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Graphical Abstract
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Highlights

N-Cinnamoyl anthranilate derivatives (CADs) are TRRAodulators

CADs with electron-withdrawing groups are TRPA1 migts with desensitizing effects
CADs with strongly electron-donating groups are ARRntagonists

CADs modulate TRPA1 through non-covalent interaxgio

F944A mutants show reduced sensitivity towards CABg many other TRPAL modulators
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Abstract

The transient receptor potential ankyrin 1 (TRPA&Hdannel is a non-selective cation channel,
which detects noxious stimuli leading to pain, i&afd cough. However, the mechanism(s) of
channel modulation by many of the known, non-reactnodulators has not been fully
elucidated N-cinnamoylanthranilic acid derivatives (CADs) cantatructural elements from
the TRPAL1 modulators cinnamaldehyde and flufenaaaicl, so it was hypothesized that
specific modulators could be found amongst themraack could be learnt about modulation
of TRPAL with these compounds. A series of CADs tiresefore screened for agonism and
antagonism in HEK293 cells stably transfected witi-human (h)TRPA1, or C621A,
FO09A or F944A mutant hTRPAL. Derivatives with éten-withdrawing and/or electron-
donating substituents were found to possess diffeextivities. CADs with inductive
electron-withdrawing groups were agonists with deg&zing effects, and CADs with
electron-donating groups were either partial ageni®r antagonists. Site-directed
mutagenesis revealed the CADs do not undergo catguagdition reaction with TRPA1 and
reveal that F944 is a key residue involved in tlb@-oovalent modulation of TRPAL by
CADs, as well as many other structurally distinan#reactive TRPAL ligands already

reported.

Keywords: transient receptor potential ankyrin 1; TRPAL; TRRcinnamoylanthranilic

acid; tranilast; calcium signaling; binding sitemcovalent

Abbreviations Used
[Ca®™];, intracellular calcium ion; CADY-cinnamoylanthranilic acid derivative; hTRPAL,
human transient receptor potential ankyrin 1; hTRBPMuman transient receptor potential

melastatin 8.
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1. Introduction

The human transient receptor potential ankyrin TRRAL) channel [1] is predominantly
expressed in the primary afferent (sensory) neuf@hsicluding trigeminal [3], dorsal root
[4] and nodose ganglia, [5] and acts as a deteftchhemical, mechanical and thermal stimuli
[6]. TRPAL is known to be involved in pain, itchy, [8] inflammatory diseases like arthritis
[9], chronic obstructive pulmonary disease (COPADY other respiratory diseases including
chronic cough and asthma [6, 10]. There are manyoanmds known to modulate TRPAL,
among them compounds containing reactive electliopgroups that activate the channel
through covalent modification of cysteine or lysimesidues at thdl-terminus of the protein
[11, 12]. However, TRPAl is also modulated by coomms through non-covalent
interactions only. Mutagenesis and chimeric apgreadave been utilized to elucidate the
interactions of individual non-reactive chemicalghwthe channel [12-17]. However, the
non-covalent mechanism(s) of modulation (activatmnblocking) by compounds with
distinct structures are currently much less wetkedained, hindering our understanding of
the role of TRPAL in diseases, and developmentuggtargeting the channel.

Analogues ofN-cinnamoylanthranilic acidlj have shown a range of biological activities,
including anti-allergic, anti-histaminic, anti-iafinmatory, anti-asthmatic, [18, 19] anti-
oxidant, [20] anti-fibrotic [21], anti-proliferative[22] anti-cancer, [23] anti-platelet, [24]
anti-coagulant [25] and as modulators of B-cells dandells, [26, 27], and are under
investigations for several medicinal applicationsThe derivative N-(3,4-
dimethoxycinnamoyl)anthranilic acid 1, Tranilast™ or Rizaben™) is an anti-inflammatory
drug that has been used in South Korea and Japaovés twenty years to treat allergic
diseases such as bronchial asthma, allergic mhiritipertrophic scars and scleroderma [18,
21, 28].N-cinnamoylanthranilate derivatives (CADs) also eimtstructural elements from

two classes of known TRPA1 modulators, namelyotReunsaturated carbonyl moiety found
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in the agonist cinnamaldehyde (CA), [29] and ththimilate moiety found in the agonist
flufenamic acid (FFA) and related fenamates [30yvas therefore anticipated that discovery
of CAD agonists or antagonists of TRPAL could bedu® learn about the modulation of the
channel by non-reactive compounds.

CADs have previously been shown to inhibit otherPTBhannels. For example-(p-
amylcinnamoyl)anthranilic acid (ACA), a PLAnhibitor, [31] was characterized as a novel
TRPM2, TRPM8, TRPC3, TRPC6 and TRPV1 channel blodi2]. Similarly, N-(3-
methoxyphenyl)-4-chlorocinnamide (SB366791) seletyi blocks TRPV1 [33], yet is
inactive against TRPM8 [34]. The anthranilates tber2-(phenethylamino)benzoic acid
(NPEB), 5-nitro-2-(phenethylamino)benzamide (NPBA) and 5-nitro-2-(3-
phenylpropylamino)benzoic acid (NPPB), the lattdnicli bears some overall similarity to
CAD 1), selectively activates TRPAL1 [35]. Therefore, ibwestigate both the structure-
activity relationship (SAR) and pharmacology of CARs TRPA1 modulators, we set out to

synthesize and screen a series of compounds ad&istl-transfected HEK293 cells.

2. Materials and Methods
2.1 Materials.
2.1.1 Commercial TRPA1 modulators.Cinnamaldehyde (CA:z 95 %, natural), acrolein
(ACR, analytical standard), allyl isothiocyanatdT&, analytical standard), menthol (99 %),
(-)-menthol and 5-nitro-2-(3-phenylpropylamino)bemzaiNPPB) were purchased from
Sigma-Aldrich. Calcimycin (calcium ionophore, A23)8thymol (> 99.5 %), carvacrol (98
%), eugenol (99 %), cyclohexylcarbamic aciec&bamoyl-biphenyl-3-yl ester (URB59%,
98 %), (-)-nicotine ¥ 99 %), N-(p-amylcinnamoyl)anthranilic acid (ACA> 98 %),
probenecid, 4-(4-chlorophenyl)-3-methylbut-3-en-2rox (AP18) and 2-(1,3-dimethyl-2,6-

dioxo-1,2,3,6-tetrahydroH-purin-7-yl)-N-(4-isopropylphenyl)acetamide (HC030031) were
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purchased from Sigma-Aldrich. E13E)-1-(4-fluorophenyl)-2-methylpent-1-en-3-one oxime
(A967079), N-(3-aminopropyl)-2-((3-methylbenzyl)oxy-(thiophen-2-ylmethyl)benzamide
hydrochloride (AMTB.HCI) and SB366791 were purclth$em Tocris Bioscience. Ethyl
((1R,2S5R)-2-isopropyl-5-methylcyclohexane-1-carbonyl)ghaie (WS5) was from
Millennium Specialty Chemicals Inc., Procter & Gdmbflufenamic acid (analytical
standard) was from Fluka Analytical, mefenamic a@8 %) was from Johnson Matthey
Company and diclofenac (> 98 %) was from Tokyo Cicairindustry. Nordihydroguaiaretic
acid (NDGA) and farnesylthiosalicylic acid (FTS) meepurchased from Santa Cruz
Biotechnology. The structures of these various TRP#odulators are shown in Figure 1.
The stock solutions of the compounds were madesanédlly diluted to lower half-log scale
concentrations in dimethyl sulfoxide (DMSO, 100 %nalytical reagent grade, Fisher
Scientific), and thus the concentration of DMSO waaintained constant in a given total

volume of sample.

2.1.2 Chemistry.

The Orion Corporation-disclosed aryl sulfonamideivdgive (S)-N-(4-chlorobenzyl)-1-((4-
fluorophenyl)sulfonyl)pyrrolidine-2-carboxamide (BR$[36], the series of CADs and related
derivatives were synthesized in-house using standethods (see Supporting Information
for details). Briefly, three synthetic routes wdolowed to synthesize the CADs. In one
approach, the cinnamic acid derivative was condetteits corresponding acid chloride,
which was coupled to methyl anthranilate, and #sailting methyN-cinnamoylanthranilate
was then hydrolyzed to yield the correspondidginnamoylanthranilic acid derivative
(Scheme 1). In the second approach, Meldrum's aesl reacted with anthranilic acid to
produce 2-[(carboxyacetyl)amino]lbenzoic acid, whietas then condensed with a

benzaldehyde derivatinaa a piperidine-catalysed Knoevenagel condensatimdyzingN-
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cinnamoylanthranilate as the piperidinium salt whicas acidified to yield the final product
(Scheme 2). In the third approach, a secondary @ramd was reacted with cinnamoyl
chloride under basic conditions, and the resulsaf was acidified to yield the product
(Scheme 3). Compound purity was assessed by satisfaCHN combustion elemental
microanalysis'H and'°C NMR spectroscopy, and a constant melting poiter@ical and

spectroscopic data obtained for compounds synthgégsee Supporting Information) agreed
closely with that reported, where available, in tiiterature. Stock solutions of these

compounds were prepared as described above (S€ctidy).

2.2 Cell culture. HEK293 cells stably transfected with either pcDNK3) constructs
containing cDNA for hTRPA1 [37], hTRPM8 [38], hTRRAnMutants or pcDNA3 (mock)
were grown in Dulbecco's Modified Eagle's MediumMBM) containing 25 mM 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid (HESP and 4.5 g1 glucose, supplemented
with 2 mM L-glutamine, 100 U mi penicillin, 200 U mf* streptomycin (all from Lonza), 10
% v/v heat inactivated Fetal Bovine Serum (Life Aealogies) and 0.25 mg rhigeneticin
(G418 Sulfate, Corning). The cells were grown irbTissue culture flask (Greiner Bio-One
CELLSTAR) in a humidified cell culture incubatortwi5 % CQ at 37 °C. When the cells
reached ~90 % confluence, they were harvested aspitate buffered saline (PBS, Sigma-

Aldrich) solution and centrifuged at 205pfor 4 min for calcium signaling experiments.

2.3 Calcium signaling.The modulatory effects of the CADs were evaluatech®RPAL,
hTRPM8 and pcDNA3 (mock) transfected-HEK293 celiing a fluorescence-based calcium
signaling assays at room temperature, either iculvette-based system or a micro-well plate

system as described below.
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Cuvette-based system: A previously reported prota@s followed [38]. Briefly, the cell
pellet obtained from ~90 % confluence in T75 flagks resuspended in 0.5 ml complete
DMEM and incubated with 2.5 pl of 2.5 pg'ufFluo-3AM fluorescent dyertyem 506/526
nm, Life Technologies) for 30 min at room temperatwith gentle rotary mixing (50 rpm).
The cells were washed with PBS by centrifuging ef®te, and the pellet was resuspended in
isotonic assay buffer [38] (10 mM HEPES, 145 mM IN&OmM KCI, 1 mM MgC}.6H,0, 1
mM CaC} and 10 mMb-(+)-glucose made in double distilled water, and \wak adjusted
with NaOH) at a density of 5 x i@ells mI*. The cell suspension (100 pl) was added to
cuvettes containing the assay buffer (1.9 ml). Bssays were carried out using a PTI
fluorometer with FelixGX version 4.2.2 software. eTlamount of [C&]; released upon
activation of TRP channels were measured as aimatbased fluorescence spectrum. The
baseline of a spectrum was recorded for 20 s bélfieraddition of a test compound (agonist)
and the response was recorded for another 90Ilewfad by the addition of calcimycin (2
1M) and recording for further 30 s. In antagonistays, the standard antagonist, the vehicle
control or the test compounds were pre-incubated eells for 10 min prior to the addition

of a standard agonist, and the spectrum was red@sibefore.

Micro-well plate system: 96-Well cell culture miglates (black polystyrene, flat uClear
bottom, Greiner Bio-One) were coated with poHysine (PDL, MW 70-150 kDa, Sigma-
Aldrich, 50 pg mif* prepared in sterile PBS) as follows: PDL was adaethe wells (200 pl
cm®) and incubated for an hour at room temperatureegxPDL solutiowas aspirated and
the wells were washed with PBS (2 x 100 ul per wahd air-dried at room temperature for
2 h in a safety cabinet. Cell suspension (200 I2500 cells per well in complete DMEM)
was added to the wells and incubated in the célli@incubator (95% air and 5% G@t 37

°C) for 48 h to yield a final concentration of 518" cells per well. The culture medium was



180 replaced with 100 pl of 2 uM Fluo-4AMyxwem 494/506 nm (Life Technologies), diluted in
181 phenol red-free DMEM (Life Technologies) from DM3bck] and incubated in the dark at
182 room temperature for 45 min. The cells were rinsgtd PBS (2 x 100 pl per well), and the
183 isotonic assay buffer (100 pl per well for agorassays or 50 ul per well for antagonist
184 assays) was added to the wells. In antagonist sis8ay/ cells in 50 ul buffer were incubated
185 with 50 pl antagonists for 10 min before assayifige assays were carried out using a
186 FlexStation3 Molecular Devices with the SoftMax F3oftware version 5. The protocol
187 utilized was adapted from the literature [39, 4Biiefly, the real-time-based fluorescence
188 spectra were recorded using the read-mode/typg:fiierescence (RFUs) bottom-read. An
189 excitation and emission wavelengths of 485 and m®8were used for measurements with
190 530 nm auto cut-off. Each spectrum was recordedaftwtal run time of 240 s, where the
191 baseline was recorded for 20 s, and at the endhafhmthe first addition (compound) was
192 made followed by the second addition (calcimycin}&O0 s.

193

194 To determine the reversibility of an antagonistemlapre-incubation, the cells were washed
195 with the assay buffer and resuspended in frestydsséer, and the response for the TRPAL
196 standard agonist CA (30 uM) was examined. CompetiBss of an antagonist was
197 determined by pre-incubating cells with the testagohist compound of a known
198 concentration for 10 min and by considering thdt shithe dose-response curve of CA with
199 and without the inhibitor.

200

201 2.4 Graphical and statistical analyses.The agonism and antagonism responses were
202 calculated either as a percentage of calcimycia standard agonist respectively, using the
203 differences in the maximum and minimum relativeoflescence unitARFU) values. Initial

204  screening results correspond to three independemerienents N = 3), and the errors
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reported are the standard error of the mean (SHKB. dose-response curves were plotted
and analyzed using GraphPad Prism version 5.03thendalues of logE£g and loglGo were
obtained with their SEM. Each data point on a desponse curve corresponds to the mean
of three independent experiments< 3), performed either in duplicates=£ 6) or triplicates

(n = 9), with their SEM. The responses were normdliag subtracting the noise/response
obtained for the vehicle control (DMSO). In antagbrassays, the maximum response was
obtained by normalising the standard agonist respém 100 %. Thus, in antagonist assays, a
higher percentage value indicates a lower inhipiteffect by the test compound. To
determine statistical significance between grouff&e one-way analysis of variance

(ANOVA) at p < 0.05 was carried out.

The standard agonists and antagonists for posttivérols were chosen, based on the ion
channel specificity and potency of the ligands, ambncentration near or aboveggGr 1Cs
were used in the assays. The standard agonistsfarsdte hTRPAL channels were CA (30
uM), ACR (30 uM) or AITC (10 pM), and for hnTRPM8 waVS5 (1 uM). The standard
antagonists used were the potent TRPA1 selectiv&/@B9 (100 or 300 nM) and TRPM8

selective AMTB.HCI (1 or 3 uM).

2.5 Indirect measure of inertness towards covalenmodification. As CADs could
conceivably react with the TRPAda a conjugate addition processes, we wanted first to
disprove that they reacted with a model nucleophilihe absence of the channel (see similar
studies in [41]). Thus compouric (4 equiv., 226 mM) andll-acetyl+-cysteine methyl ester

(1 equiv., 56 mM) orN-acetyli-cysteine (1 equiv., 61 mM) inlg-DMSO were mixed
together, and the progress of any reaction was toredi using'H NMR spectra recorded at

25 °C and at known time intervals.
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2.6 Site-directed mutagenesihiTRPAL1 mutants C621A (site of covalent modificajifl 3],
FO09A or F944A (sites of non-covalent interactiatentified by [16, 17]) cDNAs were
produced using a QuikChange Lightening Site-DirctMutagenesis kit (Agilent
Technologies) as instructed in their manual, upicQNA3.1(+) as the template and hTRPAL
primers containing the mutants (synthetic oligoeattdes purchased from Eurofins
Genomics MWG Operon). Briefly, hTRPA1 mutants stimwere synthesized by performing
18 cycles of PCR, followed by digestion of the pdaé and hemi-methylated supercoiled
dsDNA in the amplified products witBpn | restriction enzyme. The amplified DNA was
then transformed into XL10-Gold ultracompetent <ele. coli) treated with -
mercaptoethanol. Plasmid DNA was isolated from thecoli and purified using a
NucleoSpif? Plasmid DNA purification miniprep kit (Macherey-Naly according to the
manufacturer's protocol. The dsDNA samples were nified (NanoDrop Lite
Spectrophotometer, Thermo Scientific), and sequfEarofins Genomics DNA sequencing
service) and compared against the parent hTRPALeseg (sequence ID: Y10601) to

confirm the mutations.

HEK293 cells were transfected with the hTRPAL mtstatsDNA (0.3 ug (i) separately
using FUGENE 6 Transfection Reagent (Promega) as per the memwéa's instructions.
The transfection reagent FUGENE and DNA were addetl ratio. G418 (0.5 mg i)
resistance cells were then expanded in T25 andfl&gks sequentially. The transfected cells
were single cell cloned by serial dilution in a\®6H cell culture plate following Corning's
procedure. Monoclonal cells were transferred teveeB cell culture plate and then into T75
flasks for expansion. The cells were charactenzigld known hTRPA1 specific agonists and

antagonists using the calcium signaling technigo@ eompared against the WT-hTRPAL

12
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responses to determine the level of TRPAL protéablg expressed in the transfected
HEK293 cells. The known TRPAL ligands characterirethe hTRPA1 mutants were CA,
AITC, ACR, menthol, thymol, carvacrol, eugenol, EmRAFA, DCF, NPPB, URB597, FTS,

(-)-nicotine, NDGA, probenecid, HC030031, AP18, A989@nd ASD.

2.7 Electrophysiology. Experiments involving animals were performed by FRarma
(London, UK). Experiments were performed in accomtawith the U.K. Home Office
Guidelines for Animal Welfare based on the Anim@sientific Procedures) Act of 1986 and
the ARRIVE guidelines [42]. Vagus nerves of eighalen Dunkin-Hartley guinea pigs
(300400 g) were isolated, characterized and experirdestedescribed previously [43, 44].
Compound stock solutions were prepared in DMSO dihded 1000x in Krebs-Henseleit
(KH) buffer. The depolarization was recorded in m\b. determine if a compound caused
activation of the nerve, non-cumulative concentratiesponses to potential tussive stimuli
were carried out. A control response to the TRPYdn#st capsaicin (1 uM) was carried out
to determine nerve viability, following which theeme was stimulated with single
concentrations of a test compound for 2 min. Aétpplication of each concentration of the
compound, the nerve was washed with KH buffer untiéturned to baseline, and this was
repeated with the full range of concentrationsirailar stimulation was also carried out with
the vehicle control (DMSO). A further control resise to TRPA1L agonist acrolein (300 uM)

was carried out at the end of the experiment terdahe nerve viability.

In order to study antagonism, the nerve was exptusdte agonist ACR (300 pM) for 2 min
and washed with KH buffer until the response regdriio baseline. This was repeated to
provide two control agonist responses. The nerve thhan pre-treated with a test compound

for 10 min, and then re-stimulated with ACR (300 ufdr 2 min 20 s (the additional 20 s

13
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was to allow for the changeover of stimuli) to assé the compound was able to affect the
magnitude of the depolarization induced by the AEBllowing a brief washout, the nerve
was exposed to ACR (300 uM) for 2 min to provideeaovery response to ensure nerve

viability and that the compound was washed off.

3. Results

3.1 Calcium signaling.The CADs were evaluated in HEK293 cells stablydfacted with
hTRPAL1, hTRPM8 or pcDNA3 using a fluorescence-basaltium signaling technique.
Agonism of the compounds were measured by asse#®n@a” influx in TRPA1-HEK293
cells upon exposure to the test compounds relatvealcimycin (calcium ionophore,
A23187), and antagonism of the compounds were medshy the ability of the test
compounds to antagonize the agonism of a standgodist. Hence, the agonism and
antagonism responses of the compounds are presastdnd percentage of calcimycin and
standard agonist, respectively (Tables 1 and 2}.vEhicle control (0.2 or 0.4 % DMSO) had
no significant activity in hTRPAL and in mock tréested-HEK293 cells (data not shown),

but had a slight antagonising effect (inhibits 92@f WS5 response) in hTRPMS.

Carboxylic acid-containing compounds were evalua®their corresponding carboxylate
salt due to the isotonic assay buffer (pH 7.4).rEse, for some derivatives insolubility in the
buffer at higher concentrations (30M, or in some cases >1@M) prevented completion of
the dose-response curve (Fig. 3). Most of the CAf@rse were partially soluble or insoluble
above 3 uM, and hence screening at higher contemsavas not possible. The CADK}
and15 autofluoresced in the wavelength region of Fluma &luo-4 dyes, so screening was
not possible. Due to broad absorption ranges fosethtevo CADs other long-wavelength

calcium dyes were found not to be suitable either.

14



305

306 3.2 CAD Structure-Activity Relationship in hTRPAL. In the initial screening oNN-
307 cinnamoylanthranilic acids (Table 1), the CAD40, 20 and 21 showed>25 % agonism at
308 30 pM and>50 % inhibition at 100 uM. The agonis® 3, 20 and 21 showed weak
309 antagonism in the initial screen, relative to otlaetagonists (e.g4, 5 and 6), so full
310 inhibition curves were not done ands§values were not calculated. The CADE 12, and
311 16-19showed weak agonism (<25 %) whereas CEDshowed no agonism. However, the
312 CADs 11-13showed>40 % inhibition, andL6-19showed weak inhibitory effect (<30 %). In
313 the initial screening of methW-cinnamoylanthranilates (Table 2), all the evaldatsters,
314 including 1a, 3a-8g 13a-15a and20a-22a were agonists (Table 2). Most of the metNyl
315 cinnamoylanthranilate esters at 3 uM showed a amnidvel of agonism to that of their
316 corresponding\N-cinnamoylanthranilic acid derivatives at 30 uM. Hower, apart fron20a
317 and21la none of the esters showed antagonism. Dose-resmamves were carried out fgf
318 cinnamoylanthranilic acids that showed higher tB&n% agonism at 30 uM, and for those
319 which had high antagonism and partial agonism. &s lme seen from the curves, the effects
320 observed were dose-dependent (Fig. 3).

321

322 The halogenated CAD4 and5, with a bromo or chloro substituent at tpara-position,
323 had similar potency, whereas the fluorinated CABhowed an increase in gand 1Go,
324 relative to other halogens in the series. As tHedgemated CADgl-7 showed potent agonism
325 and antagonism, it was thought that they might @essdesensitising effects following
326 activation of the channel. This was confirmed bgording the real-time spectra for 10 min
327 (Fig. 4a,b). Since CA and FFA are known to haveedsiising effects, [30, 45] they were
328 also evaluated along with the CADs for comparisén.the concentration eliciting a

329 maximum response, the elevatedTavel caused by the agonism was sustained (Fig. 4b)
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and at a submaximal concentration the effect drdppeer 200-300 s. On continuous
exposure to an agonist a diminished response wamelt(Fig. 4c-f), due to desensitization
of the channel (see [30]). For the CADs testedOa ¥l the agonism response dropped back
nearer to the spectral baseline within 10 min ohisdstration and desensitized the agonism
of the CA (30 uM) standard agonist (Fig. 4c-f). Doehis bimodal activity, potent agonism
and desensitising effect, a washout experimentoaased out to examine the reversibility of
the compounds. The desensitising effect shown byh#logenated CADs on hTRPA1 was
found to be reversible up to 10 uM férand5, and up to 30 uM fob and7, and were

irreversible at higher concentrations (Fig. 5).

The CADs with a methyl8) or methoxy {0) group possessed similar agonist activity at
30 pM in the initial screening. However, on compgrithe EGo of 8 and 10, CAD 8
appeared to be less potent. Disubstituted CADsand 12 with electron donating groups
(EDGs) exhibited partial agonist and antagonistivaigts, whilst 13 showed only an
antagonistic effect and no agonism below 100 pMextbeless, the disubstituted CAD%

and12 were less potent antagonists compared to the mbsbtitedl3.

Ortho-substituted CADs and 9 were less efficacious, relative to their correspongdi
para-substituted analoguésand10. In addition,a,p-saturated derivatives6 and17 showed
poor activity at 30 uM compared to the correspond@®Ds 1 and 10 with an a,p-
unsaturation. The compounds8 and 19 with a non-planar ring replacing the anthranilate
moiety showed weak responses relative to the pa@npoundl. The a-substituted CADs
either with a methyl or phenyl group were more poiggonists Z0 and21) relative to the
unsubstituted CADY). Among thea-substituted CAD20 and21, and unsubstituted CAD,

the derivative21l showed pronounced agonist potency.
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The N-cinnamoylanthranilic acid methyl esters evaluatettTRPA1 at 3 uM (Table 2)
showed a similar level of agonism to their corresfogN-cinnamoylanthranilate derivatives
at 30 uM (Table 1), but there were no considerabkagonism shown by the esters, except

for 20aand2lawith desensitising effects.

3.3 Channel selectivity.To determine the channel selectivity of CADs, theyre assessed in
pcDNA3 mock-HEK293 cells for agonism, and in hTRRMBK293 cells for both agonism
and antagonism. The CADs, evaluated at 30 andubMiOand CADmethyl esters, at 3 uM,
did not show any response in the negative contcBINA3 mock-transfected HEK293 cells

(N = 3, data not shown).

There was no agonism seen for any CADs in hTRPM@stected HEK293 at the
concentrations 30 and 100 pM of-cinnamoylanthranilates, and 3 pM of methy
cinnamoylanthranilates (data not shown), exceptZbrand 21a which exhibited weak
agonism (Tables 1 and 2). The majority of the commgls which were hTRPAL agonists,
were weak hTRPMS8 antagonists at high concentratibose-response curves were carried
out for, 3, 4, 6, 9, 20 and22a that showed high antagonism (Tables 1 and 2) hgstovhich
22awas the most potent nTRPM8 antagonist withy IO uM (Fig. 3g). In addition, it was
observed from the I§g values that the CA@, which showed antagonism in both hTRPA1
and hTRPM8, was more potent in hTRPAL. However,GA®s 6 and9 had only a 10 uM

difference in the Ig values obtained against n TRPM8 and hTRPAL (Taple 1

3.4 Determination of possible binding sites througlmutagenesis studies.
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Binding site. CADs could undergo covalent modification due to presence of am,f-
unsaturated carbonyl group. Previously we have dBER scale model reactions of reactive
molecules with cysteine as a quick way of gaugingcseptibility of a molecule towards
covalent modification of a TRPAL cysteine residared good correlation with agonism levels
has been observed [41]. Therefore, the propensitCADs to react through conjugate
addition of the thiol group in cysteindN{acetyli-cysteine methyl ester dN-acetylt-
cysteine) to they,p-unsaturated double bond was evaluated for theeseptative CADlLa
(Scheme S4, Supporting information) using a pr&NéR time study. This CAD showed no
reactivity to the thiol group of cysteine dg-DMSO, as monitored by changes in intensity or
appearance of new peaks in the NMR spectrum ove(d&ta not shown). However, to rule
out covalent modification of the channel completesiyidies of CADs with C621A mutants

were conducted as part of a study to determinéitiding site of the CADs.

CADs and a range of other known hTRPAL active litgawere characterized in HEK293
cells stably transfected with hTRPAL1 mutants C62E809A or F944A at concentrations
corresponding to the maximum response or closénadEGo or 1Cso obtained in wild-type
(WT)-hTRPA1 HEK293 cells. The Egand 1Govalues obtained in the WT-hTRPAL (Table
3) were broadly consistent with the values foundha original reports, given possible
variations in the assay methods, conditions, speamal/or cell lines. Significantly reduced
agonism was obtained, as expected, for the eledimpbmpounds, CA, AITC and ACR in
the mutant C621A-hTRPAL. Reduced agonism was alserged for the non-reactive
compounds menthol, carvacrol, FFA, DCF, NPPB, HirSbenecid an@23a relative to the
responses obtained in WT-hTRPA1-HEK293 (Fig. 6ajh the exception of the saturated
analogue22a, CADs produced increased responses relative to abserved in the WT-

hTRPAL (Fig. 6€).
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A967079, AP18, CAD13 and ASD all had reduced antagonistic responseS9DDA-
hTRPA1 expressing HEK293 cells relative to WT-TRP&dpressing cells (Fig. 6f). No
reduction in antagonism was observed for HC030081he F909 mutant. Menthol and
carvacrol also showed a reduced agonist effedienabsence of F909, however most of the
other compounds showed a significantly increasaxhiafjresponse in this mutant compared

to the WT (Fig. 6a-e).

In the mutant F944A-hTRPA1 HEK293 cells a signifitarop in activity was found for
ACR, menthol, carvacrol, eugenol and FFA, NDGA haecid, CADS3 and22a 8 and20,
ACA, A967079 and AP18 and ASD, relative to the oeses in WT-hTRPAL (Fig. 6). In the
case of ACA and@, reduced responses were obtained only at a losrezentration (10 puM)

and not at a higher concentration (30 uM), as shaviig. 6e.

3.5 Electrophysiology.The agonist and antagonist effects of the compsuhdnd5 at 100
MM, and13 at 300 uM, were tested on fully characterizedatgnl guinea pig vagus nerve
preparations. The compounds showed a small dedraetigation of the vagus nerve (Fig.
7a-c), with 3 having the largest effect as in the hTRPA1-HEK2%93ls. However, the
potency of the responses obtained in tissue (natwknot compare to those obtained in

HEK293 cells overexpressing hTRPAL.

4. Discussion
TRPAL is activated by a wide range of stimuli. Savhéhe chemical modulators activate the
channelia covalent modification of specific residues on fM&erminal of the channel [6, 11,
12], however a large number do not possess théveagoups to do likewise [12]. Here we
have studied CADs as modulators of TRPA1l activiymd investigated where these
compounds bind to the channel. Comparing trendhénSAR of the acid CADs against
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hTRPAL, we noted the parent (unsubstituted) comgpduhad a moderate agonistic effect,
and the electron withdrawing group (EWG)-substdu@ADs 2 and 3 were more potent
agonists. The halogenated CADs-(7), with inductive electron withdrawing but lone pai
donating properties showed potent agonism with rigssing effect, and the CADS - 10,
with a weak/moderate electron donating group (EB3&dwed bimodal activity, that is they
possessed partial agonism and antagonism. As #dwral donating nature of the EDG
becomes stronger the agonism of the compoundsafsteand became antagonidts{13).
The potent agonism and antagonism of the halogeéraf&Ds was due to a desensitising
effect following activation of the channel, as walso shown for FFA [30]. This was
reversible at low CAD concentration (<10uM) buewrersible at higher concentrations.

a,p-Saturated analoguel6 and 17 showed poor activity compared to the
correspondinga,p-unsaturated CADs. However it is interesting toenthat the related,
flexible derivative NPPB, a classic chloride ionanhel antagonist, is a sub-micromolar
agonist of TRPA1 [35]. Unlike the CADs studied, NB°Bossesses a nitro group in the
anthranilate ring, and replacing the anthranilateety in our CADs with a saturated cyclic
amino acid 18 and19) produced weak responses. This suggests thantheaailate moiety
probably plays a key role in the activity of the B#\

The agonism of structurally related compounds inlifeeature including ACA, an
inhibitor of several TRP channels, [32], and SB3BhK7a selective TRPV1 antagonist [33,
34], were evaluated against hTRPA1-HEK293. ACA [32jth a 4-pentyl substituent,
activated hTRPA1 potently relative to the 4-methybstituted CALB. Despite being similar
to CAD 5 (but lacking COOH on th#&l-aryl ring), SB366791 had no agonism in hTRPA1
(data not shown). A similar trend to that obserf@dhe EWG and EDG substituted CADs,
has also been reported for modulation of hTRPABUdystituted benzylidenemalononitriles.

[46]
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HEK?293 cells endogenously express a number of fanmels and receptors, including
purinoceptors (P2Y and P2Y¥) [47], voltage-gated potassium channels [48, 48[lium
channels f1A and N@l1.7) [50, 51], sphingosine-1-phosphate receptodg{E Edg-3 and
Edg-5) [52], calcium channels [53] including TRPORPC3, TRPC4, TRPC6 and TRPC7
[54, 55], and M muscarinic acetylcholine receptor [56]. The CADsdamethyl N-
cinnamoylanthranilate, did not activate the negatiwetrol mock-transfected HEK293 cells,

proving that in TRPA1-HEK293 cells the compoundsengelective to TRPAL.

TRPMB8, a cold-sensitive channel [57], is stimulabgda number of TRPA1 modulators
[58, 59]. Therefore, CADs were evaluated agairalgttransfected hnTRPM8-HEK293 cells
for selectivity between these two channels. CAD8vacin hTRPMS8 contained either a
halogen, anortho- or an a-substituent. Interestingly, most of the TRPA1l agtwere
hTRPMS8 antagonists at higher concentrations. Howagsays against a range of other ion

channels are necessary to confirm overall charetetsvity.

Looking at the physicochemical properties (Table SIhong similar analogues,
compounds possessing a higher clogP were the matentpagonists, as also seen in
examples in the literature [35, 6@enerally, the CADs with a higher number of hydmoge
bond donors and acceptors, larger topological pelaface area and logS, and lower logP

had greater inhibitory effects with poor or no hTARPagonism (Table S1).

To determine the binding site(s) of the ligandstant TRPAl-expressing HEK293 cell
lines were created. The residues mutated were oHusged on the functional groups on the

ligands and the residues that could participateitimer covalent modification (C621 [13]) or
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through non-covalent aromatic interactions (F908] [and F944 [17]). C621A-hTRPA1
showed significantly reduced agonism response<liEetrophilic compounds, in line with
previous reports [11, 12]. We also observed sigaiftly diminished agonism with non-
reactive compounds. A similar type of effect haerbgreviously described for menthol,
NPPB and FTS [35]. However the reduced effects rokesewith NPPB and FTS in the
mutant C621A were not statistically significant, ugh a significant reduction in agonism
was observed with the mutations of different cystgiesidues at thé-terminus [35, 61]. The
TRPA1 antagonists could not be evaluated in thisamtutsince the hTRPA1 standard
agonists CA, AITC and ACR bind to the mutated siteaddition to the'H NMR study
carried out with CADLa, the findings with the C621A mutant further suggbat CADs do
not undergo covalent modification at the TRPXerminal cysteine. The reduced agonism
observed for CAD22a is however an anomaly, but this can be explaingdchemical
reactivity observed for this ester. When attemptm@ydrolyse?22a, to get the free acid, the
compound eliminated the phenoxy group, presumaiayan E1lcb mechanism, to yield an
acrylamide derivative. With reduced conjugation ang-substituent, this compound would
be expected to be much more likely to undergo @mahddition reaction compared to a
cinnamide. Thus, the change in modulatio224in the C621A mutant could be explained if

such a process also takes place inside the cell.

For F909A-hTRPAL, significantly reduced inhibitionas observed as expected for
A967079 relative to the WT-hTRPA1 response [16gn8icantly reduced antagonism was
also observed for the structurally similar oxime 18P Since the tested antagonists with
distinct structures, including CAR3 and ASD, also showed significant differences iis th
mutant, F909 residue appears to be a key residuantagonist binding in hTRPA1. Both

CAD 13, ASD and HC030031 incorporate two aromatic rireiegd by a linking group. The
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reduced antagonism was not observed for HCO30Q81hks could be explained by the fact
that the aromatic methyl xanthine half of the maleas a larger bicyclic heteroaromatic ring
structure, as opposed to a single benzenoid rm@AD 13 and ASD; it is therefore likely to
have a different binding site. There was also a dndpe agonism of menthol and carvacrol
in the absence of the FO909. As menthol lacks argcityand cannot participate in aromatic
interactions, it appears a more general hydrophdaftieraction may be involved here,
possibly also involving residues neighbouring F999¢h as T874. For most of the other
compounds the responses were significantly highean that observed in WT-hTRPAL. This
could be due to changes in the structural confaomabf hTRPAL1 as a result of the

substitution of the aromatic residue F909 to alanin

The mutant F944A-hTRPA1-HEK?293 cells displayed gngicantly reduced response to
many of the ligands evaluated, including the namvatic compounds ACR and menthol that
cannot participate im-nt interactions. The cryo-EM structure of TRPA1 shdhat F944 is
buried within the channel structure [16], and app#y closed to binding without
reorganization of the channel structure. Samein#h [62] used limited proteolysis and mass
spectrometry to evaluate the effect of a small nurobaon-electrophilic channel modulators
(menthol, antagonist A967079, and agonist PF-4840bH% mouse TRPAL. In that work,
several regions of TRPA1l were proposed as expengnconformational change upon
binding of the ligands studied. However, F944 dmel $5 and S6 helices were not amongst
those implicated. Nevertheless our results, usingider range of modulators and with
hTRPAL, indicate that it is possible that the reml@ctivities observed for our F944A
mutant is also indicative of significant structurabrganizations of the S5 and S6 helices
upon ligand binding. The responses obtained for7898 in both FO09 and F944 mutants

were equal. However, the analogue AP18 had sigmfidifferences in response despite the
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close similarity in their structures; the AP18 imtiobn was nearly abolished in the mutant
F944A, but not in F909A. ASD, however, preferemyidinds FO909 over F944, possibly due
to its greater size, site accessibility and locabbthe amino acid in the channel structure.
The residues F909 and F944 from each TRPA1 subumiibcated in a ‘ring’ amongst the
S5 and S6 helices, a portion of the channel wia¢hought to be membrane bound [16] (Fig.
8a-c). F909 is located at the bottom of a shalloekpy whereas F944 is buried within the
tertiary structure of the channel (Fig. 8c-d). VEhpreviously EM studies have suggested the
location of the A967079 binding site [16], this @re buried behind the F909 residue in the
atomic model 3J9P. The drop-in activities of mothutgin FO09A and F944A demonstrated
that the corresponding compounds may possibly bnthe aromatic phenylalanine in the
hTRPAL1 putative pore region non-covalentliya =n-nm stacking and/or hydrophobic
interactions. Whilst further structural biology Whe needed to elucidate detailed ligand
binding, derivatives with hydroxy groups, anthranécid derivatives such as non-steroidal
anti-inflammatory drugs, CADs and aryl sulfonamiderivatives, showed significant
reductions in responses in the mutant F944A, suiggethis residue might serve as a general
determinant in the modulation of hTRPAL1. Compldimi@ation of the responses were not
observed with most of the ligands suggesting they ralso interact with other nearby

residues.

The most potent CADS3(5 and13) were also characterized on isolated guinea pigisva
nerves. Unfortunately, the potency seen in the TRPEK293 cells was not observed in the
nerve tissue. ACR was used as the TRPA1l standavdisigto determine the inhibitory
effects of the compounds in guinea pig vagus nésgele, as desensitization of responses
were observed with the use of CA in depolarizatim@asurements [45, 63]. As a positive

control, incubation with the TRPA1l standard antagonHC030031 inhibited the
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depolarization induced by ACR. However, contrarythe antagonistic effects observed in
hTRPA1-HEK?293 cells, neither of the compouidand13 exhibited any antagonism against
depolarization of the guinea pig vagus nerve by ATRs discrepancy in results could be
due to, but not limited to, experimental differena® a consequence of species difference.
There is only 79% identity between the amino a@duences of hTRPA1 and guinea pig
TRPAL1l. The low sequence homology with 21% variatiovuld cause differences in
responses. Caffeine, menthol and thioaminals @ethylN-[2,2,2-trichloro-1-(4-nitro-
phenylsulfanyl)-ethyl]-benzamide), are potent aotasts in hTRPAL1 but showed reduced
potency, agonism or inactivity in rodent TRPA1l [6d}. Similarly, rodent TRPAL is
activated by cold, whereas human and rhesus mohR&A1 are not [67]. The menthol and
cold species difference were attributed to a simgikdue, V875 in primates and G878 in

rodents [67].

A possible correlation is also noted between tiveoua observed biological activities of
CADs and TRP channels. This is plausible due tktimvn participation of TRP channels in
a wide range of cellular functions [68]. Key toglsuggestion is a study [69] which reports
that TRPAL is necessary for T@Fsignaling. Loss of the receptor significantly stggses
the mRNA expression of the inflammatory cytokinksg, a-smooth muscle actin involved
in fibrosis, substance P involved in inflammatioWEGF, collagen d1 and the
phosphorylation of kinases induced by T@Fand thereby results in attenuation of
fibrogenic and inflammatory reactions. Likewise, the literature, the anti-allergic, anti-
inflammatory [18, 19], anti-oxidant [20], anti-fistic [70], anti-proliferative [22] and anti-
cancer [23] properties of CADs were related to bitton of cytokines, chemokines and
growth factors. Therefore the fundamental reasdnnideattenuation of cytokines and growth

factors by CADs, might be the consequence of effesposed by CADs on TRP channels.
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5. Conclusions

The series of CADs possess various activities iRPAL, ranging from agonism, partial
agonism, antagonism and desensitizing effects.stitueturally related compound, ACA, an
inhibitor of TRPM2, TRPM8, TRPC3, TRPC6 and TRP\A2] activates hTRPA1 with
similar potency to those of other CADs evaluatethamstudy. CADL3 (p-OH), with a strong
EDG-substituent, and CAR1 (a-Ph), show promise as a selective hTRPA1 antaganidt
agonist, respectively. Using the key SARs foundthe study, the structures of the
compounds could be optimized to make CADs moremjot®dulators of TRPAL. Moreover,
F944 was found to be a key residue for many TRP&ilv& modulators, including menthol,
anthranilates including fenamates and CADs, and AS®ivity for these modulators was
much reduced in the F944A mutant, indicating th& &ind other residues (F909) within the

TRPAL S5-S6 putative pore region are crucial f@msbsensation.
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Figure and Scheme Legends
Scheme 1Synthesis ofN-cinnamoylanthranilate derivatives from cinnamicacThe derivative§-8,
1317, 20, 21, and their corresponding methi-cinnamoylanthranilate ester derivatives, including

223 were synthesized using this approach.

Scheme 2Synthesis oN-cinnamoylanthranilic acid derivatives from aldebgdThe derivative8-12

were synthesized using this approach.

Scheme 3Synthesis oN-cinnamoyl amino acids (rall8 andS-19).

Figure 1. Chemical structures ofon-CAD TRPA1 modulators involved in this work.

Figure 2. Chemical structures of tHé-cinnamoylanthranilate and related derivatives lsgsized and

evaluated in this study.

Figure 3. Dose-response curves of-cinnamoylanthranilate derivatives in hTRPA& { f) and
hTRPMS8 @) HEK293 cells. Each data point on the curve regrssthe mean of three independent

experimentsl = 3) in duplicatesn= 6) with their SEM.

Figure 4. Real-time spectrum recorded for 10 min (incubaperiod) for the compounds with bimodal
activity (potent agonism and desensitization) irRFA1-HEK293 cells(a) cinnamaldehyde (CA, 30
uM), (b) flufenamic acid (FFA, 100 uMjg) p-Br CAD-4 (10 uM), (d) p-ClI CAD-5 (10 uM), (e) o-Cl
CAD-6 (10 pM) and(f) p-F CAD-7 (10 uM). The concentration of CA in the seconditaaid was 30

HM.
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Figure 5. (a)Desensitizing effect an() reversibility of halogenated-cinnamoylanthranilic acid4-7
on hTRPA1-HEK293 cells. Each bar represents thenmie&EM (N = 3, n = 6), and the statistical

significance was determined using one-way ANOVAk 0.05.

Figure 6. Screening results of TRPAL ligands in the hTRPAlants, FO09A, F944A and C621A, and
comparison of the responses against WT-hTRPA1 HBK&9Is, (a-e) agonism andf) antagonism.
Each bar represents the mean + SEMNof 3 (h = 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 g&ys indicate significant increase in responkdive

to WT.

Figure 7. Effects of CADs3, 5 and13 on isolated guinea pig vagus nerve preparati@sgc) agonism
and (d) antagonism against acrolein (ACR, 300 uM) inducedotarization; each bar represents the
mean = SEMN = 4). (e) Antagonism of CAD$ and13 against acrolein (300 pM in human TRPA1-

HEK293 cells; each bar represents the mean £+ SEM I, n = 9).

Figure 8. A. Human TRPA1 atomic model 3J9P showing the locatioresidues FO909 (red) and F944
(blue) as coloured spheres. These are locatedeimémbrane portion of the channBl. Top down
view of the channel showing the central pore ardiing’ of F909 and F944 residu&s. Close up of
TRPAL1 showing the F944 and F909 repeating residie€lose up with surface highlighting residues
in red F909 (top) and T874 (bottom), and the larabf the shallow pocket for putative antagonist
binding. The location of F944 (blue) is buried anthvailable for ligand binding without significant

structural movement.
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Table 1. Screening results of the synthesizdecinnamoylanthranilic acids in hTRPA1 and hTRPM&asfected HEK293 cells. The
concentrations at which the compounds were teseegecified in the corresponding column title. ®ossponse curves in hTRPAL were
carried out for the compounds that showed >25 %iagactivity at 30 uM, and that had partial agonend high antagonism, in the initial
screening. Dose-response curves in hTRPM8 wergéedaout for the compounds which showed >60 % inbilgi effect in the initial
screening. For compounds where ansg&@ 1Cso could not be calculated, a dash (-) is given inbtafaa value. Each value represents the

mean + SEMN = 3).

Compound CAD variant hTRPA1-HEK293 hTRPM8-HEK293
Agonism / Antagonism, LogECs/ (M) ECso LogICso/ (M) ICs0 Agonism / Antagonism, LogICso/ (M) ICso
(% calcimycin) | CA response n=6, I(LM) n==a6, /(UM) (% calcimycin) | WS5 response n=6, /(M)
30 uM /(% CA) N=3+SEM N=3+SEM 30 and 100 uM / (% WS5) N=3+SEM
N =3+ SEM 100 uM N=3+SEM 100 uM
N=3+SEM N =3+ SEM
1 - 24 +1 42+3 - - - - 48+ 6
2 4-NO, 25+1 33+6 -3.7+0.2 219 - - 39+7 - -
3 4-Ch 51+1 28+2 -4.57 £ 0.06 27 - - 17+3 -4.5+0.2 34
4 4-Br 60+3 6+2 -4.94 +0.09 12 -5.0+0.2 9 35+2 -4.2+0.4 59
5 4-Cl 62+1 71 -5.00 £ 0.07 10 -54+0.1 4 40+5 - -
6 2-Cl 44 +2 5+2 -4.37 £0.07 42 -5.0+0.1 11 25+4 -4.7+0.5 21
7 4-F 37+1 13+4 -45+0.1 30 -46+0.1 26 . 61+8
8 4-CH 30£1 40+1 38201 149 - - No agonism 48+3 - -
9 2-OCH; 33zx1 142 4101 75 4302 51 | losPonsewas 32+8 4.4£0.3 41
obtained for any

10 4-OCH; 27+1 19+6 -43+0.2 49 -49+0.1 12 of these 68+8
11 3,4-(OCH), 6+3 56 + 13 - - -3.9+0.2 126 compounds. 65+6
12 3-OEt-4-OH 5+1 34+6 - - -40+0.3 106 73+6
13 4-OH 1+1 35+11 - - -44+0.1 43 705
1;1 j?\l-((glii Fluorescing compounds Fluorescing compounds
16 a,B-saturated 10£3 81+11 - - - - 48 +4
17 a,B-saturated, 4-OCH 61 74 £14 - - - - 57+5
18 Pipecolinic acid 71 71+9 - - - - 72+6
19 Proline 5+2 794 - - - - 65+5 - -
20 a-CHs 33+2 29+2 -3.9+0.1 133 - - 28+7 -4.6+0.2 27
21 a-Ph 66 +2 22+1 -4.95 +0.04 11 - - 14+1,34+3 not measured -

36



Table 2. Screening results of the methyicinnamoylanthranilates (3 uM) in hTRPA1 and hTRPMS8
HEK293 cells. A®a (4-NO,) was insoluble in DMSO at room temperature, it wasevaluated. Each

value represents the mean £ SBVIH 3).

Compound  CAD variant hTRPA1-HEK293 hTRPM8-HEK293
Agonism / Antagonism, Agonism / Antagonism,
| (% calcimycin) CA response (% calcimycin) WSS response /
3 uM /(% CA) 3uM (% WS5)
N=3+SEM 3uM N =3+ SEM 3uM
N=3+SEM N =3+ SEM
la - 221 61+1
3a 4-CR; 29+2 81+11
4a 4-Br 412 79+4
5a 4-Cl 45+ 2 70+4
6a 2-Cl 29+2 No inhibitory effect. No agonism. 53+1
7a 4-F 34+3 85+9
8a 4-CH; 28+3 88+3
13a 4-OAc 101 84+2
1l4a 3,4-(OAc) 12+1 102+2
15a 4-N(CHg), 271 86 + 22
20a a-CHs 49 £2 737 30+4
2la a-Ph 632 51+2 23+4 48 +7
22a Phenoxy 45 + 2 (at 30 pM) | No inhibitory effect. No agonism 12 +2 (at 30 pM)
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Table 3. The EGp and IG, values of the known ligands obtained in hTRPA1-R2EK cells using a
FlexStation, compared with the literature valuestlod original findings. Abbreviations: FLIPR,

fluorometric imaging plate reader assay; EP, edgtiysiology; FS, FlexStation; ND, not determined;

NE, not estimable.

Obtained value Literature value

Ligand LogECso (M) ECso ECso, speciesassay [ref.]
+ SEM
CA -5.07 £0.09 9 uM 61 + 9 uM, mouse TRPA1-CHAs;dFLIPR.[29]

ACR -4.57 +0.07 27 uM 5+ 1 uM, human TRPX&nopus oocytes, EP.[7]

AITC -5.36 £ 0.04 4 uM 22 + 3 uM, mouse TRPA1-CHéIg FLIPR.[29]
Menthol -45+0.1 30 uM 95 + 15 uM, mouse TRPAL@Eklls, EP.[58]
Thymol -4.22 +0.06 60 UM 20 uM, human TRPA1-HEK2edls, FLIPR.[60]
Carvacrol -4.78 £0.09 17 uM ND
Eugenol -3.77 £0.09 168 pM 261 + 9 uM, human TRIMEK293 cells, EP.[71]

FFA -5.16 £ 0.06 7 uM 24 + 3 pM, WI-38 cells (humadrrdblast), FS.[30]

57 + 5 uM, human TRPA1-HEK?293 cells, FS.[30]
MFA -4.78 £ 0.09 16 uM 61 +5 uM, WI-38 cells (human fibroblast), FS.[30]
DCF -4.2+0.1 56 uM 210 + 22 M, WI-38 cells (humimdblast), FS.[30]
NPPB -6.22 £ 0.09 0.6 uM 0.32 uM, human TRPA1-HEK28lls, FLIPR.[35]
ACA -4.55 + 0.06 28 uM ND
SB366791 inactive - ND
NDGA -4.45 £ 0.08 35uM 4.9 £1.7 uM, human TRPAEK293 cells, FS.[72]
FTS -6.08 £ 0.07 0.8 uM 7 £ 4 uM, human TRPA1-HER2®lIls, FLIPR.[73]
URB597 -0.87 0.1 uM 24.5 + 3.2 UM, human TRPA1-HEKR@8lIs, FLIPR.[74]
Nicotine 0.34 2M ~10 pM, mouse TRPA1-CHO cells,[EH].
Probenecid NE - 4.2 mM, human TRPA1-CHO cells, FS.[39]

Ligand LogICso + SEM ICso IC 50, SpeCie, assa
A967079 -7.10£0.09 79 nM 67 nM against AITC (3@)thuman TRPA1- HEK293F cells,

FLIPR[76]

AP18 -5.35+0.08 4 uM 3.1 pM against CA (50 pM)mtann TRPA1-CHO cells, FLIPR.[77]

HC030031 -4.75 £ 0.09 18 pM 6.2 + 0.2 UM against@(b pM), human TRPAL-HEK293 cells,
fluorescence-based plate reader.[78]
ASD -5.0+0.1 10 uM 12.5 uM against AITC (5 uM)nhan TRPA1-HEK293 cells, FS.[79,

80]
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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ACCEPTED MANUSCRIPT

Figure 8
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