen bond donors, hydrogen bond acceptors, larger 

topological polar surface area and logS, and lower logP had greater inhibitory 
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effects with poorer or absence of agonism in hTRPA1. Moreover, all the 

CADs, except α-phenyl substituted CAD AC42c, were consistent with 

Lipinski's rule-of-five and Veber's rules of lead-likeness and oral 

bioavailability, and hence show promise as potential leads in drug discovery. 

In addition, owing to the fact that the CAD, tranilast (AC24) is a clinically 

accepted anti-allergic drug with reduced side effects,291 CADs possibly have 

the potential to be utilised in clinical development in general. The functional 

characterisation of some of the CADs in Dunkin-Hartley guinea pig vagus 

nerve (Section 3.4.6 of Chapter 3) showed poor activities, and was thought 

to be due to species difference and/or limitations with the tested compound 

concentrations.  

In addition to the study undertaken and from the review of several biological 

activities of CADs in the literature (Section 1.2 of Chapter 1), it was 

postulated that there could be a correlation between the several biological 

activities of CADs and TRP channels (Section 3.6 of Chapter 3), as these 

channels are involved in a wide range of cellular functions.3     

 

6.3 Aryl sulfonamides as modulators of TRPA1 

To study the SAR of probenecid derivatives in TRPA1 after observation of 

its agonism and desensitising effect in a reported study,354 a series of aryl 

sulfonamide derivatives (ASDs) based on the probenecid core structure 

(small aryl sulfonamides) and TRPA1 antagonists in the literature372-376 

(extended aryl sulfonamides) were successfully synthesised (Section 2.3 of 

Chapter 2). Among the synthesised ASDs, AC53b, AC54b, AC56d and 

AC57d were found to be novel compounds. The series of twenty-two ASDs 

screened using calcium signalling assays for agonism and antagonism 

responses in HEK293 cells stably transfected with hTRPA1 were mostly 

found to have weak agonism or were inactive on hTRPA1 (Section 4.4.2 of 

Chapter 4).  

On comparing the SAR of small ASDs on hTRPA1, irrespective of amine 

attached to the aryl sulfonyl group, the derivatives with -OCH3, -COOH and 

CH3CONH- group as their substituent showed weak agonism in a 

concentration-dependent manner. However, the derivatives with H or F atom 
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as the substituent had no agonism. The observed trend was that the derivatives 

with hydrophilic substituents para to the sulfonyl group showed agonism. As 

the structures of the derivatives had different substituents on both sides of the 

sulfonyl group, a general trend in the SAR could not be clearly concluded. 

However, interestingly, substitution of the fluoro group in an aryl 

sulfonamide hTRPA1 antagonist [AC51b, (S)-N-(4-chlorobenzyl)-1-((4-

fluorophenyl)sulfonyl)pyrrolidine-2-carboxamide373] to a carboxylic acid 

group (AC56d), led to complete elimination of the antagonistic effect and 

shifted to an agonist as observed in small aryl sulfonamides with a COOH 

group in the study. All the ASDs were found to be inactive on both pcDNA3 

mock- and hTRPM8-HEK293 cells, which revealed that the ASDs were 

selective for TRPA1 over TRPM8 and other endogenously expressed ion 

channels/receptors in HEK293 cells.  

 

6.4 Ligand binding sites in TRPA1 

To identify the binding sites of CADs, ASDs and some known TRPA1 

ligands, the compounds were screened in HEK293 cells stably transfected 

with hTRPA1 mutants (Sections 5.2.2 - 5.2.5 of Chapter 5), which were 

successfully produced using site-directed mutagenesis (Section 5.2 of 

Chapter 5) of selected amino acid residues within the hTRPA1 putative pore 

region S5-S6 (S873V/T874L, F909A and F944A) and at the N-terminus 

(C621A).  

When characterising the menthol binding site150 mutant S873V/S874L-

hTRPA1, it was found that in addition to menthol,150 thymol,150 AITC450 and 

A967079,151 as reported in the literature, carvacrol also interacts with these 

residues. Moreover, screening of the CADs and eugenol in the mutant 

S873V/S874L did not show any significantly reduced responses relative to 

the WT-hTRPA1, indicating that their binding site is elsewhere. 

In the A967079 binding site103 mutant F909A-hTRPA1, relative to the 

responses obtained in WT-hTRPA1, significantly reduced inhibitory effects 

were observed for the antagonists AP18, CAD-AC30d and ASD-AC51b. 

Since all the tested antagonists, except HC030031, showed significant effects 

in the mutant, F909 seems to be a key residue responsible for antagonism in 
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hTRPA1. In addition to the antagonists, there was a significant drop in the 

agonism of menthol and carvacrol. As menthol lacks aromaticity and cannot 

participate in π-π interactions, it seems that menthol interacts with the residue 

through hydrophobic interactions. The responses for most of the other 

compounds were significantly higher than that observed in WT-hTRPA1, 

which could be due to changes in the structural conformation of hTRPA1 as 

a result of substituting the aromatic residue F909 to alanine. 

In another A967079 binding site152 mutant F944A-hTRPA1, a significant 

drop in activity was found for many ligands including ACR, menthol, 

carvacrol, eugenol, FFA, NDGA, AP18, CADs (AC40c, AC35b, AC39c, 

AC43d and ACA) and ASDs (probenecid and AC51b), relative to the 

responses obtained in WT-hTRPA1. Similar responses were obtained for 

A967079 in both F909 and F944 mutants. However, the analogue AP18 had 

significant differences in response in the two mutants, in which the inhibitory 

effect was nearly abolished in the mutant F944A, but not in F909A. The ASD-

AC51b was found to preferentially bind to F909 compared to F944, perhaps 

due to the size of the ligand and site accessibility.  

The C621 single residue that is crucial for the TRPA1 activation by reactive 

electrophilic compounds, including CA, ACR and AITC,118,119 was found to 

be involved in the modulation of hTRPA1 by the non-reactive compounds, 

menthol, carvacrol, FFA, DCF, NPPB, FTS, AC35b and probenecid, where 

significant attenuation in the agonism was observed with the mutant C621A-

hTRPA1. A similar type of effect has been previously described in different 

cysteine residues at the N-terminus for the compounds menthol and FTS 

(C641A and C665A single mutants),411 and NPPB (C641A single mutant411 

and C621S/C641S/C665S triple mutant451). The findings together suggested 

that the cysteine residues not only serve as determinants of reactive 

electrophilic compounds, but also have a substantial effect on the modulation 

of non-reactive compounds, and thus the cysteine residues at the N-terminus 

play a general role in the function of the channel. As mentioned in the 

literature,411 it seems to be that the S5 domain might closely interact with the 

N-termini cysteines and could possibly have a critical impact on the 

modulation of TRPA1. For instance, menthol is known to have its 
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determinants in the S5 (S873/S874),150 and the cysteine residues are located 

within the N-termini topological domain proximate to S1. Moreover, the 

electrophilic compound AITC is known to activate TRPA1 via covalent 

modification at the N-termini cysteines (C621, C641 and C665).118,119 

However, in the double mutant of the S5 residues S873/S874, AITC was 

found to show significantly reduced agonism. However, other structurally 

related ligands, including thymol, eugenol, MFA, URB597, ACA, (-)-

nicotine, NDGA and CADs did not show any significantly reduced responses 

in this mutant relative to the WT-hTRPA1. In addition to the 1H NMR studies 

carried out with a thiol model (Section 3.5 of Chapter 3) to determine any 

involvement of CAD in covalent modification of cysteines through conjugate 

addition, the findings in the C621A mutant confirmed that the CADs do not 

undergo covalent modification at the N-terminal cysteine.  
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CHAPTER 7: Conclusions and further work 

It was explicitly found from the studies undertaken that different substituents 

and substitution patterns on compounds show differences in TRPA1 receptor 

activities, which agrees with the hypothesis made, that is, the functional 

groups present on the chemical compounds trigger the action of TRPA1 

channels. Moreover, the CADs with different pharmacological activities, 

including agonism, partial agonism, antagonism and desensitising effects, 

show promise as useful TRPA1 modulators for further study, as both TRPA1 

agonists and antagonists have hope in the treatment of TRPA1 related 

disorders as described in Chapter 1 (Section 1.1.6.1). However, to conclude 

on the specificity of the CADs activity, further selectivity assays against other 

TRP channels are necessary. Further supporting the hypothesis, a minor 

alteration in a known TRPA1 antagonist structure showed a substantial 

change in the activity, for example, Orion Corporation disclosed fluorinated 

aryl sulfonamide derivative AC51b lost its antagonism when the fluoro group 

was replaced with a carboxylic acid group and shifted to an agonist. Overall, 

it was found that strong SAR exist between analogues of compounds and the 

activity of TRP channels. Using the key findings of the SARs in Chapters 3 

and 4, which are summarised in Chapter 6, potent and selective TRPA1 

modulators could be developed as drugs for TRPA1 related disorders and/or 

diseases.  

Moreover, the residues within the S5-S6 putative pore region were found to 

be crucial for the chemosensation role of TRPA1. Of the residues tested, F944 

was found to be the priority site for many TRPA1 active ligands with different 

functional groups and structures, including derivatives with hydroxy groups 

(menthol analogues), NSAIDs (fenamates) and other anthranilic acid 

derivatives, CADs and ASDs, suggesting that this is an important residue for 

the modulation of TRPA1 channel in general. The overall interesting findings 

on the binding site(s) of the structurally distinct classes of TRPA1 ligands in 

Chapter 5 (summarised in Chapter 6) will certainly lead to a better 

understanding of the modulation of TRPA1 channels and potentially aid in 

the development of TRPA1 specific modulators. Since complete elimination 

of the responses were not observed with most of the ligands, it seems that the 
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ligands might additionally interact with other nearby residues, which remains 

to be verified. In addition, complete dose-response curves for the compounds 

that have shown different effects in the mutants will show the difference in 

potency of the ligands relative to wild-type. Determination of other 

exploitable binding sites by TRPA1 ligands would further lead to better 

understanding of the compound interactions in TRPA1, and thus assist in the 

development of potent and selective hTRPA1 modulators. 

In the calcium signalling assays utilised, the changes in [Ca2+]i levels were 

measured. However, to identify if the effects shown by a test compound is 

due to direct binding to TRPA1 or TRPM8 channel, or an indirect effect 

through other mechanisms such as activation of GPCR that results in 

modulation of the TRP channels through phosphorylation signalling 

pathways, other assays like electrophysiological measurements, ideally a 

patch clamp, could be used together with the fluorescence-based calcium 

signalling assays to enhance the understanding of the effects shown by the 

compounds.  
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Appendix 
Chemical structures and codes of synthesised N-cinnamoylanthranilate derivatives (CADs) 

 
 
 

Chemical structures and codes of synthesised aryl sulfonamide derivatives (ASDs) 
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Chemical structures, names and codes of known ligands characterised in hTRPA1 

 
 

 


